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Abstract

There is a huge amount of marine shale gas resources in the southern Sichuan
Basin in China, and most of the resources are at the buried depth of 3500 -
4500 meters. At present, deep shale gas is in the early stage of exploration and
development. In order to achieve large-scale efficient development, in addi-
tion to optimizing favorable blocks, it is also to identify the optimal target in
the vertical direction combine geology, drilling, and fracturing. Therefore,
Taking the Longmaxi formation shale in the Luzhou block as the research
object, based on drilling, logging, and core experiment data, through single
well and 3D geomechanical modeling methods, analyze the characteristics of
organic matter abundance, porosity, pore pressure, collapse pressure, mineral
composition and in-situ stress of different layers of shale in Longmaxi forma-
tion. Systematically summarized the main controlling factors of the “sweet
spot” of deep shale gas and establish the comprehensive evaluation system of
deep shale gas “sweet spots”, to clarify the optimal “sweet spots” of geology,
drilling, and fracturing in the Longmaxi reservoir. Results show that the total
organic carbon content, porosity, and gas saturation of the longl11 layer are
higher than other layers. The Long111 layer has a low collapse pressure and a
high compressive strength, the risk of wellbore instability is relatively low.
The stress difference coefficient of All layers is less than 0.3, and the brittle-
ness index of the Longll11 layer is 62.35%. A complex fracture network is
easier to form after fracturing. The conclusion shows that the Longl11 layer
is the optimal reservoir section of the Longmaxi Formation. Ensure the
drilled rate of the Longl11 layer and maximize the length of the horizontal
section can obtain higher production.
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1. Introduction

As an important unconventional energy source, shale gas has become a hot spot
in global resource development. In recent years, with the continuous develop-
ment and improvement of basic theory and exploration and development tech-
nologies of shale gas in China, effectively developed have been made in shale gas
resources at the buried depth of 2000 - 3500 meters [1] [2] [3] [4] [5]. With the
continuous deepening of shale gas exploration and development in PetroChina,
the potential of deep shale gas resources at the buried depth of 3500 - 4500 have
been gradually clarified. According to the evaluation results of shale gas re-
sources, the favorable area of shale gas resources in the Sichuan Basin at the bu-
ried depth of 2000 - 4500 meters is about 18,000 km* and the amount of shale
gas resources are nearly 9.6 trillion/m’, of which shale gas resources at the buried
depth of 3500 - 4500 meters account for 86%. Realizing the effective utilization
of deep shale gas resources is an important foundation for realizing the mid-long
term development plan of shale gas, and it will also make an important contri-
bution to global energy security and economic development [6].

Shale gas is a typical continuous, large-area accumulation of natural gas, which
is mainly distributed in high-quality shale layers in the center of the sedimentary
basin and slope areas. It exceeds the concept of “reservoir” of conventional oil
and gas and cannot find obvious trap boundaries. Therefore, exploration strate-
gies need to change from finding “oil and gas reservoirs” to finding “sweet spot”.
The “sweet spots” of shale gas refer to the optimal area or optimal horizon for
shale gas exploration and development, where is suitable for horizontal well drill-
ing, scale fracturing, and realizing large-scale commercial exploitation. Horizon-
tally, “sweet spot” refers to the enriched area of unconventional oil and gas with
commercial exploitation value. Vertically, it refers to sections of organic-rich shale
that can form industrial exploitation value after fracturing. There are many fac-
tors that affect shale gas “sweet spot”. In the early stage of exploration, more at-
tention was paid to the quality of static indicators. With the continuous deepen-
ing of exploration and development, the importance of engineering quality re-
search has gradually been realized.

