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Mechanical properties of cap and overburden rocks are crucial for field-scale geomechanical modeling and
simulation of subsurface CO; storage and hydrocarbon production. However, obtaining these properties can be
challenging due to the lack of core extraction during drilling. The nano-indentation technique offers a solution to
this problem by allowing the estimation of mechanical properties using small samples such as cuttings. This study
evaluated 12 organic-rich shale samples from the North Sea to measure nanoscale mechanical properties. Half of
these samples were cuttings, allowing for a sensitivity analysis between core and cuttings samples. A comparative
analysis of the nanoscale and triaxial lab tests has been conducted. It is found that the mineralogical composition
significantly affected the mechanical properties, with a strong negative correlation observed between Young’s
modulus and brittle mineral assemblages. The sensitivity analysis demonstrated that properties estimated from
cuttings were reliable, like those obtained from core samples. This study suggests that the nano-indentation
technique is a practical and reliable method that can add significant values and reduce uncertainty in field-
scale geomechanical simulation.

1. Introduction

Characterizing the mechanical properties of organic-rich shale for
sealing potential is crucial for hydrocarbon exploitation and for the
successful geological storage of fluids (i.e., CO,, Hy, wastewater, etc.).
Although the North Sea is a mature basin, many complex structures still
need to be evaluated. In addition, the North Sea will be the future
geological CO; storage (CCS) hub, which is already in progress with a
plan to inject a gigatonnes level of CO, from 2024. Therefore, it is
critical to evaluate the mechanical properties of primary and secondary
(within overburden) caprocks within the area.

The primary caprock of the North Sea, the upper Jurassic organic-
rich shales are mainly composed of fine-grained clay and silt-sized
particles with a diverse range of thickness, porosity, mineralogy, and
heterogeneity (Hart et al., 2013; Mondol et al., 2007; Mondol, 2018;
Storvoll et al., 2005). Shales, in general, act as a top seal with having
exceptionally high capillary entry pressure compared to the reservoir
sandstones (Forschi and Cartwright, 2020; Hu et al., 2012; Mehmani
et al., 2013; Zhang et al., 2015a; Schowalter, 1979) and extremely low
permeability (Amann-Hildenbrand et al., 2012; Mondol et al., 2008;
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Sakhaee-Pour and Bryant, 2012; Zhang et al., 2015b, 2017) due to their
low pore connectivity. As a result of these characteristics of shale, it is
unlikely to have a capillary breakthrough within caprock shales. How-
ever, mechanical failure in caprock may occur when reservoir pore
pressure exceeds the fracture strength due to hydrocarbon accumulation
or any fluid injection (Ingram et al., 1997). The presence of gas chim-
neys worldwide indicated the possible hydrocarbon leakage through the
top seal. The risk of failure might increase significantly in fluid injection
sites due to increased injection-induced reservoir pressure. Hence, the
mechanical properties of caprock in the North Sea are essential for
successful hydrocarbon exploration and reliable subsurface geological
storage of fluids.

