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The mineral components play an indispensable role in shale reservoirs, and the study of their content and character are significant
for the permeability impairment rate and stress sensitivity of shale reservoirs. In this study, the shale cores from the FC1 well of the
Lower Cambrian Niutitang Formation in northern Guizhou were used to analyze the mineralogical composition of five samples
using X-ray diffractometry and for measurement of permeability and porosity of samples by means of the FYKS-2 high-
temperature overburden porosimeter with N,, and the samples were also subjected to uniaxial compression tests using the
INSTRON 1346 electrohydraulic servo-controlled material testing machine (200T), thereby analyzing the effect of mineral
components on the permeability impairment rate and stress sensitivity coefficient of shale. Results indicate that the permeability
and porosity are negatively correlated with effective stress and clay mineral content, and positively correlated with detrital mineral
content, whereas, the change of mineral composition is not obvious for porosity. Simultaneously, the permeability impairment
rate and stress sensitivity factor decrease with growing quartz content and modulus of elasticity, and increase with rising clay
mineral content. Additionally, the greater the brittle minerals content of shale, the more likely it is to undergo brittle damage and
more crack extension during compression with predominantly elastic deformation, resulting in a lower stress sensitivity factor.
Conversely, the higher is the stress sensitivity factor. The research results further deepen the understanding of mineral com-
ponents on the permeability and mechanical properties of shale reservoirs.

1. Introduction

The northern Guizhou shale gas is one of the blocks in the
second round of shale gas tenders by the Ministry of Land
and Resources and occupies an extremely important posi-
tion among China’s unconventional gas blocks. Its suc-
cessful exploitation has made a significant contribution to
enhancing China’s energy structure and improving the
ecological environment [1-5].

The study of shale maturation and formation evolution is
based on the reservoir physical and petrographic charac-
teristics of the shale, with diagenesis and tectonics playing a
significant role in the formation and evolution of the shale
[6-9]. The pore is the site of shale gas adsorption and storage
[10-14], while natural fractures are the transport channels
for shale oil and gas, both of which are inextricably linked to
tectonic stress, mineral property, and mineral content
[15-19]. Scholars have studied the characteristics of shale
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pore, formation and evolution mechanisms, and the dis-
tribution of brittle minerals under complex tectonics, and
concluded that there is a correlation between shale pore and
mineral property and distribution under complex tectonics
[20-23]. Reservoir fracture prediction, as an important basis
for delineating shale gas sweet spot areas, has the following
two main prediction methods: qualitative and quantitative
[24]. From the standpoint of qualitative prediction of
fractures, both sides of the fracture zone, the end of the
rupture, and the crack intersection are the zones of reservoir
fracture development [25], while the methods of quantitative
prediction of reservoir fractures such as fractal dimension,
seismic and logging, and numerical simulation of tectonic
stress field are becoming more and more mature [26-29].
The relationships between natural fractures, organic carbon
content, mineral content, mineral properties, and distri-
bution were derived from relevant tests and experiments on
shale cores and outcrop samples from the Lower Cambrian
Niutitang Formation in northern Guizhou [30-33]. In these
rock samples, natural fractures are dominated by high angle
tectonic fractures, which are filled to a degree of up to 95%,
and calcite is the main filling mineral [2, 34]. The uniaxial
and triaxial compression tests with multifield coupling
properties are used to investigate the effects of laminae and
mineralogical properties on the mechanical characteristics,
permeability, and fracture extension of shale rocks, pro-
viding theoretical support for fracture modification and
fracture extension mechanisms of shale gas reservoirs,
thereby further improving the quality and efficiency of shale
gas extraction [16, 26, 35-41].

In summary, scholars have performed many works to
study the efficient extraction of shale gas, laying a solid
theoretical foundation and technical guidance and providing
feasible directions for later in-depth research. The mineral
components play an indispensable role in shale reservoirs
and have a significant impact on the permeability and
mechanical properties of shale reservoirs. Scholars have
focused on the correlation between mineral components and
pore and natural fractures [8, 36, 42-44], but little mention
has been made of studies of mineral components on shale
permeability impairment rate and stress sensitivity factor.
Therefore, this study investigates the effect of mineral
components on the permeability impairment rate and stress
sensitivity factor of shales in the Lower Cambrian Niutitang
Formation shale cores in northern Guizhou Province. The
research achieved in this study further deepens the un-
derstanding of mineral components on the permeability and
mechanical characteristics of shale, and provides theoretical
support for fracture modification and fracture extension
mechanisms in shale reservoirs.

