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ABSTRACT

Recently, a new promising type of marine shale gas reservoir, carbonate-rich shale, has been discovered.
But the mechanical properties of this type of shale were still unrevealed and the corresponding reservoir
stimulation design was lack of guidance. Using the deep downhole cores of an exploratory carbonate-rich
shale gas well, the physical and mechanical parameters and failure mechanism of the whole reservoir
section were acquired and evaluated systematically, by performing XRD, tri-axial compression, Brazilian
splitting, and fracture toughness tests. A new model was established to evaluate the reservoir brittleness
based on fracture morphology and stress-strain curve. Recommended strategy for reservoir stimulation
was discussed. Results showed that (1) Carbonate-rich shale possessed high compressive strength and
high Young's modulus, which were improved by 10.74% and 3.37% compared to that of siliceous shale. It
featured high tensile strength and fracture toughness, with insignificant anisotropy. (2) With the content
of carbonate minerals increasing, the shear failure morphology transformed from sparse and wide brittle
fractures to diffusely distributed and subtle plastic cracks. (3) The brittleness index order was: siliceous
shale, clay-rich shale, carbonate-rich shale, and limestone. (4) The special properties of carbonate-rich
shale were rooted in the inherent feature of carbonate minerals (high strength, high elastic modulus,
and cleavage structure), resulting in greater challenge in reservoirs stimulation. The above findings
would promote the understanding of carbonate-rich shale reservoirs and provide reference for the op-
timum design of reservoir stimulation.
© 2024 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0).

1. Introduction

production center (Fuling and Changning-Weiyuan) in China (Guo
and Zhang, 2014; Guo et al, 2017; Xie, 2018). By comparison,

Shale gas, extracted from organic-rich shale, makes up a sizeable
component of the global natural gas reserves (Zou et al., 2010). Over
the past decade, shale gas production has been increasing rapidly.
In 2020, the global shale gas production was 768.8 x 10° m> (Zou
et al, 2021), with United States and China contributing
733 x 10° m® and 20 x 10° m?, respectively (Zhang, 2021; Guo et al.,
2022a). The types of shale reservoirs that have been commercially
developed are marine shale, forming two national shale gas
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marine-continental transitional shale and continental shale pro-
duce relatively little gas due to their limited reserves and weak
brittleness.

In recent years, a special type of marine shale gas reservoirs,
carbonate-rich shale, was encountered in the Permian stratum.
Unlike previous shale types (quartz or clay dominated), the content
of carbonate minerals (calcite + dolomite) became prominent, even
surpassing that of quartz or clay (Liang and Li, 2021). Considering
that limestone would exhibit high strength and plasticity under
deep formation (Kurtulus et al., 2016; Zhang and Lv, 2020; Mo et al.,
2022), the addition of such considerable proportion of carbonate
minerals would make the shale present distinctive microstructure
and macroscopic mechanical behavior, which further affects the
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development strategy of this type of reservoir.

Previous geo-mechanical studies have focused mainly on the
properties and mechanical characteristics of quartz-clay dominated
shales (Gao et al., 2021; Wang et al., 2021b; He et al., 2022; Li et al.,
2022).

In marine shales, quartz content ranged from 42 to 55.54%,
carbonate minerals from 9 to 15% and clay from 25 to 37.4% (Wang
et al., 2016; Chen et al., 2022; He et al., 2022; Qiu et al., 2022; Wu
et al, 2022; Zhang et al., 2022). The marine-continental transi-
tional shale exhibited 19-77.4% of clay, 21-63.27% of quartz, and
3.06-29.21% of carbonate minerals (Liang et al., 2018; Yu et al,,
2019; Xue et al, 2020). While the continental shales contained
13.1-67.2% of clay and 5.8—39.3% of quartz (Tang et al., 2014; Chen
et al,, 2019a; Yang et al., 2019; Wang et al., 2020). To summarize,
quartz is the major mineral in marine shale, while clay is the
dominant mineral in marine-continental transitional shale and
continental shale. Different mineral compositions will have an
impact on the rock's mechanical characteristics and fracture
morphology.