The fracturing processes in organic-rich shales are complex and
depend on various factors, such as shale’s mineralogical compositions,
brittleness, thickness, etc., which can be challenging to quantify (Sone
and Zoback, 2013a, 2013b; Vernik and Milovac, 2011). The mechanical
rock deformation behavior due to stress varied depending on the
caprock shale ductility (Nygéard et al., 2006). The ductility or brittleness
of caprock is a complex property and can be estimated from rock
strength properties such as Young’s modulus and Poisson’s ratio
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(Rickman et al., 2008). Moreover, core samples are usually required for
estimating shale rock strength properties. These properties are typically
estimated through expensive laboratory experiments, such as uncon-
fined and confined triaxial compression and shear test (Colmenares and
Zoback, 2002; Minaeian et al., 2014; Lama and Vutukuri, 1978), ultra-
sonic techniques (Wang, 2002), etc. In addition, fracture toughness can
be determined from cracked chevron notched Brazilian disk (CCNBD),
single edge notch beam (SENB), and three-point bending tests (Xiong
et al., 2019; Zuo et al., 2019, 2020). However, these laboratory tests
often require relatively large core samples, which may be challenging to
obtain (Hongyan et al., 2013; Tianshou and Ping, 2014) and can also
result in high inter-sample variability (Du et al., 2020; Li et al., 2020).
Additionally, core samples are often acquired from the reservoir in-
tervals during drilling, leaving limited samples available for the analysis
of cap and overburden rocks. To address this data scarcity in caprock
and overburden, seismic data inverted mechanical properties have been
used to illustrate significant lateral and vertical heterogeneity (Fawad
et al., 2021, 2020) and can be used in the 3D field-scale geomechanical
simulation (Rahman et al., 2022a, 2022c). Although the inversion pro-
cess solved the insufficient data issues, the inverted properties require to
validate using lab measurements. However, despite the importance of
laboratory investigation for any geomechanical assessment, due to the
lack of core samples, there are not enough conventional laboratory
measurements from the cap and overburden intervals. These data gaps
within cap and overburden intervals motivate us to conduct this nano-
scale property estimation study where the nano-indentation method has
been implemented.

The application of the nano-indentation technique in geoscience was
first proposed by Oliver and Pharr (2004, 1992) as a method to deter-
mine rock mechanical properties such as hardness (H), creep modulus
(©), and indentation modulus (M) using small samples. The indentation
depth generated by applying load to the rock samples can be used to
estimate these properties. However, the maximum applied load can
significantly influence the average properties by capturing the grain
level modifications. Although this method can estimate several me-
chanical properties, no standardized indentation benchmark is still
available for materials such as shales (Du et al., 2020). Because
nano-indentation measurement requires a small sample compared to
traditional laboratory measurements, it is now possible to estimate rock
strength properties within caprock and overburden interval. As we lack
cores within caprocks and almost no cores from overburden, this method
can be crucial in subsurface fluid injection projects because we can use
the cuttings to estimate rock properties. Considering the heterogeneity
in overburden intervals and consequences in field-scale rock geo-
mechanical behavior, we must evaluate the mechanical properties of the
overburden rock intervals. Overbuden geomechanical characterization
is required in fluid injection projects due to tracking the fluid plume
even long after the injection period. Nano-indentation method can be
the solution for data scarcity issues in field-scale geomechanical
simulation.

In this research, we evaluated the mechanical properties of organic-
rich Draupne caprock shales using the nano-indention method. The
effectiveness of cutting samples as input for lab experiments was tested
by comparing the results obtained from the core and cutting samples
from the same well. Also, the nanoscale results and conventional labo-
ratory experiment databases were compared to validate the properties
obtained at the nanoscale. Furthermore, the sensitivity of the maximum
load was investigated using available mineralogical and petrographic
databases. However, it should be noted that this study does not consider
the effect of lamination on the estimated results, though the caprock
shale is highly anisotropic. Results from this study might open a window
for having a rock mechanical property database within the overburden
section where very minimal or no cores are present but critical in geo-
mechanical simulation.
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2. Experimental methods
2.1. Experiment apparatus and specimens

In this study, an IBIS nano-indentation system from Fischer-Cripps
Laboratories was employed to measure the nanoscale properties of the
samples. The ‘grid indentation’ method, was utilized, which involves a
series of evenly distributed square lattices on the surface of the spec-
imen, using a Berkovich indenter (Fig. 1). The applied load on the
indenter could vary between 1 mN to 500 mN, with a load and depth
resolution of 0.07 pN and 0.003 nm, respectively. Both core and cutting
samples were attached to a rigid substrate, then polished to achieve a
flat surface with an average roughness of 0.01 pm, and placed inside the
nano-indenter. A maximum load of 10 mN was used in sample loading-
unloading cycles; however, a load of 100 mN was applied to a few
samples to evaluate the load sensitivity on the rock modulus.