2. Geological Background of Northern
Guizhou Province

The research area is geotectonically situated in the Upper
Yangzi Platform area, which is coherent with the regional
tectonic evolution of the Yangzi Platform and geographically
belongs to northern Guizhou province (Figure 1(a)) [21].
According to the history of tectonic development and
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evolution, Guizhou province is divided into four zones with
different degrees of fracture development, including the de-
veloped zone, the relative developed zone, the moderately
developed zone, and the undeveloped zone, in which the
study region is situated in the fracture development zone
(Figure 1(b)). The folds in the research area are mainly
“spaced trough” structures with a series of northeast- and
northsouth-oriented compound anticline and compound
syncline structures [37]. The faults are mainly northeast- and
north-northeast-oriented compressional-torsional faults,
with multiple strike faults cutting and overlapping each other.
The north-south tectonic zone is the earliest, followed by the
north-northeast tectonic zone, and the northeast tectonic
zone is the last to be formed. The nature of the faults can
control the complexity of crack development; generally
speaking, the density of fracture development is higher on
compressional-torsional faults. Second, the influence of the
type of tectonics on crack development and the density and
penetration of crack development on the two flanks of the
anticlines is lower than that on the axis (Figure 1(c)) [23, 28].
The open-shelf depositional model is the main depositional
environment for shale reservoirs of the Lower Cambrian
Niutitang Formation in northern Guizhou. The argillaceous
siltstone and silty mudstone are the main light-colored clastic
facies in this sedimentary environment, while the silty car-
bonaceous mudstone belongs to the black clastic facies, and
the limestone and dolomite are well developed, with thick
overlying rock layers [22] (Figure 1(d)). The cores taken in
this study are from the shale reservoir of the Lower Cambrian
Niutitang Formation in northern Guizhou Province, which is
also the main shale gas gathering formation (Figure 1(d)).

3. Samples and Methods

3.1. Samples. The samples were collected from the shale core
of the FC1 well of the Lower Cambrian Niutitang Formation
in northern Guizhou and were machined to approximately
25mm in diameter and 50 mm in height (Table 1) [45], and
were mainly grey-black siliceous shales. The mineralogical
composition of the five samples was subjected by X-ray
diffractometer (XRD), and the results of the analysis were as
follows: quartz was the main constituent mineral in all five
samples, with its content exceeding 49%, with sample 1
containing over 80% quartz, the average is 68.91%. The clay
mineral content ranges from 3.03% to 29.93%, and the
average of 9.99%, indicating that the shale cores of the FC1
well of the Lower Cambrian Niutitang Formation in
northern Guizhou are predominantly brittle (Table 1) [45],
followed by feldspar, pyrite, ankerite, and clay minerals, with
a negative association between the quartz mineral compo-
sition and the clay mineral composition (Figure 2). The
organic carbon content ranged from 3.54% to 8.12%, which
was on the high side.

3.2. Experimental Theory

3.2.1. Permeability and Porosity. The degree of shale gas
transport is closely related to permeability and porosity, and
when porosity is developed and penetrates natural fractures,
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FIGURE 1: Regional geological overview of the study area ((a) location of the study area; (b) extent of fracture development; (c) tectonic

development; (d) stratigraphic lithological profile).

TaBLE 1: Basic sample parameters and mineral content.