There is a strengthening influence of quartz content and a
weakening action of clay and carbonate minerals on the compres-
sive strength of shale (Labani and Rezaee, 2015; He et al. 2019,
2022; Hassan et al., 2019). For example, the shale with 75.30%
quartz content exhibited 77.4 MPa of uniaxial compressive strength
and 18.08 GPa of elastic modulus (Wang et al., 2021a); the shale
with a 63.93% clay content presented 23.3 MPa of uniaxial
compressive strength and 6.08 GPa of an elastic modulus (Wang
et al., 2020). Studying the shale of the Niutitang Formation, Wang
et al. revealed that there were two kinds of various associations
between Young's modulus and quartz content (Wang et al., 2016).
At quartz contents below 65%, Young's modulus increased with
increasing quartz percent; at quartz contents above 65%, Young's
modulus decreased with increasing quartz percent. Similarly, there
were three stages (below 55%, 55%—70%, and above 70% of quartz
content) in Liu's study (Liu et al., 2018). While Young's modulus
correlated negatively with the amount of clay and organics (Sone
and Zoback, 2013; Altowairqi et al., 2015). Moreover, the tensile
strength, fracture toughness, and shear strength of shale have been
studied (Shi et al., 2019; Lei et al., 2021; Lu et al., 2021; Xiong et al.,
2021; Fan et al.,, 2022; Guo et al., 2022b; Ma et al., 2023; Wang et al.,
2023). Tensile strength and fracture toughness (mode I) of the
53.41% quartz shale were 13.16 MPa and 0.96 MPa m'/ (Heng et al.,
2020), while the value of the shale with 59.67 % clay content was
5.75 MPa and 0.30 MPa -m'/2 (Wang et al., 2020). Shales from the
Longmaxi Formation were studied by direct shear tests with
cohesion and internal friction angles of 16.04 MPa and 35.34°
respectively (Heng et al., 2015). In general, shale containing a high
quartz content had strong mechanical properties, whereas shale
possessing a high clay content showed weak mechanical features.

In quartz-rich shale, Hydraulic fractures communicating with
natural fractures and beddings were used to create complex frac-
ture networks (Tan et al., 2017; Hou et al., 2018; Song et al., 2019;
Chang et al., 2022; Zhao et al., 2022). In clay-rich shale, fracture
morphology would often be simple (Zhao et al. 2018a, 2018b; Wang
et al,, 2021b; Xu et al., 2022).

The above literature mainly discussed the properties of quartz/
clay-rich shale. If the ingredient of carbonate minerals were
dominated, the new type of carbonate-quartz-clay shale might
show unique characteristics in mechanical properties, brittleness,
and fracturing response. The physical and mechanical characteris-
tics of this kind of shale reservoir haven't been systematically
investigated, yet. Brittleness was defined as the inability to sustain
plastic deformation, which affects fracturing difficulty and fracture
morphology (Wang et al.,, 2020). Without a uniform standard,
different approaches have been proposed for different purposes.
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The available brittleness indices include the following: mineral
composition method (Jarvie et al., 2007; Rickman et al., 2008; Jin
et al, 2015; Rybacki et al. 2015, 2016), strength parameter
method (Hucka and Das, 1974; Martin, 1996; Altindag, 2002;
Rickman et al.,, 2008; Mahanta et al., 2018), strain parameter
method (Hucka and Das, 1974; Martin, 1996; Hajiabdolmajid and
Kaiser, 2003; Li et al, 2012), dynamic elasticity parameter
method (Lai et al., 2015; Gholami et al., 2016; Rahimzadeh Kivi
et al, 2017), and energy balance analysis method (Tarasov and
Potvin, 2013; Ai et al.,, 2016; Munoz et al., 2016; Zhang et al,,
2016; Rahimzadeh Kivi et al., 2018; Li et al., 2019; Wen et al.,
2020). These methods were primarily focused on the stress-strain
curves; however, fracture morphology was not considered, which
may be also an important part in assessing of the brittleness of the
rock.

In this paper, in-situ downhole full diameter cores, covering the
entire reservoir formation, were collected from a typical carbonate-
rich shale well, with depth range of 3800~3900 m. X-ray diffraction,
P-wave velocity measurements and mechanics tests (triaxial
compression, Brazilian splitting and fracture toughness) were car-
ried out systematically. The longitudinal variation of mineral
composition, P-wave velocity, mechanical properties, and brittle-
ness evaluation of the reservoir were obtained and analyzed. The
distinctive physical and mechanical feature of carbonate-rich shale
were revealed and comparatively analyzed with quartz/clay-rich
shale and limestone. The correlation between brittleness and
minerals, lithology induced mechanical difference, and the rec-
ommended strategy for reservoir stimulation were discussed.

2. Geological background

The newly discovered carbonate-rich shale gas resources were
located in the Hongxing block, which ranges from Lichuan City,
Hubei Province, to Shizhu County, Chongqing City, with a complete
Jiannan structure that was buried at 3000—4500 m (Fig. 1a). It was
estimated that 2609.8 x 10% m> gas resources host in the area of
905 km?.

Based on the logs features of well logs of an exploration well HY-
X, the Permian system was divided into Changxing, Wujiaping and
Maokou Formation. Further, Wujiaping and Maokou formation fell
into two (W-1 and W-2 members) and four (M-1~4 members)
members, respectively. The W-2 member contained ®—® layer
was the main gas-producing reservoir. Fig. 1b depicted this strata,
which was obtained from an internal geological report. Sampling
positions indicated by red dots, and red dotted box represented the
main gas producing reservoir (W-2 member).