Twelve samples were collected from six wells (i.e., 15/3-8, 15/
12-21, 32/2-1, 32/4-1, 34/4-3 & 35/11-4) in the North Sea, especially
from the organic-rich Draupne caprock shale formation. These samples
were used to evaluate the caprock shale’s nanoscale mechanical prop-
erties, such as hardness and indentation modulus. The samples were
taken from depths ranging from 502 m to 4317 m, present-day depth
below the seafloor (BSF). The paleo-temperature data (corrected for
exhumation) suggests that the samples cover both mechanical
compaction (MC) and chemical compaction (CC) regions, with the
transition depth being around 60-70 °C. Half of the samples were cut-
tings. A sensitivity analysis was conducted to compare the results ob-
tained from core and cuttings samples using the data from well 15/3-8.
Also, note that only the vertical surface of the core and cutting samples
have been indented, as most of the cutting samples do not have hori-
zontal faces.

2.2. Hardness and indentation modulus

The nano-indentation experiment is used to estimate the hardness
and indentation modulus of the Draupne caprock shales by extracting
information from the load-displacement curves (Fig. 1). The nanoscale
hardness (H) is calculated by taking the ratio of maximum indentation
load (Pmqy) to the projected area of contact (A.) using the following
equation:

P’TI(IX
H= A (€8]

The maximum load (Py,,) used in this study is 10 & 100 mN, and the
area of contact (A.) is calculated using the contact depth (h,). In this
study, a Berkovich indenter is used for the nano-indentation measure-
ments. The area of contact of a Berkovich indenter can be estimated by
the function of the contact depth (h,).

A, = 24.51%, 2

The parameter h. is the elastic displacement during unloading
(Fig. 1b) be related to the maximum indentation depth (h;4) and the
applied load (Pyq). The relationship between h, and other parameters
are estimated using the following equation.

h(‘/hmax =1- SPmax/(Shmax)y (3)

Where the constant ¢ is related to the geometry of the indenter, it is
equal to 0.75 for a Berkovich indenter. The contact stiffness (S) is used to
assess the derivative at P, and can be estimated by differentiating the
fitting F-h function of the unloading curve. Mathematically it can be
expressed as follows:

_oF

S=%n

4

Pmax

The Bulychev-alekhin-shoroshorov (BASh) equation (Bulychev et al.,
1975) can be used to quantify the yield of material by considering its
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Fig. 1. The nano-indentation lab instrument used in this study shows the maximum load, depth resolution, and load resolution at Curtin University (a). The inset
picture represents the Berkovich Indenter shape and parameters (not in scale). The nano-indentation load versus displacement curve is also presented for elastic-
plastic loading, which is followed by elastic unloading (b). The parameters hy, hmax, he, hq are defined as the depth of the residual impression, the depth from
the original specimen surface at the load Py, the elastic displacement during unloading, and the distance from the edge of the contact to the specimen surface at full
load, respectively. Upon elastic reloading, the tip of the indenter moves through a distance h,, and the eventual point of contact with the specimen moves through a
distance h,. The method used in this study is based on the research conducted by Fischer-Cripps, 2007 in his work on Nano-indentation.

purely elastic unloading behavior. In this study, the indentation nano-
scale modulus has been estimated using the following equation:

N 2

MoVA: - N ©

where the reduced or indentation modulus (M,) reflects the overall

elastic response of both the indenter and sample. To estimate the in-

elastic indentation of an isotropic material, a relationship between My,

Poisson’s ratio and Young’s modulus can be described as follows:
1 11— 1-1

©

M, E E

In the above equation, v is the Poisson’s ratio of the studied sample, v;
is the Poisson’s ratio of the diamond indenter (v; = 0.07), and E; is
Young’s modulus of the diamond indenter (E; = 1140 GPa). The Pois-
son’s ratio of the studied samples is 0.28, as estimated from S-2. By
rearranging Eq. (6), Young’s modulus (E) of the studied samples can be
estimated:

