Rock Mechanics and Rock Engineering (2023) 56:7619-7637
https://doi.org/10.1007/500603-023-03446-5

ORIGINAL PAPER q

Check for
updates

The Effects of Cooling on Fine-Grained Sandstone in Relation
to Wellbore Injection of Carbon Dioxide

Nikolaos Reppas'2® - Colin T. Davie' - Yilin Gui*** . Ben Wetenhall' - Samuel P. Graham'®

Received: 19 January 2023 / Accepted: 26 June 2023 / Published online: 15 July 2023
© Crown 2023

Abstract

In Carbon Capture and Storage (CCS) procedures, it is important to determine the stability of the wellbore during carbon dioxide
(CO,) injection and part of this involves assessing stresses on the rock near the wellbore due to changes in temperature and pressure.
To address this, this study investigated the influence of cooling on the mechanical properties of a sandstone typical of those found in
the central and southern North Sea. A series of uniaxial and triaxial compression tests was conducted on dry and saturated sandstone
samples to determine the effects of cooling on the strength and stiffness under different confining pressures. The elastic modulus,
shear modulus, bulk modulus and Poisson’s ratio were determined for three temperature conditions and three pressures representing
different depths in a wellbore. Two methods, the International Society of Rock Mechanics (ISRM) and Wood’s (Soil behaviour and
critical state soil mechanics. Cambridge University Press, Cambridge, 1990), were used to determine the mechanical properties of
the rock during the Uniaxial Compressive Strength (UCS) tests. For the triaxial test, only Wood’s (1990) method was applied due
to the existence of confining pressure. Microstructural analysis on thin sections of the sandstones under plane and crossed polarised
light conditions in the deformed and undeformed state was conducted to elucidate deformation mechanisms and aid interpretation of
experimental results. It was identified that both an increase in confinement and a reduction in temperature, increased the strength of the
sandstone and reduced the Poisson’s ratio. Additionally, by decreasing the temperature, especially in the UCS test the material dilated
less. This is an important outcome as expanding the results to a wellbore stability problem, brittle behaviour may be more apparent
and damage may occur when sub-zero injection temperatures are applied, especially at the wellbore head, where confinement is low.

Highlights

e UCS and triaxial tests on Stainton Sandstone at 15 °C, — 5 °C and — 10 C were used to determine the influence of tem-
perature drop on Poisson’s ratio and different mechanical moduli.

e Wood’s (1990) method for determining the mechanical properties of rock using critical state mechanics can also be
applicable to UCS tests.

e Microscopic analysis of sandstone sample before and after the UCS and triaxial tests indicated dilation and grain realign-
ment, which result in Poisson’s ratios greater than 0.5.

¢ Expanding the experimental results to CCS challenges, the wellbore head is the most vulnerable to sub-zero temperatures
due to lack of confinement.

Keywords Triaxial tests - Uniaxial test - Sandstone - Poisson’s ratio - Dry and saturated conditions - Low temperature -
CCS - Microscopic analysis
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List of Symbols

v Poisson’s ratio

o Axial stress

03 Radial stress

Omax D The maximum uniaxial compressive strength
of a sample with certain diameter D

Cmax(D=s50) 1he maximum reference uniaxial compres-
sive strength of a 50-mm-diameter sample

£, Axial strain

£, Circumferential strain

€p Volumetric strain

&g Triaxial Shear strain

E Young’s modulus (MPa)

E., Tangent Young’s modulus (MPa)

E. Secant Young’s modulus (MPa)

G Shear modulus (MPa)

K Bulk modulus (MPa)

M Slope of critical state line

M The parameter controls the shape of the
bounding surface

) Current effective stress on the yield surface
(MPa)

Deo! Maximum pre-consolidated pressure (MPa)

q Deviatoric stress (MPa)

R Material parameter in bounding surface

1 Introduction

Carbon Capture and Storage (CCS), is a promising approach
to reduce greenhouse gases and help prevent global warming
by safely storing liquid carbon dioxide (CO,) in geologi-
cal rock formations (Haszeldine 2009). CO, may be stored
permanently in depleted oil and gas fields, deep saline aqui-
fers, or coal seams (Jin et al. 2012). However, to date only
a limited number of projects have been undertaken at scale
(Martin-Roberts et al. 2021), for example Sleipner in the
North Sea, In-Sallah in Algeria, and Snghvit in the Bar-
ents Sea (Chadwick et al. 2004; Armitage et al. 2011; Eiken
et al. 2011; Hansen et al. 2013). The UK’s first decarbonised
industrial cluster will be the Net Zero Teesside in the South-
ern North Sea, where CO, will be stored in Triassic Bunter
Sandstone of the Endurance field (Gluyas and Bagudu 2020;
Page et al. 2020; Sutherland et al. 2020; Nevicato 2022).
The mechanical properties of the overburden sequence
control not only the amount of CO, that can be stored, but
also the maximum allowable well-bottom pressure and,
therefore, the rate of injection. To ensure successful injec-
tion and the stability of long-term storage, reliable geome-
chanical characterisation of the wellbore, reservoir, and
sealing formation rock is required in order to understand the
capabilities of potential storage sites and to minimise leak-
age risk, and failure of the injection infrastructure (Mathias
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et al. 2009; Rutqvist 2012). A particular challenge in CO,
injection wells is the effect of thermal loading due to the
temperature difference between the injected CO, and the
surrounding rock (Mukherjee and Brill 1999; Paterson et al.
2010). If CO, is colder than the wellbore rock formation,
this can cause thermal contraction and induce stresses,
which can induce rock fracturing and damage. The CO,
delivery method, usually either by pipeline or pumping
from ships, will determine the temperature and pressure
of the CO, in the wellbore and reservoir. In pipeline CO,
transportation, temperature difference can be extremely
high due to the injection of high pressurised CO, into a
low pressurised wellbore, causing CO, expansion and tem-
perature drop due to the Joule-Thomson effect. (Oldenburg
2007; Ziabakhsh-Ganji and Kooi 2014; Wang et al. 2019b).
For CO, transportation offshore and injection by ships, the
CO, is stored in the ship at specific temperature and pres-
sure conditions close to the triple point (around — 52 °C
and 0.6-0.7 MPa), in order to keep containment of the CO,
mixture in near-liquid form (Barrio et al. 2005). This study
assumes ship transportation and storage in the central and
southern North Sea, which has a capacity of more than 40
Gt for CO, storage.