Influenced by the complex sedimentary environment, multiple
mineral compositions and mixed lithologies were existed in the
Permian system, such as limestone, siliceous shale, carbonate-rich
shale, and clay-rich shale. According to the previous study, shales
of the W-2 member were characterized by high brittle mineral
content (63.2%), high organic matter abundance (8.87%), excellent
organic matter type (II1), and well-developed organic pores
(5.59%). All of these facilitate the study of regional rock mechanics
for better reservoir stimulation (Wang et al., 2022).

3. Materials and test design
3.1. Sample preparation

To acquire the comprehensive mechanical features of the deep
formation in the Hongxing Block, samples were taken from the HY-
X exploration well. The sampling depth extended from 3833 m to
3905 m, distributed in each layer from Changxing to Maokou.
Sampling details were provided in Table 1 and Fig. 2.
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Fig. 1. HY-X well location and stratigraphic classification: (a) location map of the well, and (b) Stratigraphic delineation of the reservoir (red points represent the sampling position,
and the red dotted box denoted the main production layer). Modified from (Liang and Li, 2021).

Table 1
Sampling details for HY-X well.
Formation Member Layer Number Length cm Lithology
Changxing — - GC-1 19 Limestone
Wujiaping  W-2 ® GC-2 15 Carbonate-rich shale
@ GC-4 4 Siliceous shale
GC-5 8 Carbonate-rich shale
® GC-7 8 Siliceous shale
® GC-8 9 Limestone
@ GC-9 7 Siliceous shale
W-1 - GC-13 8 Clay-rich shale
Maokou M-4 - GC-11 10 Carbonate-rich shale
M-3 - GC-12 10 Limestone

GC-9

GC-13

Full-diameter cores (¢ 100 mm) were used to drill and process
the mechanical test specimens, as shown in Fig. 3a, with the drilling
direction towards the bedding. A cylinder specimen (Fig. 3b) for the
triaxial compression test had a diameter of 25 mm and a height of
50 mm. The size of the Brazilian splitting tests was
25 mm x 12.5 mm (Fig. 3¢). Besides, samples subjected to fracture
toughness tests were 25 mm x 12.5 mm with a length of about
7 mm prefabricated crack in the center (Fig. 3d). Specimens were
processed following the method proposed by ISRM (Hatheway,
2009) and Atkinson (Atkinson et al., 1982).

3.2. Experimental design and equipment

Following the Chinese oil and gas industry standard (SY/T)
5163—2010, the mineralogical composition of each layer sample

GC-12

Fig. 2. Photograph of collected samples.
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Drilling direction

Bedding planes

Full diameter cores

Standard specimens for tests

Fig. 3. Preparation of standard specimens: (a) full diameter cores, (b) tri-axial compression test, (c) Brazilian splitting test, and (d) fracture toughness test.

Fig. 4. Experimental equipment: (a) X-ray diffractometer, (b) Acoustic wave device, (c¢) MTS815 test system, and (d) RMT-150C test system.
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was analyzed using an X-ray diffractometer (Fig. 4a). The P-wave
velocity test is a widely used technique for evaluating the interior
structure of rocks. To obtain the velocity, a standard specimen (@
25 x 50 mm) of each layer was tested prior to the triaxial test. The
test equipment is shown in Fig. 4b.

Tri-axial compression tests were performed for the samples of
each layer according to the standards recommended by Hatheway
(2009). To simulate the high in situ stress state, given the relatively
deep burial depth of 3800—3900 m, the confining pressure was
chosen to be 80 MPa. The tests were carried out on the MTS815 test
system (Fig. 4c) at the Institute of Rock and Soil Mechanics, Chinese
Academy of Sciences. In order to ensure that complete deformation
and failure characteristics were captured, an axial displacement
rate of 0.06 mm/min was adopted.

The RMT-150C test system was chosen for the Brazilian splitting
and fracture toughness tests (Fig. 4d). Axial compression force was
applied at a rate of 0.03 mm/min during the test. Considering the
effect of the bedding plane, two loading modes were devised,
where the loading force direction was either parallel or perpen-
dicular to the plane (Fig. 5a).

During fracture toughness testing, specimens were axially
compressed at an axial displacement rate (0.03 mm/min). As
shown in Fig. 5b, the precast crack with the same loading direction
was either perpendicular or parallel to the bedding plane. Tensile

Force

Vertical

Force Force

Vertical

Petroleum Science 21 (2024) 3047—3061

fracture toughness (type-I) is calculated from the results of Atkin-
son (Atkinson et al., 1982) as follows:

Pva

Kic =
Ic RB’TCI

(1)

Ni=1—4sin® 6 + 4 sin’ 0(1 — 4 cos? 0) (%)2 (2)
where P is the maximum force on specimen, N; a is the half-length
of the prepared crack, m; R is radius of specimen, mm; B is the
height of specimen, mm; 6 is the angle formed by the prepared
crack and the loading direction, which in this case was 0. Due to
difficulties in sample preparation, results were obtained for all
samples except for sample GC-4, which missed the result of the
Brazilian splitting test with loading direction parallel to the
bedding.