2
E:(lfvz)/(Miof lEi”i) %)

2.3. Fracture toughness

Fracture toughness measures a material’s resistance to crack prop-
agation under applied stress. It is a quantitative metric that is considered
during rock characterization. The relationship between a material’s
mechanical properties and its fracture toughness is direct, where rigid
and tough materials will have a lower tendency for the crack to propa-
gate through them and vice-versa. To estimate the fracture toughness of
a material, Liu et al. (2016) proposed an empirical linear equation based
on Young’s modulus. 20 tests were performed on four different samples
from three members of the Bakken shale to define the relation.
Considering the similarities between the studied samples and the
Bakken shale, this study, directly used the relation to evaluate the
fracture toughness of the samples. The equation is:

Kic = 0.04048E + 0.7288 ®

The relation above shows a linear relationship between Young’s
Modulus (E) and fracture toughness, where an increase in E leads to an

increase in fracture toughness. This relationship is supported by
research, which has shown that an increase in Young’s Modulus can lead
to an increase in ultimate fracture strengths and improved resistance to
fracture in rocks (Yuan and Xi, 2011).

3. Results
3.1. Nano-indentation curves analysis

The indentation moduli (Mj) of the samples were analyzed using the
histogram to determine the distribution range and type of the values.
The distribution of the samples is illustrated in Fig. 2, with samples from
the same well grouped together. For example, samples S-2 & —3 from
32/4-1 are shown in Fig. 2b), while samples S-6, —7 & —8 from 34/4-3
are shown in Fig. 2e. Additionally, samples S-9, —10, —11 & —12 from
well 15/3-8 are shown in Fig. 2f. The remaining samples are each
represented by a single plot in Figs. 2a,c & d. To facilitate comparison,
the same scale for M is used in all plots. The average modulus values for
each sample are also provided in parentheses.

A significant variation in values was observed, with the lowest value
being estimated at 3.10 GPa in sample S-3 and the highest value being
38.10 GPa in sample S-4 (Fig. 2c). Despite this variation; the samples
exhibit both normal and log-normal distribution. Some samples, such as
S-4 (Fig. 2¢) and S-6, —7&—8 (Fig. 2e), also exhibit multiple peaks in the
histogram, indicating a mineral level property measurement. The dis-
tribution and average properties of the samples also varied significantly
between samples from the same well (Figs. 2b, e & f).

3.2. Mineral composition and nanoscale properties

Generally, the mechanical property of any caprock shale is signifi-
cantly dependent on mineral assemblages where clay-supported (higher
clay particles) and grain-supported (silty and fewer clay minerals) shales
represent considerable variation. Total organic carbon (TOC) also
influenced the caprock shale to behave more ductile. In this section, the
relationship between mineralogy and the nanoscale property has been
evaluated. Nine out of twelve studied samples have available bulk X-ray
diffraction (XRD) mineralogy, presented in Table 2 (Hansen et al., 2020;
Rahman et al., 2020, 2022b). TOC of these samples was also estimated
during the preparation of the XRD samples. In addition, the other
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Fig. 2. The distribution of the indentation modulus (My) of studied samples represent the range and distribution type of each sample. Samples from the same well

clustered in one plot. Moreover, the average M is also shown within the plots.

mineral percentage in each well represents different fractions of car-
bonate (calcite, siderite, dolomite, ankerite), chloride (sylvite), and
sulfates (barite, gypsum, alunite). The mineral percentage of these
samples varied considerably. Based on the ductile mineral assemblages
(i.e., Clay and TOC percentage), the studied samples have been divided
into two clusters where S-1, —3, —5, —11, and —12 represent higher than
50 % of ductile minerals while S-4, —7, —9 and —10 have overall less
than 50 %. Maximum ductile minerals are observed in S-1, while the

minimum value is represented by sample S-4 (Table 2).