Injection pressures in excess of 5 MPa are usually
employed in order for the CO, to remain in the liquid or
supercritical phase (Vilarrasa et al. 2013). Geological for-
mation temperatures at the seabed are typically around 4 °C
(Aursand et al. (2017)). Normally, the CO, is heated up to
the temperature of the wellbore head formation to avoid
large thermal fluctuations. However, this can be financially
and energetically burdensome, therefore injecting at lower
temperatures could be advantageous. For this reason, stud-
ies have been undertaken on injecting CO, at temperatures
lower than that of the wellbore head, in liquid state (Ray-
ward-Smith and Woods 2011; Silva et al. 2011; Li et al.
2015). However, cold CO, injection can result in a large
thermal contrast between the wellbore wall and the sur-
rounding rock leading to a reduction in effective stresses
in the rock, which brings the stress state closer to failure
(Segall and Fitzgerald 1998).

Throughout the literature, extensive laboratory research
experimentally characterises the mechanical properties of
sandstone and other rocks at high temperatures (range from
25 to 800 °C) in the context of geothermal energy applica-
tions and true subsurface conditions (ranging from 30 to
1200 C) (Rao et al. 2007; Wu et al. 2013; Kong et al. 2016;
Zhu et al. 2016; Yang et al. 2017, 2021). UCS, Brazilian,
three point bending and triaxial tests are routinely conducted
to describe the behaviour of rock under high temperature
and pressure effects (Yang et al. 2017). Results showed that
rock properties vary as function of temperature (Sun et al.
2020). Whilst high-temperature characterisations are ben-
eficial for geothermal energy applications and conventional
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CO, injection, investigation of mechanical properties of
sandstones at low temperatures (7' <0 °C) are mainly focus-
sing on freeze—thaw loading such as the work of Liping et al.
(2019), Yahaghi et al. (2021), Huang et al. (2022), Fakhri
et al. (2023) and Yu et al. (2023). UCS and triaxial tests for
mechanical characterisation of sandstone at certain sub-zero
temperatures are limited according to Kodama et al. (2019).
Some of the studies are the low-temperature UCS tests by
Liu et al. (2020) and Zhang et al. (2023), demonstrated a
reduction in sandstone’s strength with decreasing temper-
ature. Some examples of triaxial tests at low-temperature
conditions for sandstone are presented in the work of Bai
et al. (2020), Wu et al. (2020), Huang et al. (2022) and Shu
et al. (2023) who suggested that the peak strength and the
elastic modulus of rock increased with a decrease in the
temperature for constant confining pressure. Although the
mechanical properties of different sandstones under low-
temperature conditions have been analysed, data pertinent
to sandstones useful to CCS projects in the North Sea basin
are sparse. This paper aims to address this knowledge gap
through a laboratory testing programme on fine-grained UK
sandstone, considering not just the low-temperature, low-
stress scenario, but also a range of confining stresses rel-
evant to reservoir depths for existing CCS schemes within
the North Sea basin. We use a Carboniferous sandstone from
coal measures sequences as an analogue for our reservoir
sandstone. Coal measures sandstones are abundant at depth
within the North Sea basin, particularly in the southern part
(Leeder and Hardman 1990).

2 Experimental Setup and Methodology

2.1 The Testing Material and the Experimental
Procedure

The aim of this study was to explore how the mechanical
properties of sandstone evolve at low-temperatures under
a range of confining stresses relevant to the near-wellbore
region during subsurface storage and injection of CO, Sam-
ples of carboniferous coal-measures sandstone from onshore
UK (Stainton Quarry, UK) were used as a representative
analogue of common reservoir rocks throughout the North
Sea basin to understand how low temperatures may influ-
ence the mechanical behaviour of the near wellbore region in
practical scenarios (Hawkins 1978; Heinemann et al. 2012;
Hangx et al. 2013; Agada et al. 2017).

The rock can be described according to the British Stand-
ards, as a strong medium bedded, buff coloured with fine
brown speckle, medium grained, clastic sandstone. The rock
was extracted from a 10.5 m face below 3.6 m of overburden.
The location of the quarry from where the rock was collected

is 2 miles east of Barnard Castle, UK. The porosity of the
rock according to the technical data sheet of the quarry is
approximately 17%. The dry density of the rock was calcu-
lated to be 2.3 g/cm’.

In total, twenty-seven samples were tested, as listed
in Table 1. The samples were cylindrical with the height
to diameter ratio 2:1, as recommended by ISRM (Ulusay
2014). The samples were cored from two blocks, extracted
from the same depth and their dimensions and weight can be
seen in Table 1. Strain gauges were attached and “Araldite
rapid epoxy” was used to waterproof them. Each sample was
then saturated in a water bath under vacuum for approxi-
mately 24 h in a NaCl solution with a molar concentration
of 0.6 mol-L™! to represent North Sea conditions.

In the present work, the experiments are conducted under
pressure conditions representative of storage in current and
potential reservoirs in the North Sea basin (Gluyas and
Bagudu 2020). Here the average water depth at seabed is
80 m according to Stindermann and Pohlmann (2011), cor-
responding to a hydrostatic pressure of 0.8 MPa, which is
small enough to assume that the mechanical properties of
the rock at the seabed are represented by UCS tests in this
research (and comparable to operations in the Sleipner field
(Eiken et al. 2011)). Additionally, a fully saturated forma-
tion is subjected to vertical gradients of in situ stresses range
from 23 to 25 kPa/m (Kazemi 1969; Zoback and Zoback
2002; Ma and Zhao 2018). For this reason, in this research,
the assumed vertical gradient of in situ stresses is 24 kPa/m,
which is the average of this range. Triaxial tests are con-
ducted at 12.5 MPa and 24 MPa confining pressure, which
are representative of conditions at around 550 m depth (mid-
depth of the wellbore) and 1000 m (reservoir entry point),
respectively. For the selection of those depths the active CO,
project Sleipner field in the North Sea basin was considered,
with injection depths range from 800 to 1000 m (Eiken et al.
2011).