Test core size

Mineralogical composition (%)

Sample Di Permeability Porosity Moisture
ID Length(mm) E?:Sﬁ;er (1072 um?) (%) Quartz Feldspar Calcite Ankerite Pyrite Clay

1 50.0 25.23 0.0060 1.67 81.83 3.11 0.00 9.95 2.08 3.03 Dry
2 51.0 25.27 0.0052 1.62 49.91 14.01 1.99 1.99 2.16  29.93 Dry
3 50.5 25.21 0.0071 1.85 65.92 16.96 1.04 2.94 7.09 6.055 Dry
4 51.0 25.30 0.0073 1.80 66.90 18.02 1.99 0.95 520 6.93 Dry
5 49.0 25.20 0.0056 1.56 79.98 3.90 5.20 0.00 6.93 399 Dry

it can provide a good permeable transport channel for shale
gas [36]. The permeability and porosity of the samples were
measured using the FYKS-2 high-temperature overburden
pore permeability tester with N,. All collected permeability
and porosity data were recorded and calculated by computer
(Table 1). The relationship between permeability, porosity,
and stress in shale reservoirs is analyzed by increasing the net
shale confining pressure to simulate the effective stress
changes in the shale reservoir and recording the changes in
shale permeability and porosity at different net confining
pressures. And on this basis, the effect of mineral compo-
nents in shale on permeability and porosity is analyzed. Five
equal gradients of net perimeter pressure values of 3 MPa,
5MPa, 7 MPa, 9 MPa, and 11 MPa were set for each sample

in turn. Each stress point is held stable for at least 30 minutes
before the permeability value of the sample at that stress
point can be determined.

Porosity is the percentage of the effective pore volume to
the volume of core particles in the sample and is expressed as
follows:

a

= ———x 100%,
Va + Vf

¢ 1

where V, represents the effective pore volume of the core
and V ; represents the volume of the core particles.

According to Darcy’s law, when N, flows through the
measured sample under a certain pressure, the expression
for the measured permeability is as follows:



Samples

0 10 20 30 40 50 60 70 80
Content (%)

m Quartz = Pyrite
m Feldspar m Ankerite
m Calcite m Clay
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where K is the permeability, 107 um? p and Q, are the
standard atmospheric pressure of the test environment and
the volume of N, passing through the sample in a given time,
MPa and cm?/s, respectively; u and L are the fluid viscosity
and sample height, MPa-s and cm, respectively; p, and p, are
the sample inlet and outlet pressures, MPa, respectively; and
A is the transverse area of the sample, cm?.

x 10%, 2)

3.2.2. Uniaxial Compression Test. The physical character-
istics of shale reservoirs are highly related to the mineral
fraction, mineral content, the level of natural crack devel-
opment, etc. When shale reservoirs have a high content of
brittle minerals, showing a significantly great modulus of
elasticity and a low Poisson’s ratio [17, 31, 46]. To further
understand the effect of reservoir properties on shale per-
meability damage rate and stress sensitivity, an INSTRON
1346 electrohydraulic servo-controlled material testing
machine (200T) was used to perform uniaxial compression
tests on five shale samples with axial loading and selected
displacement control, the test axial displacement loading
rate was 0.0l mm/min, and the loading equipment and
schematic diagram are shown in Figure 3.

4. Results
4.1. Effect of Factors on Shale Permeability and Porosity

4.1.1. Effect of Effective Stress on Shale Permeability and
Porosity. Referring to the Chinese oil and gas industry
standard “Experimental Evaluation Method of Reservoir
Sensitive Flow” (SY/T 5358-2010), the changes of shale
permeability and porosity under different effective stresses
are shown in Figure 4.

Computer fitting of the shale permeability and porosity
variation data at different effective stresses shows that
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FIGURE 3: Stress loading diagram.

permeability and porosity of the samples both decrease with
growing effective stress, with a negative index relationship
and a good fit. Nevertheless, when the effective stress exceeds
9 MPa, the decrease of permeability and porosity of shale
reduces, indicating that the confining pressure in deep-
buried strata significantly controls the permeability and
porosity of shale reservoirs.

4.1.2. Effect of Mineral Components on Shale Permeability
and Porosity. The mineral components play an integral role
in shale reservoirs, and the physical properties of shale
reservoirs vary according to their mineral content and
property. When brittle minerals are developed, the higher
the natural fracture density in the shale, which helps shale
gas transport and reservoir fracture modification. When
carbonate rocks are developed, shales tend to create dis-
solution pores during hydrocarbon evolution, increasing the
adsorption and free sites for shale gas. The pore volume in
the shale is negatively correlated with the clay mineral
content, which is not conducive to the permeable transport
of shale gas. The effect of mineral components on shale
porosity and permeability is analyzed in terms of detrital
minerals (quartz + feldspar + ankerite + calcite) and clay
mineral content (Figure 5). The permeability increases with
increasing detrital mineral content and decreases with in-
creasing clay mineral content. This is because the higher the
brittleness of the shale, the higher the density of natural
fracture development, which acts as a good channel for
seepage [31, 36]. The porosity increases slightly with in-
creasing detrital mineral content and decreases marginally
with increasing clay mineral content. Nevertheless, the
higher the detrital mineral content the smaller the porosity
as the surrounding pressure increases, and even less than the
clay mineral content under high surrounding pressure
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FIGURE 5: Relationship between mineral components and permeability and porosity.