Based on previous research results, the author systematically summarized the
main controlling factors of the “sweet spot” of deep shale gas, and clarified that
the “sweet spot” of deep shale gas is mainly controlled by three factors [7] [8] [9]
[10]: 1) Superior reservoir indexes (total organic carbon content, thermal matur-
ity, total porosity, gas saturation, pore pressure, permeability, high-quality re-

servoir thickness, etc.), which are the material basis of shale gas enrichment. 2)
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Good drilling conditions (rock drillability, wellbore stability, etc.), which are the
key to rapid production of shale gas. 3) Favorable fracturing quality (brittleness
index, Young’s modulus, Poisson’s ratio, stress difference coefficient, natural
fracture development degree, etc.), which are the core of efficient shale gas de-
velopment.

The Luzhou block is the main development area for deep shale gas resources
in China which is located in the southern Sichuan low fold belt, the scale of the
faults in the area is relatively small. Its location is shown in Figure 1. The
Longmaxi Formation reservoirs are continuously and stably distributed in the
block, the buried depth is generally between 3500 - 4500 m, and the deposition
thickness is generally between 500 - 650 m, which is much higher than the shale
gas resources at the buried depth of 2000 - 3500 meters. The Longmaxi Forma-
tion is conform-able contact with the underlying Upper Ordovician Wufeng
Formation and the Overlying Upper Lower Silurian Shiniulan Formation, and
divided into the Long 2 member, the Long 12 sub-member, and the Longll
sub-member from top to bottom [11] [12]. However, compared with shale gas
resources at the buried depth of 2000 - 3500 meters, deep shale gas has a more
complicated tectonic background, higher pore pressure, and greater horizontal
stress and stress difference. The drilling cycle of the 8 - 1/2 in wellbore of the
early drilled well is increased by 40% compared with the shale gas resources at
the buried depth of 2000 - 3500 meters, and the single well production varies
greatly. Therefore, it has important theoretical value and practical significance to
evaluate the geology, drilling, and fracturing “sweet spots” of deep shale gas re-
Servoirs.

Many previous studies have focused on the geological characteristics of reser-
voirs and the selection of favorable areas in the Luzhou block [13] [14] [15] [16]
[17], however, the research on the selection of “sweet spots” combination of ge-

ology, drilling, and fracturing to identify the optimal target has gained less
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Figure 1. Geographic location and lithological column of study area. (a) Location of Sichuan basin; (b) Location of the study area;
(c) Lithological column of the Silurian formation.
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attention. In this study, we take the Longmaxi formation shale in the Luzhou
block as the research object, based on drilling, logging, and core experiment da-
ta, through single well and 3D geomechanical modeling methods, systematically
study the geochemical characteristics, rock mechanics characteristics, brittleness
characteristics, and in-situ stress characteristics of the shale gas reservoir in the
block. Referring to national and industry standards of evaluation method of
shale gas, combined with the specific condition of deep shale gas exploration and
development practice, the comprehensive evaluation system of deep shale gas
“sweet spots” is established around three main control factors (Table 1), to cla-
rify the optimal target for the beneficial development of deep shale gas, and ex-
pected to provide a basis for the exploration and development of deep shale gas.

2. Sample and Method
2.1. Sample Collection and Experimental Method

A total of 106 fresh shale core samples from the Longmaxi formation were col-
lected from eight wells for analysis, which were all carefully packed and directly
delivered to the laboratories for the experiments.

TOC content, mineralogical composition, porosity, and rock mechanics pa-
rameters of all samples were measured in the laboratory. A LECOCS-230 was
adopted for measuring TOC content of shales following China National Stan-
dards GB/T 19145-2003, and mineral content measurement was performed on a
RIGAKU D/Max 2500PC X-ray diffractometer according to the SY/T5163-2018
standard. A Pore Master GT60 Mercury injection apparatus was used for mer-
cury intrusion porosimetry experiment to measure the porosity of shales. The
uniaxial compression test and triaxial compression test of shales were utilized to
obtain the elasticity and strength parameters, such as Young’s modulus, Pois-

son’s ratio, and uniaxial compressive strength.

Table 1. Comprehensive evaluation parameter table of “sweet” spot.