The selected temperatures for the experimental tests
were based on previous injection studies. Vilarrasa et al.
(2013) examined a temperature range of injection based
on a pilot injection ‘Hontomin’ in Spain (Carrera et al.
2011), varying from — 20 “C for liquid phase injection to
40 °C for supercritical phase injection and injection pres-
sures varied from 4.2 to 8§ MPa. Additionally, Silva (2015)
studied injection rates between — 10 and 40 “C, and injec-
tion pressures varying from 4 MPa to nearly 10 MPa. Roy
et al. (2018) studied range of injection between — 15 and
20 °C. All these studies set the lower temperature limit of
the CO, injection to — 20 C, since that the freezing point
of brine is approximately — 21 °C (Roy et al. 2018). Based
on the research of Vilarrasa et al (2013), for an injection
temperature of — 20 “C, temperature at 1000 m depth would
be around — 10 “C due to heat exchange with the surround-
ing rock, which temperature increases due to geothermal
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Table 1 Characteristics of the

Temperature  Sample  Diameter (mm) Length (mm) Dry mass (g) Wetmass(g) Moisture
tested samples content %
UCS tests dry sandstones
15°C A’ 59.3 129.31
B 59.3 129.32
C’ 59.3 130.22
UCS tests saturated sandstones
15T A 37.62 83.37 199.44 215.20 7.32
B 37.61 84.65 202.46 217.13 6.76
C 37.61 82.85 198.21 214.30 7.51
-5C D 37.89 81.39 206.95 226.90 8.79
E 37.83 77.88 197.88 210.33 5.92
F 37.81 81.16 202.56 217.25 6.76
-10°C G 37.82 84.18 212.56 225.72 5.83
H 37.80 80.14 199.08 213.73 6.85
1 38.12 84.24 210.14 224.87 6.55
Triaxial tests 12.5 MPa saturated sandstones
15°C 1 37.65 82.45 208.11 221.12 5.88
2 37.60 83.14 199.18 214.22 7.02
3 37.40 80.76 191.13 208.55 8.35
-5C 4 37.79 79.31 201.60 214.50 6.01
5 37.81 83.06 209.27 22391 6.54
6 3791 81.74 203.68 218.80 6.91
-10°C 7 37.92 80.91 204.30 218.31 6.42
8 37.81 79.29 199.98 212.94 6.09
9 37.79 79.49 200.57 215.17 6.79
Triaxial tests 24 MPa saturated sandstones
15C | 37.42 84.40 200.80 213.22 5.82
1T 37.58 82.86 196.65 213.71 7.98
I 37.80 83.25 208.4 221.32 5.84
-5C v 37.79 83.30 208.91 221.10 5.51
v 37.82 84.87 213.10 227.50 6.33
VI 37.78 83.24 209.21 223.14 6.24
-10°C vl 37.88 80.35 202.01 216.57 6.72
VIII 38.01 83.76 212.57 226.45 6.13
IX 37.94 82.25 207.65 222.02 6.47

gradient with a rate of 33 °C/km. This shows that sub-zero
temperatures can be present even at significant depths,
highlighting the relevance of low-temperature experiments
for simulating CO2 injection conditions. For this reason,
we examine the influence of low-temperatures relevant to
injection of CO, from ships and conduct experiments at
15 °C (room temperature), — 5 ‘C and — 10 ‘C, which can be
representative temperatures inside the wellbore, depended
on the selected CO, injection condition. Young’s modulus
(E), Poisson’s ratio (v), bulk modulus (K) and shear modu-
lus (G) are used to characterise the rock.

To achieve the target temperatures, the saturated samples
were placed in a freezer for 35 min to reach — 5 °C, and
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44 min to reach -10 “C. The freezer’s temperature was — 20
°C and the time required to achieve these temperatures was
calculated by freezing saturated samples from the same rock
block with a hole drilled into the centre into which a ther-
mometer was inserted. For the UCS test, after freezing was
achieved, each saturated sandstone sample was placed inside
an Instron environmental chamber for 10 min prior to load-
ing with the chamber set to the test temperature. In this way
temperature loss due to transportation of the sample from the
freezer to the environmental chamber was addressed. For the
triaxial tests, the frozen sample was placed in a 38 mm diam-
eter Hoek cell which was then placed inside the environmen-
tal chamber for 30 min prior to loading with the temperature
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set to test conditions. This ensured that both the Hoek cell
and the sample reach the required temperature before any
loads were applied. The temperature was maintained con-
stant during testing. For each triaxial test, the confining pres-
sure was increased at a constant rate of 1 MPa/min up to
the maximum before axial stress was applied. Both uniaxial
and triaxial compression tests were performed under axial
strain-control with an axial displacement rate of 0.1 mm/
min. A typical sample, the Hoek cell and the environmental
chamber can be seen in Fig. 1.

2.2 Methods Used for the Analysis
of the Experimental Results

Poisson’s ratio in geotechnical engineering is typically
considered as a fixed constant that can take values smaller
than 0.5, which is representative of a fully elastic behav-
iour. Smaller values indicate a stiffer material, which can
fracture more easily as brittleness increases with reduction
in Poisson’s ratio (Rickman et al. 2008; Zhang et al. 2016).
Poisson’s ratio, v, can be expressed as follows:

Young's modulus(E)
V= 1)

slope of stress — lateral strain curve

In this study, tangent and secant Young’s moduli were
used for the determination of the tangent and secant Pois-
son’s ratio, respectively, as seen in Fig. 2. For the UCS tests,
tangent Poisson’s ratio was calculated using the linear part
of the stress—strain curve. This was found by selecting the
range of the stress—strain curve lying +20% above and below
the value of the centre point of the stress interval (50% of
the maximum stress and shown as E,,, in Fig. 2). The range
of the stress interval can differ but its effect is negligible on
the Young’s modulus and consequently on Poisson’s ratio
(Dong et al. (2021)). The secant Poisson’s ratio was deter-
mined from the slope of the axial-volumetric strain curve

stress A

50% of the
maximum
stress

>
Ea

Fig.2 Tangent and Secant measurements based on Matkowski et al.
(2018)

corresponding to the span from the origin to 50% of the
uniaxial compressive strength (Shown as E. in Fig. 2).