The relation between the indentation depth and the mechanical
properties of the samples, such as hardness (H) and indentation modulus
(My) can provide insight into the characteristics of the samples. Typi-
cally, during the initial stage of the nano-indentation test, the properties
(i.e., H & M) depend on the surface stiffness of the sample. As the load
increases, cracks begin to form, leading to decreased properties due to
energy loss. This decrease is generally less severe than in the initial
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stage. The behavior of the cracks, including their direction and length, is
influenced by the samples’ mineral composition and rock framework
(Ping et al., 2015). The relation between H and M, with indentation
depth is illustrated in Fig. 3 for samples with available bulk mineralogy
analysis. With increasing load, a nonlinear negative correlation is
observed between the strength properties and indentation depth. Shale
samples show different shapes and the initial indentation depth breaking
point compared within themselves. For instance, S-4 and -7
(Figs. 3c&e) have higher initial hardness and indentation modulus, but
cracks generated and propagated quickly with a breaking point <1 pm
indentation depth. S-10 and —11 (Figs. 3g&h) have similar breaking
point (i.e., <1 pm), but initial property values are not as high, and the
curve shape also differ considerably. The rest of the samples have very
low initial values but have a gentle decrease with increasing load
without having a sharp break (Figs. 3a, b,d,f&i).

Fig. 4 illustrates the linear relation between mineralogy and strength
properties. Clay minerals indicated a negative correlation (decreasing
with increasing property value) with rock strength properties (i.e.,
Young’s modulus and hardness), while brittle minerals have a strong
positive relationship. In addition, the correlation coefficient (R?) of the
studied plots explained that Young’s modulus correlates better with
mineralogy than rock hardness.

3.3. Sample type sensitivity

As rock’s hardness and indentation modulus are intrinsic properties,

International Journal of Greenhouse Gas Control 132 (2024) 104073

those should not vary with different testing methods and sample types.
To validate the effectiveness of cuttings as nano-indentation samples,
four samples from the same well were analyzed. Cutting samples from
drilling can be used in the nano-indentation method, which is an
advantage in nanoscale laboratory property estimation. The sensitivity
of the core and cutting samples in the nano-indentation technique has
been evaluated using four samples (S-9 to —12) from well 15/3-8. S-9
and —12 are cutting samples, while S-10 and —11 are core samples
(Table 1). Core samples illustrated a higher initial Young’s modulus (E)
value compared to the cutting samples (Fig. 5a). However, cracking
generation with decreasing E with increasing indentation depth due to
loading followed a similar trend. The average E value of the studied
samples indicated that it did not have a large range. These samples’
average hardness versus fracture toughness cross plot also indicated the
minimum influence of type, such as cores or cuttings (Fig. 5b).

3.4. Load sensitivity

In the nano-indentation technique, different loads can be utilized
during estimating mechanical properties. The sensitivity of load has
been evaluated by comparing the output using 10 mN and 100 mN loads.
The studied sample Young’s modulus (E) varied when changing the
applied load (Fig. 6a). However, changes are not significant and do not
follow any trend. For instance, a few samples have a higher value in 10
mN load while others have the opposite trend. Linear relation between
the applied loads indicated a considerably high correlation coefficient
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Fig. 3. The hardness and indentation modulus versus indentation depth was estimated in the nine samples with available XRD mineralogy data. The shape and value
of the curves illustrated the strength of the rock. The value in the parenthesis indicated ductile mineral assemblages (Total clay + TOC) of that sample. Please note

that the scales varied between the plots.
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Table 1

Overview of the studied core and cutting samples show the paleo-depth and temperature.
Sample No. Wells Sample depth BSF (m)" Paleo-depth BSF? (m) Present temperature (°C) Paleo-temperature® (°C) Sample type
S-1 32/2-1 502 1302 15.23 39.50 Cuttings
S-2 32/4-1 804 1504 29.62 55.41 Cuttings
S-3 32/4-1 825 1525 30.39 56.18 Cuttings
S-4 35/11-4 1609 1799 56.64 63.33 Core
S-5 15/12-21 2777 2777 97.19 97.19 Cuttings
S-6 34/4-3 3179 3179 95.38 95.38 Core
S-7 34/4-3 3188 3188 95.65 95.65 Core
S-8 34/4-3 3193 3193 95.79 95.79 Core
S-9 15/3-8 3924 3924 123.16 123.16 Cuttings
S-10 15/3-8 4056 4056 127.33 127.33 Core
S-11 15/3-8 4071 4071 127.78 127.78 Core
S-12 15/3-8 4317 4317 135.49 135.49 Cuttings