4. Experimental results and analysis
4.1. Mineral compositions analysis

4.1.1. Mineral compositions
Based on XRD test, minerals, such as quartz, calcite, dolomite,

(a)

Force

|

Bedding plane

Horizontal

Force

l

(b)

Prefabricated fracture

Bedding plane

Horizontal

Fig. 5. Schematic of loading considering bedding effect: (a) Brazilian splitting test, and (b) fracture toughness test.
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and clay, were identified, and the levels of these minerals varied
greatly between layers (Appendix Table A1 and Fig. A1). With
quartz, carbonate, and clay minerals as the three major composi-
tions, all samples were classified into four lithologies:

(1) Siliceous shale: The quartz content exceeded 45%, corre-
sponding to cores of GC-4 (W-2-®@ layer), GC-7 (W-2-®
layer), and GC-9 (W-2-® layer);

(2) Carbonate-rich shale: With quartz content >40% and car-
bonate minerals including calcite, dolomite, and ankerite
>30%, typical cores were GC-2 (W-2-® layer), GC-5 (W-2-®@
layer), and GC-11 (M-4 member);

(3) Clay-rich shale: It meant that the clay minerals content was
>30% with a core of GC-13 (W-1 member).

(4) Limestone: Carbonate minerals were enriched in the cores,
for example, GC-1 (Changxing formation), GC-8 (W-2-®
layer), and GC-12 (M-3 member).

4.1.2. Mineral brittleness evaluation

Various minerals contributed differently to the brittleness.
Following the XRD results, the mineral brittleness index was
quantitatively described using the following formulation, taking
into account the mineral components and their mechanical char-
acteristics (Huo et al., 2018):

a;=E;/v; (3)

Ai=aq; / Qquartz (4)
n

BILM =Y _AM; (5)

i=1

where BI_M is the mineral brittleness index; E; and »; are Young's
modulus and Poisson's ratio of each mineral; a; is the brittleness
index of each mineral; aguart, is the brittle factor of quartz; A; is the
relative brittle factor of each mineral to quartz, and the values of
quartz, potassium feldspar, plagioclase, calcite, dolomite, siderite,
pyrite, ankerite and clay are 1.00, 0.17, 0.17, 0.19, 0.36, 0.32, 1.46,
0.36, 0.05; M; is the content of each mineral. Huo et al., (2018)
proposed and discussed this method in detail.

As illustrated in Fig. 6 and Appendix Table A1, the BI_M values
ranged from 0.196 to 0.724 for all samples. From the viewpoint of
lithology, the BI_M values of the siliceous shale (0.629-0.724) with
the most quartz content were highest in the lithology part. As the
quartz content decrease, the BI_M values of carbonate-rich shale
(0.55-0.613) and clay-rich shale (0.447) and limestone
(0.196—-0.415) gradually declined. Notably, the quartz content in the
limestone GC-8 was relatively high, which led to its higher brit-
tleness value.

4.2. P-wave velocity

The P-wave velocity of each sample was given in Fig. 7. The P-
wave velocity were concentrated between 4500 m/s and 5200 m/s
for all samples except for the sample of theW-1 member. GC-5 (W-
2-@ layer) showed the maximum value of 5124 m/s, while GC-13
(W-1 member) displayed the minimum value of 3941 m/s.
Ranking from the lithological perspective: carbonate-rich shale
(4816—5124 my/s), siliceous shale (4603-5065 m/s), limestone
(4581-4770 m/s), and clay-rich shale (3941 m/s).
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Fig. 7. P-wave velocity of different lithologies.

4.3. Triaxial compression tests

4.3.1. Basic mechanical parameters

The three basic parameters that are used to evaluate the me-
chanical properties of a reservoir in compressive testing are the
peak deviatoric stress, the Young's modulus, and the Poisson's ratio.