The bulk and shear moduli can be calculated using the
following formulae:

R
k=302 @)
_E
C= 3Ty S

Apart from the ISRM method used for the UCS tests,
many geomechanical models for sandstones are built from
concepts of critical state soil mechanics (Gerogiannopou-
los and Brown 1978; Cuss et al. 2003; Singh et al. 2005;
Shen et al. 2018). Wood (1990) expanded critical state soil
mechanics theory to describe brittle rock or work-softening
materials and the material moduli (E, v, K and G) can be

Fig. 1 a Example sample with strain gauges attached, b Hoek cell equipment, ¢ Environmental chamber with Hoek cell inside
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Fig.3 a Shear modulus slope, &q
b bulk modulus calculation, ¢ q ‘r >
Young’s modulus slope d Pois-
son’s ratio calculation (Wood 3G
1990) a \
AN
G /K\
&
(a) > (b)y £
A &q ia
q
E \
1 N\,
T=2v
£
P
(©) > dv
8(1
. A Deviatoric stress q (MPa)
calculated from the slope of the different plots presented in ol
Fig. 3. Wood’s (1990) method was used as the ISRM method
is only appropriate for UCS tests. T~ 60
According to Wood (1990), Poisson’s ratio can be SN \
expressed as the ratio between the volumetric strain incre- N
ment d£p and the triaxial shear strain increment dsq. The samplo A
deviatoric stress g, the volumetric strain increment and the ::zz::g
shear strain increment can be presented as follows:
q=0,—03 @)
Circumferential Strain Axial Strain
de, = de, + 2de, 5) -0.006 -0.004 -0.002 0.004 0.006
Fig.4 UCS test—Dry sandstone at 15 'C

de, =2(de, — de,) /3, (6)

where o, & o5 are the axial and radial stresses or confining
stress and de, & de_ are the axial and circumferential strain
increments.

3 Experimental Results
3.1 UCS Results

Results from the UCS tests for dry (Fig. 4) and fully saturated
samples (Figs. 5, 6 and 7) are presented in this section. From
the results in dry conditions the rock can be classified accord-
ing to BS EN ISO 146891 as strong sandstone (BS 2015). As
the dry tested samples were of different diameter, size effect
was considered to estimate the peak strength. According to
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Masoumi et al. (2018) the relation to describe the size effects
of the UCS test is as follows:

D —k
OmaxD = Omax (D=50)< /5()) ) 7)

where 6, p & O4x (p=50) ar€ the maximum uniaxial com-
pressive strength of a sample with certain diameter D and of
a 50-mm-diameter sample, respectively, and k is rock coef-
ficient range from 0.1 to 0.3 for isotropic rock.

For the current research, in order to compare the maxi-
mum strength of the dry and saturated samples (Figs. 4 and
5), k was considered equal to 0.18 as suggested for sedi-
mentary rocks and sandstones by Hoek and Brown (1980),
Hawkins (1998), Yoshinaka et al. (2008) and Masoumi et al.
(2016). The average UCS strength value was determined for
the three dry and three saturated tests at — 15°C condition
as presented in Table 2. Using Eq. (7), the o, (p=s0) Was
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Deviatoric stress g (MPa)
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Fig. 5 UCS test—Saturated sandstone at 15 'C

Deviatoric stress g (MPa)
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Fig.6 UCS test—Saturated sandstone at — 5 C
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Fig.7 UCS test—Saturated sandstone at — 10 °C

estimated for the dry and saturated condition as presented in
Table 2. Specifically, for a sample with diameter D =50 mm,
the max UCS strength was 61 MPa for dry test and 35.7 for
the saturated test at 15 “C. Those two values did not vary

Table 2 Maximum UCS strength of the dry and saturated tested sand-
stones at 15 “C, average maximum value of them and comparison to
the average maximum reference value for a theoretical 50 mm diam-
eter-sample

Sample ID D (mm) o, ,(MPa) Average, Average,
O maxD 6max(D=50)
(MPa) (MPa)

Dry sandstone UCS 15 °C
Sample A~ 59.3 60
Sample B 59.3 60.2 59.8 61.2
Sample C*  59.3 59.1

Saturated sandstone UCS 15 °C

Sample A 37.62 34.7
Sample B 37.61 35.6 354 357
Sample C  37.61 36.1

significantly to the average maximum UCS strength values
of the sample sizes presented in Table 2.

Comparing the dry and saturated UCS tests at 15 C, after
comparing the 6,,_s, it can be seen that the peak strength is
higher in the dry sample by approximately 40%, which is in
agreement with the testing results presented by Romana and
Vasarhelyi (2007). The saline water decreases the strength of
the material in room temperature conditions. For the lower
temperatures: — 5 °C and — 10 °C, the strength increases due
to ice formation inside the pores and fissures of the sand-
stone. For the saturated samples, it can be determined that
when changing from 15 to — 5 “C, where ice forms, the
strength of the material increases by more than 35%. How-
ever, when changing the temperature from — 5 to — 10 C the
peak strength remains approximately constant (Figs. 5, 6
and 7). This indicates that ice has already formed at — 5 C
and further temperature drop does not influence the strength
of the rock significantly. Additionally, lower temperatures
decrease the ductility and deformability of the sandstones.
The post-failure phase indicates this ductility decrease
effect, as seen by comparing figures (Figs. 5, 6 and 7). Spe-
cifically, in the 15 °C UCS test, the dilation of the material
can be seen at the post-failure phase (see Fig. 5), while at
freezing temperatures, the rock mostly fails once it reaches
the peak strength (Figs. 6, 7). Masri et al. (2014) outlined
this trend but for temperatures greater than sub-zero using a
range from 20 to 250 C.

In Fig. 8 the tested samples are presented showing the
different types of failure. From Fig. 8a, it can be seen that
the sandstones tested at room temperature and 15°C obtained
a double shear or shear along a single plane, in line with
the findings of Everall and Sanislav (2018). For lower tem-
peratures, some parts of the sandstone were detached, espe-
cially for — 10 C, as seen in Fig. 8c. This can be explained
by ice formation and a decrease in Poisson’s ratio causing
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multi-fracturing during the test. The post peak behaviour of
sample H (Fig. 7) can be explained by the ice formation and
indicates a collapse of part of the sample, as seen in Fig. 7c.