S Main Level
weet .
s t controlling Parameter
PORIPE factors I I 1
TOC, % >3.0 3.0-2.0 <2.0
Geological Reservoir .
Porosity, % >4.0 4.0-2.0 <2.0
sweet spot property
Gas saturation, % >60 60-50 50-40
Drilling Collapse pressure <1.7 1.7-18 >1.8
conditions Rock drillability 1-3  4-6  7-8
Engineering Young’s modulus, Gpa >30 30-20 <20
SWeet POt practuring Poisson’s ratio <02  02-025 >0.25
quality Brittleness index, % >60  60-40 <40

Stress difference coefficient 0-0.3 0.3-05 >0.5
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2.2. Modeling Method

2.2.1. Rock Mechanics Parameters

According to the logging data and the calculation model of rock mechanics pa-
rameters, Young’s modulus, Poisson’s ratio, uniaxial compressive strength, and
other rock mechanics parameters can be calculated. And the calculated rock
mechanics parameters can be revised according to the results of rock mechanics
experiments. The calculated rock mechanical parameter profiles are shown in
Figure 2.

2.2.2. Pore Pressure

A pore pressure prediction method considering the overpressure mechanism is
pro-posed by Bowers [18]. It is necessary to determine the formation mechanism
of abnormal high pressure in the Longmaxi formation in Luzhou block. Use the
normally compacted mudstone data to establish a normal trend line of the rela-
tionship between compressional velocity and density, this can be expressed by

the following equation:

4.03
V, =3420+454(p, -1.27) (1)
Calculated Young’s Modulus| Calculated Poisson Ratio Calculated UCS
(GPa) (unitless) (MPa)
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Figure 2. Rock mechanical parameter profiles.
DOI: 10.4236/ijg.2021.1211054 1025 International Journal of Geosciences


https://doi.org/10.4236/ijg.2021.1211054

Y. Wang et al.

where V), isthe compressional velocity, m/s; p, is the density, g/cm’.

The reduction degree of the compressional velocity of the Longmaxi forma-
tion in the Luzhou block is greater than the reduction degree of the density. The
scatter points of compressional velocity-density deviate from the normal com-
paction trend line, and fall on the low-value direction of compressional velocity
as shown in Figure 3. The abnormal high pressure of Longmaxi formation is
due to pore fluid expansion. Therefore, this paper adopts the calculation formula
of abnormal high pressure caused by the unloading mechanism proposed by
Bowers, and calculate the model coefficients from logging data and core experi-

ment data, which can be expressed by the following equation:

2

max A
P =P -

»=F, ~ @

where P is the pore pressure, MPa; P, is the overburden pressure, MPa;

’

o, . is estimates of the effective stress at the onset of unloading, MPa; U'is the
unloading parameter, reflect how plastic the sediment is; A and B are parameters
calibrated with offset velocity-vs-effective stress data, dimensionless; Vp is the
compressional velocity, m/s.

The calculation of horizontal stress is mainly based on the combined spring
model, which has a good application effect in the Changning shale gas field. The
tectonic stress coefficient ¢, and &, are the most important parameter in the
model, it can be back-calculation according to the instantaneous shut-in pressure,
closure pressure, and acoustic emission test data, based on the back-calculation
results, the maximum and minimum horizontal stress are calculated by Young’s
modulus, Poisson’s ratio, pore pressure, and other parameters. The values of ¢,
and ¢, in this study are 1 x 10 and 9 x 107 respectively. The combined

spring model is as follows:
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Figure 3. Correlations between compressional velocity and density.
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1-2 E E
Spmin = —— Sy +——aP, +—— &, + g,
I-v -V l1-v I-v 3)
v 1-2v E vE
Shmax = S, + aP + &y + &
G T S P 1-v 7=
where S, . is the minimum horizontal stress, MPa; S, .. is the maximum

horizontal stress, MPa; v is the Poisson’s ratio, dimensionless; E is the Young’s
modulus, GPa; ¢, and ¢, are the tectonic stress coefficient, dimensionless;

o is the Biot elastic coefficient, which is normally assumed as 1.