The difference in basic mechanical parameters between
different lithologies was presented in Fig. 8. The peak deviatoric
stress and Young's modulus of siliceous shale ranged from 501.36 to
529.49 MPa and 26.42—-33.15 GPa, respectively, which were at a
high level, but with a low Poisson's ratio of 0.137—0.201. With the
accumulation of carbonate minerals, the peak deviatoric stress,
Young's modulus, and Poisson's ratio of carbonate-rich shale
increased to 223.97-630.66 MPa, 11.50-36.06 GPa, and
0.175-0.301, respectively. However, the increase in clay minerals
also affected the mechanical behavior of the rock. Compared to the
other two carbonate-rich shale samples, the GC-11 sample expe-
rienced a 91%—99% increase in clay mineral content, which resulted
in a 30%—50% decrease in peak deviatoric stress and Young's
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Fig. 8. Basic mechanical parameters of different lithologies: (a) peak deviatoric stress,
(b) Young's modulus, and (c) Poisson's ratio.
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modulus, and a 50%—70% increase in Poisson's ratio. Similarly, peak
deviatoric stress (271.19 MPa) and Young's modulus (24.70 GPa) of
clay-rich shale were at a low level, while Poisson's ratio (0.21) was
high. The limestone with carbonate minerals as the main minerals
exhibited lower peak deviatoric stresses (308.60—539.19 MPa),
which was greater than the clay-rich shale (271.19 MPa). Young's
modulus and Poisson's ratio of the limestone were at a high level,
from 24.02 to 49.72 GPa and 0.166 to 0.252, respectively. The
content of quartz in GC-8 samples was significant, which contrib-
uted to the high levels of peak deviatoric stress (539.19 MPa),
Young's modulus (49.72 GPa), and Poisson's ratio (0.241).

4.3.2. Stress - strain curve and fracture morphology

Fig. 9 presented stress-strain curves and fracture morphologies
for typical samples from different lithologies. This may provide rich
and valuable information for understanding possible hydraulic
fracture morphology.

In siliceous shale (Fig. 9a), the stress grew rapidly in a linear
pattern to the peak without compaction and yielding stages. After
reaching the peak, the stress dropped sharply, from 523.13 MPa to
24197 MPa, with an extent of 281.16 MPa, indicating that the
sample was extremely brittle. Concerning the fracture morphology,
the sample exhibited shear failure, with obvious fracture width
accompanied by partial bedding plane splitting, and whitish in
some of the shear joints (the result of calcite mineral friction-
sliding).

The sample of carbonate-rich shale exhibited a stress plateau
near the peak point, showing a certain extent of plastic accumu-
lation (Fig. 9b). The stress decreased rapidly at the post-peak stage,
from 630.66 MPa to 413.26 MPa, with a decrease of 217.40 MPa,
which was less brittle compared to that of the siliceous shale. For
the post-test specimen, the shear cracks grew plentiful and subtle
with reduced crack width, and some of the shear slip cracks were
whitened and tightly closed.

As shown in Fig. 9c, clay-rich shale's stress-strain curve and
fracture morphology were similar to those of brittle siliceous shale.
The stress dropped from 271.19 MPa to 182.94 MPa, with a gap of
88.25 MPa. Shear cracks with large width and active bedding planes
co-existed in the sample.

For the limestone (Fig. 9d), the stress experienced a marked
yielding phase before the peak, followed by a slow decline to the
residual stress. After destruction, the shear crack was formed but
the sample was still bonded together, while more diffusely
distributed tiny cracks were produced. It was a typical plastic shear
failure as the specimen had an obvious bulging phenomenon.

At high confining pressure, clay minerals affected the strength of
rock. There was a significant relationship between carbonate
minerals and rock plasticity. As a result, when the lithology
changed from siliceous or clay-rich shale to carbonate-rich shale to
limestone, there was a significant transition from brittleness to
plasticity in the stress-strain curves and fracture morphologies.

4.3.3. Brittleness evaluation

Brittleness evaluation is an extremely critical parameter for
shale gas production. To reflect the effect of different lithology, a
new brittleness index combining stress-strain curves and fracture
morphology was proposed. The BI could be calculated as follows:

(6)

where BI is a brittleness index comprising Bly, Bl,, Bl3, and Bly
components; «q, ap, a3 and a4 are weight values of brittle compo-
sition, which are 1/4 in this paper. These values can also be assigned
according to the relative importance of the different parts.

Bl reflected the degree of accumulation of elastic strain energy

Bl = a1 Bl + a3Bl5 + a3Bl3 + a4Bly
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Fig. 9. Stress-strain curves and fracture morphologies of typical samples: (a) siliceous shale, (b) carbonate-rich shale, (c) clay-rich shale, and (d) limestone.

before the peak, which could be expressed as follows:

Ue
WP

Wp = J(ﬁ —03)de;

Bl =

ug 1%
PT2E
in which Uy is the accumulated elastic energy; W, is the external

mechanical energy; o1 is the axial stress; o3 is the confining pres-
sure; o, is the peak deviatoric stress; E is Young's modulus.

During the post peak period, Bl indicated the degree of stress
drop. The formula was given below:

— 0r

Bl, =7 (8)

Op

In which o, is the residual strength.
BI3 characterized the decrease rate of stress after peak. After
normalization, the equation was as follows:

102 (ep — Er)

Bls =exp [ ]

where ¢, is the axial strain at the peak, and &, is the axial strain
related to the residual strength.