conditions. This is due to the development of carbonate
minerals in the detrital minerals, which are easily dissolved
by exfoliation during the maturation and evolution of the
shale to form dissolved pores. Nevertheless, when the sur-
rounding pressure increases to the ultimate strength of the
pores, they are compacted and closed, resulting in a re-
duction in porosity in the shale. The low compressive re-
sistance of clay minerals makes it difficult to protect the
intrinsic pores, and when the surrounding pressure exceeds
the ultimate strength, the shale deforms plastically, resulting
in some of the pores in the shale not being compacted and
closed [22]. Therefore, the porosity in the detrital minerals is
less than that in the clay minerals under high surrounding
pressure conditions.

4.2. The Permeability Damage Rate and Stress Sensitivity
Factor. As there is no industry standard for shale sensitivity,
reference was made to the Method for Determination of
Porosity and Permeability of Rocks under Overburden
Pressure (SY/T 6385-2016) and the Method for Experi-
mental Evaluation of Reservoir Sensitivity Flow (SY/T 5358-
2010) for the test analysis. From the above findings, it can be
concluded that the porosity of the sample has a negative

index dependence on the effective stress, and therefore the
correlation between the compression factor and the effective
stress is derived as follows:

mzln%—lnqﬁ
P

where m is the compression coefficient, MPa™'; ¢, and ¢ are
the porosity at the initial stress and the porosity at the
specified effective stress, %, respectively; and p, is the
specified effective stress, MPa.

At the same time, the percolation rate is also negatively
exponentially associated with the effective stress, resulting in
the permeability stress sensitivity factor relationship

Inky—1In k
n=—,
Pe

where k, and k are the permeability at the initial stress and
the permeability at the specified effective stress, 107> um?,
respectively; and n is the permeability stress sensitivity
factor, MPa™'. The compressibility coefficient and perme-
ability stress sensitivity coefficient of samples under different

effective stresses can be obtained by formulas (3) and (4)
(Table 2).

) (3)

(4)
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TaBLE 2: Compression coefficients and permeability stress sensitivity coeflicients of samples at different effective stresses.

Sample ID  Stress sensitivity coefficient n (MPa™) Compressibility m (MPa™) Porosity ¢, (%)  Permeability k, (1073 ymz)
1 0.0866 0.1093 2.3858 0.0077
2 0.1222 0.1457 2.6589 0.0076
3 0.1198 0.1586 3.0753 0.0099
4 0.1201 0.1720 3.1822 0.0102
5 0.1027 0.2814 3.6318 0.0067

In this article, permeability impairment rate and stress
sensitivity factor are used to estimate the stress sensitivity of
shale reservoirs [47], with permeability damage rate defined

as follows:
k, -k .
D, = [w] x 100%, (5)
1

where k; and k,;, are the permeability corresponding to the
first effective stress and the minimum value of permeability
corresponding to the process of reaching the critical stress,
107? um?, respectively and D, is the maximum rate of
permeability impairment corresponding to the increase in
effective stress to a maximum value.

Secondly, the stress sensitivity coeflicient is defined as

follows [48]:
(oK)
%~ kodp)

From equation (6), the greater the change in sample
permeability for equal magnitude changes in effective stress,
the greater the a; and the greater the sensitivity. Conversely,
the smaller it is.

The permeability impairment rates and stress sensitivity
coeflicients for samples at different effective stresses were
calculated from the above equations (Table 3), and the effect
of mineral components in samples on the permeability
impairment rate and stress sensitivity factor of shale was
analyzed (Figures 5 and 6).