2 Exhumation corrected.

Table 2

Bulk XRD mineralogy of the study samples.
Sample Quartz Feldspar Pyrite Clay TOC Others
No. (%) (%) (%) minerals (%) (%)

(%)

S-1 17.71 4.06 0.55 70.13 2.81 4.74
S-3 24.65 0.00 1.76 65.79 2.78 5.02
S-4 35.92 4.88 18.17 24.01 1.96 15.06
S-5 30.00 0.00 9.00 42.00 12.00 8.00
S-7 24.00 27.65 2.72 39.20 2.94 3.52
S-9 54.00 0.00 5.00 34.00 7.00 0.00
S-10 51.56 0.00 7.12 34.37 5.88 1.28
S-11 42.90 0.00 7.34 43.22 6.86 0.00
S-12 31.00 0.00 8.00 55.00 6.00 0.00

(R%2~0.88) value (Fig. 6b).
3.5. Fracture toughness

The relation of fracture toughness with hardness and total clay
content is presented in Fig. 7. The fracture toughness values of the study
samples ranged between 0.85 and 2.25 GPa. The studied samples illus-
trated a strong positive linear relation with hardness (Fig. 7a). On the
contrary, a higher negative correlation is observed with total clay
(Fig. 7b). With increasing bulk clay mineralogy, fracture toughness de-
creases linearly.

3.6. Comparative analysis

A comparative analysis of Young’s modulus (E) between conven-
tional triaxial laboratory tests and nano-indentation techniques has been
carried out using the scouted database from Horsrud et al. (1998) and
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the studied samples, respectively. Data points have been plotted in
Young’s modulus versus bulk clay mineralogy cross plot (Fig. 8a).
Nanoscale property negatively relates to bulk mineralogy where E in-
creases with decreasing the bulk clay percentage. A linear correlation
coefficient is also high, about 66 %. Triaxial lab properties, however, do
not follow any relation with bulk clay, instead having a lower E value
except for the deeper sample located at 4870 m depth (Fig. 8b). Overall,

triaxial lab measurement represented a lower E value compared with the
average nanoscale property. All the data points (triaxial and
nano-intended) have been clustered into two zones in depth versus
Young’s modulus plot, excluding one outlier where <3000 m depth
samples represent lower E compared to >3000 m depth sample (Fig. 8b).
Within the deeper cluster, the nanoscale property has higher values with
a large range compared to the single triaxial data point.
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4. Discussion

The mineralogy of the caprock has a significant impact on its nano-
scale properties (Fig. 4). Ductile mineral assemblages (i.e., Total clay
and TOC) have been found to affect the behavior of the samples under
load. Samples with higher ductile mineral content exhibit low initial
values, but as the load increases, instead of cracking, these ductile
minerals absorb additional stress and show a gentle decrease in the
curve without generating or propagating cracks (Fig. 3). In contrast,
samples with higher brittle mineral content have high initial value but
crack quickly with a sharp breaking point.

Fracture toughness (FT) values also show a strong negative correla-
tion with clay mineralogy (Fig. 7). Although higher FT represents
greater resistance to crack initiation, the rock becomes more brittle with
sharp breaking points under applied load. Regarding top seal integrity, it
is important to balance the toughness and brittleness of the caprock
shales to withstand reservoir pressure from below.

Relatively shallow depth but highest modulus value sample S-4 has
abundant pyrite and siltier (coarser grain relative to clayey samples)
with a lower percentage of ductile mineral assemblages (Rahman et al.,
2021, 2020). SEM images of S-4 are illustrated in Fig. 9. Several
indentation moduli pick samples such as S-4, —6, —7 & —8 (Figs. 2c&e)
explained the mineral level property estimations in the

nano-indentation technique. Several stronger minerals also added up
with a higher average modulus, indicating relatively brittle caprocks.