Bl4 was the part of the fracture morphology, which revealed the
damage degree of each specimen. Higher values indicate higher
levels of damage, i.e., greater brittleness. With normalization, the
expression is shown as follows:

(9)

a'p—o'r
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Smax - Smm (10)
S. — Sm +Ss
1 SC

where S; is the density of cracked area; Spax and Sy are maximum
and minimum densities; Sy, is the area of main crack; Ss is the area
of secondary cracks; S is the cross-sectional area (50 x 25 mm as
standard) of the sample.

The BI values were recorded in Fig. 10 and Table 2. In the vertical
direction, the BI values fluctuated widely with distribution of
0.136—0.735. From the perspective of lithology, siliceous shale had
the highest BI value of 0.611—-0.735, followed by clay-rich shale
with 0.669, then carbonate-rich shale with 0.434—0.511, and

0.8

GC-4
0.733
0.7 4
0.6 A
- 0.503
05 4 GC-2cc5

0.4710.465

0.4 4

BI

0.3 A

0.2 4

0.1 4

Carbonate-rich shale

Siliceous shale

Clay-rich shale Limestone

Lithology

Fig. 10. BI of different lithologies.
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Table 2
Data collection of mechanical parameters in triaxial compression tests.
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Samplea,(MPa)E(GPa) W (mJ/m’) U, (mJ/m’)a,(MPa)e,(%)e%)S(mm?) BI,/4 BL,/4 Bl;/4 BI,/A BI

GC-1 308.60 24.02  4.99 1.98  267.79
GC-2 516.60 27.05 6.97 4.93 350.97
GC-4 501.36 2642  5.24 476  297.85
GC-5 630.66 36.06  9.27 5.51 395.99
GC-7 523.29 33.15 6.20 4.13 24197
GC-8 539.19 49.72  5.85 292 37691
GC-9 52949 32.02 5.68 438 31492
GC-13 271.19 24.70 1.67 1.49 179.42
GC-11 224.12 11.50  2.89 2.18 132.77
GC-12 444.12 3529  5.09 2.79  354.67

2.36 3.81 0.006 0.0990.0330.004 0 0.136

2.46 4.05 0.013 0.1760.0800.096 0.0820.434

2.10 2.35 0.022 0.2270.1010.2210.1850.735

2.49 3.37 0.012 0.1490.093 0.17 0.0650.479

2.09 3.82 0.021 0.1670.1340.1350.1750.611

1.75 4.47 0.018 0.1250.0750.0470.1340.381

2.05 2.80 0.020 0.1930.1010.1760.1540.625

1.20 1.94 0.028 0.2230.0850.112 0.25 0.669

2.27 3.28 0.018 0.1880.1020.0830.1370.511

1.91 5.03 0.013 0.1370.0500.0080.0760.271

Notes: dark, red, blue, and green represent siliceous shale, carbonate-rich shale, clay-rich shale, and limestone,

limestone with the lowest BI value of 0.136—0.381.

A variety of methods were used to calculate the brittleness.
Here, three typical brittleness indices were selected for comparison
from different perspectives. Bl1y was calculated as follows based on
the mineral composition (Jarvie et al., 2007):

thz
thz+carb+cly

= (11)

BI(])

where Wy, is the weight part of quartz; Wy, 4+ carb + cly is the
weight part of the total of quartz, carbonate, and clay minerals.
Blz) was investigated depending on Young's modulus and
Poisson's ratio, as listed below (Rickman et al., 2008):
E— Emin

(Emax - Emin >

where the min and max indices were the minimum and maximum
values of Young's modulus and Poisson's ratio, respectively, for the
whole sample.

Considered from the point of energy conservation, Bl(3) was
shown below (Rahimzadeh Kivi et al., 2018):

(aw, )

where dW, is the consumed elastic energy, dW; is the rupture
energy, dWe; is the total elastic energy, and dW, is the plastic
energy.

The Bl(1) — Bl(3) for different lithologies were shown in Fig. 11. By
comparison, it was noticed that Bl(1) — Bl(3) had their limitations in
evaluating the brittleness of samples with different lithologies in
well HY - X. The newly proposed BI could be qualified.

Mmax — M4

Mmax — Mmin

2

Bl = (12)

_1
2

d Wg

Bl dWet + dW,

(13)

4.4. Brazilian splitting test

This test investigated the influence of the loading force direction

3055

respectively.

relative to the bedding. See Fig. 12 and Appendix Table A2 for the
results. Some specific tensile strengths may not be obtainable due
to processing problems. When loading direction was parallel to
bedding plane, tensile strength was 1.10—11.62 MPa, while when it
was perpendicular, the values were slightly higher at
2.55-12.92 MPa.