The ISRM method and Wood’s method are compared in
terms of the Poisson’ ratio in Table 3. That comparison is
made to suggest that Wood’s method can be used also for
UCS tests, as UCS can be simplified as a triaxial test with
0 MPa confining pressure. The Young’s modulus is also pre-
sented. The ISRM and Wood’s methods for both tangent and
secant moduli agree with similar results, indicating that the
triaxial approach of Wood (1990) can be applied to UCS
tests for the estimation of Poisson’s ratio. This can permit
comparison of the UCS and triaxial test results.

To further examine the temperature effects on the
mechanical behaviour of sandstone, the secant bulk and
tangent and secant shear moduli from the UCS tests, cal-
culated based on the respective tangent and secant Young’s
modulus (ISRM method) and on the slopes of the curves
presented in Fig. 2 (Wood’s (1990) method), are outlined
in Fig. 9a, b respectively. Whiskers show the maximum and
minimum value of each test with the box representing the
average value of the modulus. Full results from Sample C,
Sample C’ and Sample H are not shown since for Sample C’
the strain circumferential gauge failed, possibly due to cable
crushing by the axial piston, Sample C had a Poisson’s ratio
significantly lower than the other two tests, and for Sample H
there was a crack at the attachment point to the strain gauge.

Table 3 Tangent and Secant Young’s modulus, Tangent and Secant
Poisson’s ratio, Comparison between two methods ISRM and Wood’s

Samples Max UCS Young modulus, v, ISRM v, Woods
strength, (E), GPa method
MPa
Room temperature 15 “C saturated sandstone UCS
Sample A 34.7 Tangent 9.5 0.78 0.78
Secant 52 035 0.35
Sample B 35.6 Tangent 13.0 0.64 0.62
Secant 75 0.28 0.27
Sample C  36.1 Tangent 10.1 0.54 0.53
Secant 7.7 0.17 0.14
Freezing — 5 °C saturated sandstone UCS
Sample D 51.2 Tangent 16.6 0.68 0.68
Secant 6.5 0.27 0.27
Sample E  56.5 Tangent 16.4 0.64 0.62
Secant 73 022 0.22
Sample F 54.3 Tangent 16.1 0.76 0.75
Secant 7.8 030 0.30
Freezing — 10 C saturated sandstone UCS
Sample G 56.6 Tangent 152 0.61 0.60
Secant 104 032 0.32
Sample H 54.0 Tangent 122 0.33 0.33
Secant 114 023 0.22
Sample I  54.2 Tangent 14.1 0.61 0.60
Secant 7.7 030 0.29

Fig.8 Saturated samples after testinga 15°Cb-5Cc-10°C
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Selecting the linear part of the UCS stress—strain curve
with a £20% range from the middle point to calculate the
tangent modulus, the Poisson’s ratio is larger than 0.5 for
both the dry and saturated samples, suggesting dilation in
the sandstone. According to Dong et al. (2021), despite the
fact that the theoretical maximum of Poisson’s ratio is 0.5,
soft rocks see a rapid increase in Poisson’s ratio beyond this
value during loading. Specifically, the volume increases
as grains realign. Due to this dilation of the material, both
Wood’s and the ISRM methods of calculation imply that
the average tangent bulk modulus would have a negative
value, and although the values calculated by the two meth-
ods are consistent, this is a non-physical result and for this
reason is not presented in Fig. 9. Despite the dilation, for
the secant calculations, the Poisson’s ratio is consistently
less than 0.5 and thus the secant bulk modulus is positive.
For the bulk modulus of the saturated samples, an increase
is seen with decreasing temperature while the value at 15°C
is seen to be lower in the saturated sample compared to the
dry sample. Considering the shear modulus (Fig. 9b), both
tangent and secant calculations show the same behaviour
moving from the dry to the saturated condition. However,
using tangent values under saturated conditions, the shear
modulus achieved its peak at -5°C in contrast to the secant
shear modulus that achieved its maximum at -10 ‘C and

Average Secant Bulk Modulus

10.0
9.0
8.0 .
7.0 .
6.0
5.0
4.0
3.0
20
10
0.0

Dry Test 15°C Saturated Test 15°C Saturated Test-5°C  Saturated Test -10 °C

(a) OISRM method @ Wood's method

Fig.9 a Average Secant Bulk Modulus K (GPa) for different tested
temperatures using both methods (ISRM and Wood’s). b Average
Tangent and Secant Shear Modulus G (GPa) for different tested tem-

showed an increasing trend with reduction in temperature.
This indicates that the selected slopes of the curves can have
a significant influence on the outcomes for the properties of
the material.

Comparison between the results of Wood’s (1990) and
ISRM method are presented for the UCS test in Fig. 9
and Table 3. In this way, the robustness of Wood’s (1990)
method in describing the UCS tests can be demonstrated.
Triaxial test results, where only Wood’s (1990) method is
applicable due to confinement can then be compared to UCS
outcomes. The assumption made is that during the UCS test
the deviatoric stress is equal to axial stress and the confining
pressure is set equal to zero.

3.2 Triaxial Results

Results from the triaxial tests for the saturated samples are
presented in this section in Figs. 10, 11, 12, 13, 14 and 15.
The different calculated moduli using the Wood’s (1990)
method are presented for 12.5 MPa and 24 MPa confinement
in Tables 3 and 4, respectively. Diagonal fractures indica-
tive of shear failure were typical. In contrast to the UCS
tests, all the results were in good agreement to each other
as the increase in volume during grain crushing was limited
because of confinement.