(6)

4.3. Effect of Factors on Shale Permeability Damage Rates and
Stress Sensitivity Coefficients

4.3.1. Effect of Quartz Content on Shale Permeability Damage
Rates and Stress Sensitivity Coefficients. As shown in Fig-
ure 6, the permeability impairment rate of the samples grows
with growing effective stress, whereas, the trend varies
somewhat from sample to sample. Samples 2, 3, and 4 had
much greater permeability damage rates than samples 1 and
5 due to the smaller quartz content in samples 2, 3, and 4.
Nevertheless, samples 1 and 5 have a high quartz content and
show a decrease in the degree of change in permeability
damage rate with increasing quartz content at different
effective stresses, especially in samples with high quartz
content, such as samples 1 and 5. In contrast, the perme-
ability damage rate does not vary much at different effective
stresses for smaller quartz contents, such as in samples 2, 3,
and 4. The stress sensitivity factor of the samples reduces
with growing effective stress, whereas, the trend varies
somewhat from sample to sample. Samples 2, 3, and 4 have

much larger stress sensitivity coefficients than samples 1 and
5 due to the smaller quartz content in samples 2, 3, and 4.
Nevertheless, samples 1 and 5 have a high quartz content and
show a decrease in the stress sensitivity coeflicient with
increasing quartz content at different effective stresses, with
samples 1 and 5, in particular, showing the most prominent
pattern. In contrast, with the smaller quartz content, the
stress sensitivity coefficient does not change much at dif-
ferent effective stresses, such as in samples 2, 3, and 4. The
stress sensitivity coeflicient converges at effective stress of
11 MPa, irrespective of the percentage of quartz content in
the sample. Nevertheless, the tendency for the stress sen-
sitivity coeflicient to level off with increasing effective stress
is greater for samples with higher quartz content, and the
stress sensitivity coefficient will ultimately be greater for
samples with higher quartz content than for those with lower
quartz content.

4.3.2. Effect of Different Mineral Contents and Properties on
Shale Permeability Damage Rates and Stress Sensitivity
Coefficients. The mineral property and mineral content of
the shale determine the physical properties of the shale
reservoir, for example, highly brittle minerals have a good
ability to induce fractures and generate fractures [36, 43, 49].
The greater the content of brittle minerals in the shale, the
easier it is for the shale reservoir to be fractured and
modified to create a sophisticated crack network, and the
development of brittle minerals in shale is a desirable ele-
ment for shale gas exploitation [31]. The mineralogical
composition of the five samples was measured using an
X-ray diffractometer, which showed that quartz was the
main constituent mineral in the five samples, along with
teldspar, pyrite, ankerite, and clay minerals in that order. The
quartz content of the samples ranged from 49.91% to 81.83%,
with a mean of 68.91%, and the clay mineral content ranged
from 3.03% to 29.93%, with a mean of 9.99%, indicating that
the shale core of the FC1 well of the Lower Cambrian
Niutitang Formation in northern Guizhou is predominantly
brittle. In terms of different mineral contents, sample 2, for
example, has the smallest quartz content, whereas, the
highest stress sensitivity coefficient and permeability damage
rate of 0.05511 MPa™' and 55.05%, respectively. Sample 1
had the highest quartz content, whereas, the lowest stress
sensitivity coefficient and permeability damage rate of
0.04867 MPa™"' and 43.91%, respectively. Samples 3 and 4
had similar quartz content, and therefore similar stress
sensitivity coeflicients and permeability damage rates for
both samples (Figure 7). Conversely, sample 2, for example,
had the highest clay mineral content, and correspondingly
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TaBLE 3: Permeability damage rates and stress sensitivity coefficients for samples at different effective stresses.
(Permeability damage rate (%))/(stress sensitivity coefficient (MPa™%))
Sample ID Effective confining pressure (MPa)
3 5 7 9 11
1 22.89/0.0668 35.16/0.0561 45.44/0.0470 54.39/0.0397 61.69/0.0334
2 30.87/0.0850 45.87/0.0663 57.76/0.0521 66.72/0.0410 74.04/0.0317
3 30.13/0.0839 45.06/0.0660 56.71/0.0516 66.07/0.0409 73.31/0.0324
4 30.29/0.0839 45.28/0.0660 56.84/0.0518 66.12/0.0407 73.29/0.0322
5 26.50/0.0755 40.18/0.0615 51.23/0.0502 60.31/0.0408 67.58/0.0334
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FIGURE 6: Relationship between quartz content and permeability damage rate and stress sensitivity coefficient.