Additionally, the shape and value of the indentation modulus in
relation to indentation depth are strongly influenced by rock minerals
regardless of different diagenesis levels. Although a specific ductile
mineral assemblage cutoff cannot be determined due to the limited
number of samples, values above 50 % are considered to be a reasonable
threshold for distinguishing between brittle and ductile caprocks.
Additionally, high TOC with maturation may lead to maturation-
induced micro-fractures, which can influence indentation stress
distribution.

The use of the nano-indentation technique to evaluate the mechan-
ical properties of rock has been growing in popularity in recent years due
to its reliability and simplicity (Abedi et al., 2016; Charlton et al., 2021;
Du et al., 2020; Ping et al., 2015). This study has also shown that the
results obtained using this method are comparable to those obtained
using conventional triaxial laboratory tests on samples from the same
basin. Fig. 10 shows the correlation between the results obtained in this
study and published data, and a good agreement was observed. This
confirms the reliability of nano-indentation methods for rock strength
characterization.

SU5000 15.0kV 11.1mm x120 BSE-ALL

Fig. 9. The SEM images of S-4 show the microscopic illustration of grain size, mineral types (Qtz-Quartz; Glu-Gluconite; Kao-Kaolinite; Apa-Apatite; Py-Pyrite; Plag-
Plagioclase; Cal-Calcite; OM-Organic Matter). Please note that the scale varied between images.
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4.1. Implications

Geomechanical modeling is a powerful tool for understanding the
behavior of subsurface rock formations under different stress scenarios.
This technique can be used to predict the behavior of overburden,
caprock, and reservoir rock in carbon capture and storage (CCS) projects
and to predict the behavior of rock formations that may contain hy-
drocarbons in hydrocarbon exploration and production. By simulating
subsurface conditions, geomechanical models can help optimize the
design and operation of these projects and identify the most favorable
production strategies.

Rock strength properties, such as Young’s modulus, hardness, and
fracture toughness, are important input parameters in geomechanical
simulation. These properties affect the stress and strain distribution in
the subsurface, which in turn influences the stability of reservoirs, cap
and overburden rocks, and the potential for fluid leakage. Accurate es-
timates of rock strength properties are essential for reliable predictions
of subsurface behavior. Therefore, it is crucial to have accurate rock
strength properties to evaluate the feasibility and risks of subsurface
operations such as CCS and hydrocarbon exploration and production.
However, conventional laboratory measurements are scarce due to the
lack of cores within the cap and overburden.

The nano-indentation can be an alternative laboratory measurement
technique. This study has proven the reliability and accuracy of the
estimated properties, such as hardness and indentation modulus. Addi-
tionally, nano-indentation can be performed on small cutting samples,
making it a useful alternative to conventional laboratory testing for
overburden rocks where very few or no cores are available. This can help
to reduce data scarcity within the cap and overburden intervals and
improve the accuracy of geomechanical models for CCS and hydrocar-
bon exploration and production.

5. Conclusions
The key outcomes from this study are as follows:
e The shape and frequency of the studied samples indentation moduli

histograms vary considerably, where few samples illustrate multiple
peaks indicating mineral level estimation.

Nanoscale properties are significantly influenced by rock miner-

alogy. The organic-rich caprock shale samples have a positive cor-

relation with ductile minerals, while a strong negative relation is

observed with brittle mineral assemblages.

e Due to the intrinsic behavior of rock, cuttings can be effectively used
in mechanical property estimation.

e The maximum applied load has minimal influence on nanoscale
property.

e Both nano-indentation and triaxial lab measurement results from

caprock shale are comparable.

We can conclude that the nano-indentation method in organic-rich
caprock shales mechanical property estimation using cutting samples
is reliable. This finding will add significant value in field-scale geo-
mechanical modeling for CCS and hydrocarbon exploration and
production.
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