Average Tangent Shear Modulus
6.0

55 :
5.0 - T

4.5 + hrh
4.0 -
35
3.0
25
2.0
15
1.0
0.5
0.0

Dry Test 15 °C Saturated Test 15°C  Saturated Test -5°C  Saturated Test -10°C

Average Secant Shear Modulus
6.0
5.5
5.0 i +
45 T T
4.0 . :

3.5
3.0

25 . .l
20 |

15

1.0

05

0.0

Dry Test 15°C Saturated Test 15°C ~ Saturated Test -5 °C  Saturated Test-10 °C

(b) OISRM method @ Wood's method

peratures using both methods (ISRM and Wood’s). Whiskers indicate
the maximum and minimum calculated value
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Fig. 10 Diagram of vertical and lateral strain versus deviatoric stress
for 12.5 MPa confining pressure representing 500 m depth of the
wellbore. Temperature 15 °C
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Fig. 11 Diagram of vertical and lateral strain versus deviatoric stress
for 12.5 MPa confining pressure representing 500 m depth of the
wellbore. Temperature — 5 °C

The effect of temperature on the mechanical properties of
Stainton sandstone is significant. It can be mentioned that in
Figs. 10, 11, 12, 13, 14 and 15 moving from 15 °C to sub-zero
temperatures (— 5 °C and — 10 °C), the strength of the sandstone
samples increases for constant confinement, in agreement with
Zhang et al. (2019). According to the 12.5 MPa triaxial results,
an increase in the peak deviatoric stress with temperature drop
from 15 to — 5 °C of approximately 20%, is estimated. Analys-
ing the 24-MPa triaxial results, the deviatoric stress increased
almost 10% for the same decrease in temperature. For both
confining pressures, the maximum deviatoric stress is hardly
influenced by further temperature drop from — 5 °C to — 10
°C, as seen in Tables 4 and 5. Shear and bulk modulus, for the
three temperatures, follow the same trend for both confining
pressures, where the shear modulus increases with temperature
decrease, while the bulk modulus decreases. It should be noted
that, as ice forms, the strength of the rock increases, how-
ever the Poisson’s ratio decreases, making the material more
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Fig. 12 Diagram of vertical and lateral strain versus deviatoric stress
for the 12.5 MPa confining pressure Case with temperature — 10 °C
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Fig. 13 Diagram of vertical and lateral strain versus deviatoric stress
for 24 MPa confining pressure representing 1000 m depth of the well-
bore. Temperature 15 C
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Fig. 14 Diagram of vertical and lateral strain versus deviatoric stress
for 24 MPa confining pressure representing 1000 m depth of the well-
bore. Temperature — 5 °C
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Deviatoric stress q (MPa)
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Fig. 15 Diagram of vertical and lateral strain versus deviatoric stress
for 24 MPa confining pressure representing 1000 m depth of the well-
bore. Temperature — 10 °C

Table 4 Mechanical calculated properties for Triaxial test 12.5 MPa
confining pressure

Sample ID Max g (MPa) E (GPa) v G (GPa) K (GPa)
15 °C temperature
Sample 1  107.09 20.67 0.37 7.55 26.35
Sample 2 110.25 17.96 0.36 6.60 21.60
Sample 3  114.51 19.69 0.39 7.10 29.51
-5 °C temperature
Sample 4 141.54 21.81 0.25 8.76 14.34
Sample 5 126.72 22.33 0.27 8.74 16.86
Sample 6  118.83 18.04 0.26 7.04 13.48
— 10 °C temperature
Sample 7 121.18 18.27 0.30 6.99 15.86
Sample 8  125.50 21.73 0.27 8.52 15.49

brittle and potentially induce damage easier. In contrast to the
UCS test, where dilation occurs, the rock does not increase in
volume and consequently Poisson’s ratio remains under the
elastic limit of 0.5. The average shear modulus increases with
temperature decrease, while the bulk modulus fluctuates for
the — 5 °C triaxial condition. This is mainly happening as the
calculation varies according to the selected slope and due to
differences in the deviatoric stress-vertical strain curves. This
dissimilarity may occur due to stretching of the rock caused by
the application of confining pressure prior to reaching isotropic
conditions.

Effects of the confining pressure to the triaxial results
are also discussed. Comparison between the 12.5 MPa
and 24 MPa tests, is achieved. Increasing the confinement
pressure, for certain temperature condition, the strength of
sandstone increases significantly up to 40%. Additionally,
Young’s modulus is higher and the Poisson’s ratio lower
for higher confining pressure (24 MPa) compared to lower
confining pressure (12.5 MPa). Finally, it is worth mention-
ing that for 12.5 MPa confinement, the reduction in the bulk

Table 5 Mechanical calculated properties for Triaxial test 24 MPa
confining pressure

Sample ID  Max g (MPa) E(GPa) v  G(GPa) K (GPa)

15 C temperature

Sample 1 143.48 23.09 0.29 897 18.25
Sample II 147.34 22.08 0.26 8.79 15.35
Sample III 156.08 23.02 0.26  9.65 12.70
— 5 C temperature
Sample IV 160.89 21.09 0.26 8.36 15.30
Sample V 164.90 24.57 0.22 10.10 14.84
Sample VI 170.29 23.33 025 932 15.82
— 10 °C temperature
Sample VII  158.31 21.14 0.23  8.66 14.46
Sample VIII 168.38 23.98 0.19 10.08 13.05
Sample IX 158.37 23.84 0.23  9.69 15.78
27
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Temperature °C
® UCS Saturated Test  12.5 MPa Saturated Triaxial Test 24 MPa Saturated Triaxial Test

Fig. 16 Average tangent Young’s modulus at different confining pres-
sures and temperatures

modulus is much larger than for 24 MPa, indicating that
lower confinement has higher compressibility.

3.3 Effects of Temperature and Pressure on Young’s
Modulus and Poisson’s Ratio

Figures 16 and 17 show how the tangent Young’s modulus
and Poisson’s ratio vary with temperature for the different
tests. Functions fitted to the data points are also presented in
the figures with an assumption of linear variation between
the points based on the research of Wang et al. (2019a). For a
temperature decrease from 15 to — 5 “C, the tangent Young’s
modulus calculated for UCS conditions is 75% higher than
the tangent Young’s modulus at 12.5 MPa confining condi-
tions, and 96% higher than the tangent Young’s modulus at
the 24 MPa confining conditions. This trend follows the find-
ings of Wang and Zhang (2021) although it is clear that there
is a significant change in behaviour between — 5 and — 10 °C.