the highest stress sensitivity coefficient and permeability
damage rate of 0.05511MPa™' and 55.05%, respectively.
Sample 1 had the lowest clay mineral content, and corre-
spondingly the lowest stress sensitivity factor and perme-
ability impairment rate of 0.04867 MPa™' and 43.91%,
respectively (Figure 7). From a mineralogical point of view,
the stress sensitivity factor and the permeability impairment
rate decrease with increasing quartz content, with a negative
correlation. The stress sensitivity factor and the permeability
impairment rate increase with growing clay and feldspar
mineral content, with a positive correlation. Nevertheless,
the change of feldspar mineral content is not obvious for the
permeability impairment rate and stress sensitivity factor
(Figure 7). Consequently, the above suggests that there is
some influence of different mineral contents and properties
on shale permeability damage rates and stress sensitivity
coefficients.

4.3.3. Effect of Mechanical Parameters on Shale Permeability
Damage Rates and Stress Sensitivity — Coefficients.
Quantitative analysis of the whole rock mineral content by
XRD as described above indicates that the shale core of the
FC1 well of the Lower Cambrian Niutitang Formation in

northern Guizhou is a predominantly brittle mineral (Ta-
ble 1). When the shale has a great brittle mineralogical
composition, the mechanical properties are characterized by
a high modulus of elasticity and a low Poisson’s ratio [46].
The influence of the mineral content and mineral charac-
teristics of the sample during compression, for example,
quartz has a strong resistance to compression densities
among brittle minerals and is the main supporting mineral
for the mechanical properties of the shale matrix. The
uniaxial compression tests on five shale samples using an
INSTRON 1346 electro-hydraulic servo-controlled material
testing machine (200T) showed that the modulus of elas-
ticity ranged from 20.46 to 27.53 GPa, with an average of
24.27 GPa, sample 1 had the highest modulus of elasticity at
27.53 GPa, and sample 2 had the lowest modulus of elasticity
at 20.46 GPa, with positive and negative correlations be-
tween modulus of elasticity and quartz and clay content,
respectively (Figure 8). The modulus of elasticity is an es-
sential parameter in dictating the mechanical characteristics
of shale reservoirs, and consequently, the modulus of
elasticity can be used as an important indicator in the
evaluation of the permeability impairment rate and stress
sensitivity factor of shale reservoirs. As shown in Figure 9,
both the shale permeability impairment rate and the stress
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FIGURE 7: Relationships between mineral components and shale permeability impairment rates and stress sensitivity factors.

sensitivity factor decrease with the increasing modulus of
elasticity. Of these, sample 1 had the highest modulus of
elasticity, whereas, sample 1 had the lowest stress sensitivity

factor and permeability impairment rate. Sample 2 had the
lowest modulus of elasticity, whereas, sample 2 had the
highest stress sensitivity factor and permeability impairment
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rate. The trend of elastic modulus to shale stress sensitivity
factor and permeability impairment rate is consistent with
the quartz content, indicating that the stress sensitivity factor
and permeability impairment rate are related to the hardness
of the shale, consequently, the compression coeflicient pa-
rameter of the rock skeleton is introduced here [50]:

where C,, and C; are the compression coefficient and skeletal
compression coeflicient of the shale, respectively; E and y are
the modulus of elasticity and Poisson’s ratio of the shale,
respectively; and ¢ is the porosity of the shale.

As shown in equation (7), the greater the quartz content
of the shale, the higher the modulus of elasticity, and the
harder the skeleton, the lower the compression coeflicient of

(7)
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the shale. Conversely, the greater the clay mineral content of
the shale, the smaller the modulus of elasticity, and the
weaker the skeleton, the higher the compression coefficient
of the shale.