Lithologically, carbonate-rich shale displayed high tensile
strength values with a wide fluctuation range of 1.10—12.92 MPa.
The values of limestone followed by carbonate-rich shale were
4.33—-11.62 MPa. While, the values of siliceous shale and clay-rich
shale were similar with 2.55—8.2 MPa and 4.83-8.5 MPa,
respectively.

4.5. Fracture toughness test

During the fracture toughness test, the pre-crack directions
relative to the bedding plane were considered, while the direction
of loading remained the same as the direction of the pre-crack.
Fig. 13 and Appendix Table A3 summarized the results. When the
prefabricated crack was parallel to the bedding plane, the fracture
toughness (type-1) were 0.06—0.98 MPa m'/2. In the vertical di-
rection, the values were 0.14—0.91 MPa m'/2.

In terms of lithology, the siliceous shale was at a high level of
0.20—0.85 MPa m'/?. The carbonate-rich shale and limestone were
similar and dispersed, with 0.15-0.98 MPa m!? and
0.06—-0.87 MPa m'/, respectively. The values of clay-rich shale
were 0.18—0.57 MPa m'/? at the lowest level.

The tendency of the mineral compositions, BI_M, P-wave ve-
locity, mechanical parameters, and BI to vary with depth was
shown in Appendix Fig. Al.

5. Discussion
5.1. Correlation of BI with other parameters

Based on mineral components and stress-strain curves, BIl_M
and BI were relatively comprehensive brittleness indices, which
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could better reflect the brittleness of rock. The relationship be-
tween BI and other parameters (BI_M and different mineral con-
tent) was given in Fig. 14. It could be seen that there was an obvious
positive correlation between BI_M and BI, that is, brittleness index
was high when mineral brittleness was high. Therefore, the range
of mechanical brittleness index could be inferred based on the
mineral brittleness index after obtaining the rock mineral compo-
nents. Specifically, the contribution of quartz mineral content to Bl
was positive, while that of carbonate mineral was negative. It could
be considered that carbonate minerals were not brittle in the deep
environment. As for the relationship between clay minerals content
and BI, it was evident that two groups are gathering, which was
related to lithology.

5.2. Reasons for high strength, high Young's modulus, and low
brittleness of carbonate-rich shale

Carbonate-rich shale features high strength, high Young's
modulus, and low brittleness compared to siliceous shale. There are
two possible reasons for this feature:

(1) The main minerals of this shale, quartz and carbonate, were
presented at high contents of 40~50% and 30—40%, respec-
tively. The quartz shows a high Young's modulus (96.5 GPa)
and a low Poisson's ratio (0.06). The carbonate minerals
contain mainly two types: calcite and dolomite, which
exhibited high elastic modulus (74.4—124.4 GPa); resulting in
the high strength and high Young's modulus of carbonate-
rich shale (Huo et al., 2018).

(2) Unlike the low Poisson's ratio displayed by quartz, another
characteristic of carbonate minerals was the high Poisson's
ratio (0.32), mainly attributed to the special cleavage struc-
ture (three groups of the complete rhombic cleavage struc-
ture). As illustrated in Fig. 15, under triaxial compression,
quartz minerals with the stable structure experiences brittle
shear rupture; while carbonate minerals were prone to
plastic shear slip along the cleavage structure, resulting in a
high Poisson's ratio and thus plasticity enhancement.
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5.3. Morphology of hydraulic fractures in formation with difference
between variable lithology

For reservoir stimulation, the morphology of hydraulic fractures
could be different with varying lithologies. Siliceous shale with the
relatively high quartz content was the preferred reservoir for
fracturing. However, the high peak deviatoric stress and fracture
toughness of siliceous shale increase the breakdown pressure and
shorten the propagation distance in the reservoir (Fig. 16a). In
carbonate-rich shale, the high content of both carbonate minerals
and quartz enhanced the mechanical properties, further increasing
the difficulty of hydraulic fracturing. Meanwhile, narrower primary
hydraulic fractures and subtle secondary fractures would be
detrimental to the proppant supporting and fracture conductivity
(Fig. 16b). The increase of clay minerals contributed to the relatively
lower mechanical parameters of the clay-rich shale, which would
be beneficial for fracturing in this reservoir. With the decrease of
mechanical parameters, fracturing energy could be saved after
fracture initiation, which would promote the increase of hydraulic
fractures propagation distance and activate bedding planes to
create a complex fracture network (Fig. 16c). Compared with shale,
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Fig. 14. Correlation analysis of BI with other parameters: (a) BI_M, (b) quartz, (c) carbonate minerals, and (d) clay.
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Jomting .
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Fig. 15. Diagram of fracture in quartz and calcite under triaxial compression.

limestone would not only be unsuitable for fracturing but would
also be an obstacle to the longitudinal extension of hydraulic
fractures (Fig. 16d).