For tangent Poisson’s ratio, when moving from 15 to — 5
°C a slight change is seen for both the UCS and 24 MPa
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Fig. 17 Average Poisson’s at different confining pressures and tem-
peratures

confining test (Fig. 17). In the 12.5 MPa confinement test
a decrease of tangent Poisson’s ratio is seen. Further tem-
perature reduction indicates a significant reduction, an
increase and a slight decrease in tangent Poisson’s ratio for
the UCS, 12.5 MPa confinement and 24 MPa confinement
cases respectively. The UCS test seems to be the most sen-
sitive to temperature effects for both Young’s modulus and
Poisson’s ratio.

4 Critical State Mechanics

For use in future numerical modelling and to facilitate
geomechanical modelling that employs critical state
mechanics (e.g., Dafalias and Herrmann 1986; Khalili et al.
2005; Ma et al. 2022), the slope of the critical state line is
here estimated based on the UCS and triaxial tests above.
Studying the temperature influence on the critical state line
is important, as it defines the elastic behaviour limit and
the yield surface in the ¢ — p’ domain and can be used as
an input in future numerical simulations (Wood 1990; Shah
1997). The slope of the critical state line M, is the slope of
the failure line where compactive and dilatant strains are
equal (Rutter and Glover 2012).

Based on the research of Khalili et al. (2005), Ma (2014),
Reppas et al. (2020, 2022), critical state mechanics and
bounding surface model seem to work satisfactorily in the
reproduction of the experimental results. The bounding sur-
face based on Khalili et al. (2005) is expressed as follows:

In (p—)’>
q 14
M p' B InR =0, ®

C:
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where pf represents the current effective stress on the yield
surface, p ./ controls the size of the bounding surface (and
is the maximum pre-consolidated pressure), M controls the
shape of the bounding surface and R is a material constant
that is the ratio between p_/ and the current stress p’ at the
intersection point of the yield function and critical state line
in the ¢ — p’ domain.

In Fig. 18 the bounding yield surface, the critical state
line, the loading pathways in g — p’ domain and the yield
points are presented. Based on the research of Schultz et al.
(2010), for a porosity of 17% and a grain size of 0.15 mm,
the pre-consolidation pressure is estimated to be 240 MPa.
The material constant R is estimated to be equal to 2 as the
ratio between the pre-consolidated pressure and the current
stress at the intersection of the yield function and the critical
state line in the g — p’ domain (Ma 2014).

5 Microstructural Analysis

In this section, microstructural characterisation of sample in
both natural and deformed states is presented. Analysis of
the deformation and failure mechanisms allows for insights
as to how rock in the near wellbore region may fail during
drilling or injection operations.

A significant finding noted above was that, under the uni-
axial compression tests conducted in this study the Poisson’s
ratio exceeded the permitted linear value, i.e., it was >0.5. A
proposed explanation to this is that the samples underwent
significant dilation during deformation. To investigate this,
the microstructural development of the samples was stud-
ied. To understand the origins of the mechanical behaviours
observed during the deformation experiments, a microstruc-
tural characterisation of the sandstone was first undertaken
on an undeformed core as a control. Similar examinations
were then performed on samples tested to failure under UCS
and 12.5 MPa confining pressure triaxial conditions.

5.1 Microstructural Analysis of Undeformed Sample

Optical microscopy images of the undeformed sample
taken on thin sections under plane and crossed polarised
light conditions are shown in Fig. 19. Figure 19a shows a
representative undeformed sample microstructure under
low magnification (X 100) perpendicular to the axis of the
core under plane-polarised (PPL) and crossed-polarised
(XPL) lights. Figure 19b, c shows the undeformed sample
under high magnification (x400) taken parallel to the axis
of the core. It is revealed that a tightly packed microstruc-
ture largely comprised of quartz, present as well-sorted sub-
angular to subrounded grains between 100 and 150 microns
in size. Occasional lithic fragments (Fig. 19a) and ribbons
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Fig. 18 Bounding surface model and slope of Critical State line (M) for three different tests

of muscovite mica are presented throughout the sample
(Fig. 19b). Iron oxide coatings are ubiquitous throughout,
forming dusty rims to quartz grains, and is locally pore fill-
ing (Fig. 19a). Syntaxial quartz cements are also present,
generally confined to pore throats, and only developed where
ferric coatings are absent. This implies coexistence of clay
minerals with the ferric oxides. These are likely illite—smec-
tite, which are well-known to act as inhibitors to authigenic
quartz growth (Fisher et al. 1999; Worden and Burley 2003;
Busch et al. 2017).

Under purely mechanical compaction, well-sorted sand-
stones can be expected to reach porosities of 26% (Worden
and Burley 2003). The low porosity of 17% recorded for this
sandstone suggests additional chemically enhanced com-
paction of the sample. This is evidenced by quartz grain
boundaries that display irregular grain contact geometries

(Fig. 19b). This is indicative of pressure solution at grain
contacts during burial. The irregular contacts promote geo-
metric interlocking of grains and increased contact area
between grains. There is also local evidence of grain sutur-
ing shown by a marked contrast in XPL (Fig. 19b) interfer-
ence colours in what PPL (Fig. 19¢) shows as a single grain.
This reflects the differing orientations of the two parent
grains that have become fused through chemically enhanced
compaction. It is likely that the enhanced intergrain contacts
and local contacts because of pressure solution, would con-
tribute to the overall frictional strength characteristics of the
material and may act as a major control on material strength
in comparison to the comparatively poorly developed syn-
taxial quartz cements and pore filling quartz. The clay—min-
eral + ferric oxide coats and pore filling cements would not
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Undeformed

(_Sandstone core

4

Fig. 19 Optical microscopy images of the studied sandstone taken
under plane-polarised (PPL) and crossed-polarised (XPL) light
conditions in the undeformed reference state. a Low magnification
(x100) perpendicular to the axis of the core under PPL and XPL. b,
¢ Crossed-polarised high magnification (x400) of the undeformed
sample taken parallel to the axis of the core. Symbols in the figure
are as follows; pore space (P); lithic fragment (L); syntaxial quartz

be expected to contribute significantly to the overall material
strength (Fisher et al. 1999).