In Figure 9, we can also identify a problem in that al-
though sample 3 has a slightly smaller quartz content than
sample 4, sample 3 has a slightly higher modulus of elasticity
than sample 4, resulting in opposite trends in the stress
sensitivity coefficients and permeability damage rates for
sample 3 and sample 4. The reason for this is therefore
analyzed from the perspective of porosity. As can be seen
from Figure 10, sample 4 has a higher quartz content than
sample 3, but sample 4 has a lower modulus of elasticity than
sample 3, while the porosity magnitudes of the two are
reversed. Samples 1 and 5 are close in quartz content and
sample 1 has a higher modulus of elasticity than sample 5,
whereas, they also have opposite porosity sizes. A com-
parison of the elastic modulus magnitudes of these two
groups of shale samples with similar quartz content shows
that there is a definite effect of porosity size on the me-
chanical parameters of the shale samples with similar quartz
content. This is shown by the fact that when the quartz
content of the shale is similar, the greater the modulus of
elasticity, the lower the porosity, smaller the modulus of
elasticity with greater porosity. Nevertheless, the general
trend of decreasing stress sensitivity coefficients and per-
meability damage rates for shales with the increasing
modulus of elasticity has not changed.

4.3.4. Effect of Porosity on Shale Permeability Impairment
Rate and Stress Sensitivity Factor at Initial Effective Stress.
According to scholarly research, the porosity in the shale
core of the FC1 well of the Lower Cambrian Niutitang
Formation in northern Guizhou is mainly divided into
intergranular pores, intragranular pores, and organic matter
pores [51, 52]. The degree of porosity development is one of
the most essential factors in determining the adsorption and
resolution of shale gas, and when the pore space is articu-
lated with natural fractures, it can also control shale gas
transport and is an important parameter in the extraction of
industrial shale gas [53]. The degree of porosity development
is inextricably linked to mineral content and mineral
property, with a positive relationship between porosity and
brittle mineral content when the shale has a great brittle
mineral content [22]. This is because the rigid skeleton and
compaction resistance of the brittle minerals effectively
resisted the compaction of the underlying strata, the mul-
tiphase geological tectonic action, and the strong extrusion
and deformation of the surrounding strata during the
multiphase tectonic movement fracture modification, thus
effectively protecting the pore structure of the brittle mineral
edges [54]. Figure 11 shows the relationship between po-
rosity and shale permeability impairment rate and stress
sensitivity factor at initial effective stress, with the shale
permeability impairment rate and stress sensitivity factor
generally decreasing with increasing porosity. Although the
permeability impairment rate and stress sensitivity factor for
sample 1 are the smallest, the porosity is also the smallest.
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The acidic fluids generated by the organic matrix in the shale
during the evolution of hydrocarbon production dissolve
brittle minerals and form a significant number of dissolved
pores, especially carbonate minerals that are most suscep-
tible to exfoliation and dissolution, such as calcite [20, 21].
Nevertheless, analysis of the mineral composition of sample
1 shows that the shale lacks calcite mineral fill, which may be
responsible for the minimal porosity of sample 1. Never-
theless, sample 1 has a hard rigid skeleton and good com-
paction resistance due to its high brittle mineral content,
resulting in a low shale permeability damage rate and stress
sensitivity factor.

4.3.5. Effect of Stress-Strain and Crack Extension on Stress
Sensitivity Coefficient in Shale. Stress-strain curves provide a
good indication of the deformation and damage of the rock
during compression, thus reflecting the nature of the rock and
the factors that may influence it at each stage of deformation.