5.4. Recommended strategy for reservoir stimulation

The high BI_M and BI values in the W-2 member suggested that
it was suitable for reservoir development given the previous anal-
ysis. However, the difficulty of developing different shales varies
due to their different mechanical characteristics. For the develop-
ment of the siliceous shale, the breakdown pressure was 96.5 MPa,
the extension pressure was less than 65 MPa and the adding sand
was convenient, according to the field data (Fig. 17a). Conversely,
when carbonate-rich shale was developed, breakdown pressure
and extensional pressure were 91.5 MPa and 88—90 MPa, respec-
tively (Fig. 17b). Overall, treating pressure was at a high level. In
addition, the difficulty in adding sand reflected the restricted
fracture width, which was related to the characteristics of the
carbonate-rich shale due to the increase in carbonate minerals.

'
(a)
'
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Hydraulic fracture
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(b)

Bedding plane <«——
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Perforation cluster
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For better stimulation of carbonate-rich shale reservoir, acid
pretreatment measures could be considered. After acid treatment,
carbonate minerals such as calcite are relatively reduced and quartz
and clay minerals were relatively increased, which means that BI_M
and BI values were also relatively increased. It would be conducive
to increasing the inflow capacity with the complex microstructure
and increased porosity (Chen et al., 2019b). Varying rock mechan-
ical properties and fracture morphology will also favor the forma-
tion of complex networks (Tan et al, 2018). In summary, the
measure for acid pretreatment should be considered.

5.5. Comparison between shales

Currently, the main commercially developed shale gas reser-
voirs were marine and continental shales. Due to different depo-
sitional environments, marine and continental shales were
dominated by quartz (42—-55.54%) and clay (13.1-67.2%) minerals,
respectively (Tang et al., 2014; Yang et al., 2019; Chen et al., 2019a;
Chen et al., 2022; He et al.,, 2022; Qiu et al., 2022). The carbonate-
rich shale, the main subject of this paper, was characterized by
quartz (40.9-46.1%) and carbonate (33.3—38.2%) minerals. For
quartz-dominated marine shales, quartz grains formed the rock
skeleton, with clay minerals randomly distributed in the quartz
skeleton, which was characterized by high compressive strength,
high Young's modulus, and low Poisson's ratio. Continental shales
with a clay skeleton exhibited lower compressive strength, lower
Young's modulus, and higher Poisson's ratio. Carbonate-rich shales
with quartz and calcite as rock skeleton featured higher compres-
sive strength, higher Young's modulus, and higher Poisson's ratio.
For example, the peak deviatoric stress, Young's modulus and
Poisson's ratio of marine shale (under 80 MPa confining pressure)
were 376.1 MPa, 26.90 GPa and 0.156, respectively, and those of
continental shale (under 60 MPa confining pressure) were
128.6 MPa, 14.33 GPa and 0.175, respectively, while those of
carbonate-rich shale (under 80 MPa confining pressure) were
630.66 MPa, 36.06 GPa and 0.199 (Wang et al., 2021b).

Siliceous shale

Limestone

(d)

Note: The width of the red lines represents the width of hydraulic fractures, and the blue lines signify the activated bedding plane.

Fig. 16. Diagram of the contrast of morphology of hydraulic fractures in different lithology: (a) siliceous shale, (b) carbonate-rich shale, (c) clay-rich shale, and (d) siliceous shale

with limestone interlayer.
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Fig. 17. Field pump pressure curves: (a) siliceous shale, and (b) carbonate-rich shale.

6. Conclusion

By performing systematic physical and mechanical tests of
downhole cores from a new type of shale gas well, the mineral and
mechanical properties of carbonate-rich shale were revealed. The
conclusions are as follows:

(1) Carbonate-rich shale possessed high compressive strength
and high Young's modulus, which were improved by 10.74%
and 3.37% compared to that of the siliceous shale. The
carbonate-rich shale featured high tensile strength and
fracture toughness, with insignificant anisotropy.

(2) As the content of carbonate minerals increased (siliceous
shale < carbonate-rich shale < limestone), the fracture
morphology of specimens after triaxial compression trans-
formed from brittle shear failure (sparse and wide fractures)
to plastic shear slip (diffusely distributed and subtle
fractures).

(3) The brittleness index order was: siliceous shale, clay-rich
shale, carbonate-rich shale, and limestone.

(4) The special properties of carbonate-rich shale were rooted in
the inherent feature of carbonate minerals (high strength,
high elastic modulus, and cleavage structure) of carbonate
minerals, resulting in greater challenge in reservoirs stimu-
lation. Given this property, acid pretreatment should be
considered for this type of reservoir.
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