5.2 Microstructural Analysis of the UCS Tested
Sample

Microscopy images of the sample tested under the UCS con-
ditions show some significant differences and evidence of
damage. In the far field (Fig. 20c), sample porosity remains
close to that of the undeformed sample (Fig. 19a). This con-
trasts with Fig. 19a, where porosity near the damage zone
appears reduced. Grains showed little internal brittle defor-
mation, with intra-granular microcracks absent. Blue arrows
(Fig. 20) highlight the alignment of the long axis of grains
and dilatant boundaries are identified by the “jigsaw” like
parting between adjacent grains. There is some degree of
undulous extinction present implying permanent twisting
to the crystal lattice during deformation. Operation of such
crystal-plastic mechanisms acts to promote work hardening,
and arrest of microcrack development (Rutter 1986; Menén-
dez et al. 1996). This implies that failure during unconfined
conditions was primarily accommodated by shearing of
quartz cements before sufficient strain was achieved within
the grains to initiate internal fracture. Figure 20a, b show
evidence of parting along grain-to-grain contacts, (marked
dB). Note from Fig. 19a, that the irregular contacts between
grains are only rarely fully sutured. Figure 20b shows evi-
dence of particle alignment, with a sub-parallel arrangement
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overgrowths (qO, outlined in green); quartz fill (gF, orange outline);
muscovite mica (Msc); iron oxide grin coatings (brown arrows);
sutured grain-grain contacts (blue arrow). The orientation of panels
(a—c) relative to the axis of the sample core are show in the schematic
to the left of the figure. No experimental stresses were applied to this
sample

of the long axes of elongate quartz grains evident. This
is also seen more widely in the rest of the damage zone
(Fig. 20a). Combined, these microstructural observations
provide evidence of shear enhanced particle-to-particle slid-
ing and realignment. Such processes contribute a mecha-
nism by which an increase in sample volume can occur after
shearing of quartz cements.

5.3 Microstructural Analysis of the Triaxial Tested
Sample

In the uniaxially deformed sample, there is evidence for
inter-grain rotation through alignment of the grain long-
axes, which acts to promote sample dilation after initial
shearing of cements and explain the inferred value of Pois-
son’s ratio that is beyond the limit assuming linear elas-
ticity. However, in the triaxially deformed sample, there
is prevalent intragranular micro-cracking observed (red
arrows) (Fig. 21a) that is not present in the undeformed
material (Fig. 19a). This is present throughout the sam-
ple but increases in intensity towards the damage zone
(Fig. 21b). This is due to increased contact stresses pre-
venting inter-grain slip (Menéndez et al. 1996). Lack of
inter-grain sliding seeks to prevent volumetric dilation of
the sample during loading. Although, grain size reduc-
tion could also be interpreted as evidence against dila-
tion through pore collapse, this is generally only possi-
ble where such mechanisms accompany macroscopically
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Fig.20 Optical microscopy images of the sandstone deformed under
uniaxial conditions. a Plane and crossed polarised light (PPL and
XPL) images showing the experimentally formed damage zone at
sample failure. b Higher magnification view under XPL adjacent to
the damage zone. ¢ PPL image in a region distant to the experimen-
tally formed damage zone for comparison to panels (a, b). Symbols

ductile deformation (Rutter 1986). Instead, the samples
deformed under 12.5 MPa confining stress display clear
shear localization and macroscopically brittle deformation
(Fig. 21). Therefore, the apparent compaction observed in
the fine-grained region likely occurs due to late stage col-
lapse of the sample during shear localization from microc-
racking (Menéndez et al. 1996) rather than as a controlling
deformation mechanism in its own right.

Note that the samples deformed under 24 MPa con-
fining pressure also result in a discrete fracture plane,
rather than diffuse internal deformation. This is due to
the experimental conditions of these tests resulting in an
intersection of the yield surface on the shear side rather
than the cap side. Therefore, the deformation mechanisms
controlling failure in these samples are expected to be
similar, although microcracking would be more intense.
Finally, more intense micro-cracking indicates decrease in
the Poisson’s ratio, which also validates the experimental
results of Fig. 17.

6 Conclusions

The effect of sub-zero temperatures on the mechanical
behaviour of Stainton sandstone has been investigated
through a series of uniaxial and triaxial compression
tests. ISRM and Wood’s (1990) methods showed similar
results for the mechanical properties of rock. The results

in the figure are as follows: pore space (P); undulose extinction (uE);
dilatant boundary (dB); alignment of grains (aG). The orientation of
panels (a—c) relative to the axis of the sample core and relative to the
applied stress (o)) is shown in the schematic to the left of the figure.
For UCS conditions, 6;=0

confirmed that the sandstone presents an elastoplastic
behaviour with strong dependency on the confining pres-
sure and temperature conditions. Depending on the method
of calculation, Poisson’s ratio for the UCS test, representa-
tive of the conditions at wellbore head, can be larger than
0.5 due to dilation of the material and grain realignment,
as demonstrated by microscopic analysis before and after
the tests.

For UCS and relatively low confinement (12.5 MPa)
conditions, cooling causes an increase in Young’s modu-
lus down to — 5 °C, followed by a reduction with further
decrease of temperature. For higher confining pressures
(24 MPa), Young’s modulus is not affected by changes
in temperature. However, a reduction in Poisson’s ratio
and a decrease in the dilation of the material is seen with
decreasing temperature, while the slope of the critical state
line increases.

Extrapolating the experimental results to CCS con-
ditions, it can be seen that freezing the sandstone can
increase the Young’s modulus of the rock, as well as the
shear and bulk moduli, especially at the seabed, which
is best represented by the UCS test results. Lower tem-
peratures can increase the strength of the rock but also
decrease Poisson’s ratio, which indicates that the rock may
be fractured more easily due to a loss of ductility.

Mathematical functions have been determined from
these results for use in modelling. Additional testing would
help constrain their variability. Relationships linking the
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Fig.21 Optical microscopy
images of a sample deformed
under triaxial conditions

with a confining stress of
03=12.5 MPa. a Experimental
damage zone under both XPL
and PPL conditions. b Higher
resolution of damage zone
under crossed polarized light.
Symbols used in figure are

as follows: undulose extinc-
tion (uE); grain size reduction
(GSR). Both images are taken
perpendicular to the axis of the
sample, and to the direction of
the applied maximum stress (c,)

Sandstone core

temperature to the mechanical parameters can be imple-
mented in robust Thermo-Hydro-Mechanical models to
predict the behaviour of the rock in the vicinity of the
wellbore during CO, injection.
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