11

Figure 12 shows the stress-strain curves for deformation
damage during compression of shale at different mineral
components, which are similar to typical stress-strain curves,
but with minor differences. (1) In the fracture compacting
stage, the five samples show a similar upward concave pattern,
indicating the existence of certain microcracks, micro-pores,
and fillings in the samples, which show nonlinear charac-
teristics during the stress loading process, the length of the
process depends on the loading rate and the number of
microcracks, micro-pores, and fillings. (2) After the sample is
compacted, the deformation enters the elastic deformation
stage, and the sample is transformed from a discontinuous
medium to a seemingly continuous medium, the length of this
stage depends on the hardness of the lithology. In
Figures 12(a) and 12(e), linear characteristics appear after the
fracture compacting stage until the rock sample breaks down,
without yielding. This trend of the stress-strain curve is of the
plastic-elastic type, indicating that not only is the fracture
porosity developed in these two rock samples, but they are
also very hard and dominated by elastic deformation. In terms
of mineral content, these two rock samples have a large
proportion of quartz, both exceeding 80%, further indicating
that quartz content has a critical influence on the mechanical
characteristics of the shale. (3) In Figures 12(b) to 12(d), a
small nonlinear yielding section is seen at the end of the curve
because the quartz content in these three samples is much
smaller than in the other two samples, which has relatively
little influence on the mechanical properties of the shale.
Second, the quartz content of the rock samples still represents
a large proportion of the shale, so the stress-strain curve
exhibits a slow plastic-elastic-plastic pattern. (4) Under
continuous stress loading, the unit matrix inside the rock
sample reaches its ultimate strength and the sample begins to
deform, with microfractures, etc., sprouting and gradually
forming penetrating damage surfaces and being split into
mutually detached blocks, leading to destruction. In Fig-
ure 12, the curves of (a), (d), and (e) fall almost vertically after
the bearing capacity reaches its peak, while the curves of (b)
and (c) are at an angle, indicating that (a), (d), and (e) have
obvious brittle damage characteristics, corresponding exactly
to the three groups of rock samples with the highest quartz
content. (5) From the damage characteristics of the rock
samples at the peak stress, the damage of the rock samples in
(b) and (c) is shear damage. During the stable rupture phase,
the direction of growth of the tensile branch fractures
sprouting in the rock sample gradually shifts towards the
direction of maximum primary stress, that is, the axial di-
rection. As the stress continues to load, the sample deforms
into an unstable rupture phase, where a normal crushing zone
perpendicular to the above fissures appears, causing damage
to the rock bridge and continually weakening the rock in the
locked section, leading to the destruction of the sample when
all fissures turn parallel to the maximum principal stress. The
fracture surface runs almost vertically through the entire
sample, with few chunks falling and splashing out, suggesting
that the axial main fracture surface controls the final de-
struction of the sample, as well as the relatively weak brit-
tleness characteristics. In contrast, compared to (a), (d), and
(e) of (b) and (c), there are many more fracture surfaces
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leading to the final destruction of the rock sample, and the
destruction is along the direction of the maximum primary
stress, and the rock sample shows multiblock irregular de-
struction, especially (a) and (e) is the most significant, in-
dicating good fracture development penetration.

In summary, when the sample has a great brittle
mineral content and a small clay mineral content, the
more brittle damage is likely to occur and the more cracks
expand during compression, resulting in a lower stress
sensitivity coefficient when elastic deformation is pre-
dominant. Conversely, when the sample has a low brittle
mineral content and a high clay mineral content, the more
pronounced the natural fractures and weak filler com-
pression-density deformation during compression, the
more cracks expand mainly along the weak zone and
throughout the sample, resulting in a higher stress sen-
sitivity coeflicient.

5. Conclusion

This study focuses on the effect of mineral components in
shale reservoirs of the Lower Cambrian Niutitang Formation
in northern Guizhou on shale permeability, porosity, per-
meability impairment rate, stress sensitivity factor, and
fracture extension, leading to the following conclusions:

(1) The permeability and porosity are negatively cor-
related with effective stress and clay mineral content,
and positively correlated with detrital mineral con-
tent. Moreover, the permeability and porosity have a
high fitting degree with effective stress, above 91%.
Whereas, the change of mineral component is not
obvious for porosity.

(2) The permeability impairment rate and stress sensi-
tivity factor are positively correlated and negatively
correlated with effective stress, respectively. Simul-
taneously, the permeability impairment and stress
sensitivity factor rate decrease with growing quartz
content and modulus of elasticity, and increase with
rising clay and feldspar mineral content. Neverthe-
less, the change of feldspar mineral content is not
obvious for the permeability impairment rate and
stress sensitivity factor.

(3) When the sample has a great brittle mineral content,
the more brittle damage is likely to occur during
compression with predominantly elastic deforma-
tion and the more crack extension, resulting in a
lower stress sensitivity coefficient. Conversely, when
the sample has a great clay mineral content, the more
pronounced the natural fractures and weak filler
compression-density deformation during compres-
sion, the more cracks expand mainly along the weak
zone and throughout the sample, resulting in a
higher stress sensitivity coefficient.
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