2.2.3. Collapse Pressure

The calculation of the collapse pressure is related to the stress states, and rock
mechanics parameters. According to the calculation results of in-situ stress, the
Luzhou block is in a strike-slip fault stress state, that is, the vertical stress is the
intermediate principal stress. The calculation formula of collapse pressure is as

follows:
n(30, —0,)-28,K +aP,(K-1)

P =
0.00981H (K” +77)

c

(4)

where P is the collapse pressure, MPa; 7 is the nonlinear correction factor
of stress, dimensionless; His the depth, m; S is the rock cohesion, MPa; « is

the Biot elastic coefficient, which is normally assumed as 1; o, and o, are

1
the minimum and maximum horizontal stress, MPa; K = ctg [Z_gj .

2.2.4. Three-Dimensional Modeling

Based on the results of a single well, with seismic inversion attributes as the
plane trend constraint, through sequential Gaussian simulation or cokriging si-
mulation method, obtain the distribution characteristics of each parameter in
different layers [19] [20] [21] [22].

3. Results
3.1. Organic Matter Abundance and Maturity

The total organic carbon (TOC) is an important indicator of the organic mat-ter
abundance of source rock. The TOC value of high-quality shale is usually greater
than 2%. The average TOC of the Longll sub-member is 3.1%. The TOC of
shale from Long114 to Longl111 layer are ranging from 0.25% to 3.86% (averag-
ing 2.28%), from 1.59% to 3.04% (averaging 2.27%), from 0.25% to 5.59% (aver-
aging 3.22%), and from 0.36% to 9.34% (averaging 4.29%), respectively. Figure 4
showed the characteristic of increasing TOC as the well depth increased, and the
TOC values of Longl11 and Long112 layers were relatively higher. The vitrinite
reflectivity of each layer in the Longll sub-member is greater than 2.1%, indi-
cate that the thermal evolution of organic matter during the high-post mature

stage.
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Figure 4. Correlations between depth and total organic carbon.

3.2. Porosity, Gas Saturation, and Pore Pressure

Shale pores are the gas storage space in shale gas reservoirs, which have a greater
impact on the free gas content, and are a rating index indicating the gas content
of the reservoir [23]. Figure 5 shows the depth slice of porosity. The average
porosity of the Longll sub-member is 4.23%. The porosity of shale from
Longl14 to Longlll layer are ranging from 0.92% to 6.1% (averaging 4.1%),
from 2.85% to 5.24% (averaging 4.08%), from 1.45% to 6.79% (averaging 4.34%),
and from 0.54% to 6.94% (averaging 4.51%), respectively.

Gas saturation is one of the main controlling factors of free gas content, the
average gas saturation of the Longl1 sub-member is 53.55%. The gas saturation
of shale from Long114 to Longl11 layer are ranging from 10.58% to 83.69% (av-
eraging 43.77%), from 20.18% to 67.42% (averaging 41.86%), from 24.66% to
89.99% (averaging 56.25%), and from 19.05% to 89.88% (averaging 67.47%), re-
spectively.

The coefficient of pore pressure is one of the main factors for the high pro-
duction of shale gas. With the increase of pore pressure, the content of free gas
and adsorbed gas in shale will increase. Through the comparison of the test

production of appraisal wells and the measured coefficient of pore pressure, it is
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Figure 5. Depth slice of porosity. (a) Longl11 formation; (b) Long112 formation.

found that the initial production increases with the increase of the coefficient of
pore pressure. The coefficient of pore pressure of the Longll sub-member is

mainly concentrated between 1.94 - 1.98.

3.3. Rock Drillability and ROP

The drillability level of each layer of the Longl1 sub-member is about 4 - 6, and
the abrasiveness is 2 - 4, belonging to the medium-soft stratum, as shown in
Figure 6. According to the drill data of 7 horizontal wells that have been drilled
in the Luzhou block, when drilling in different layers of the Longl1 sub-member
with the same drilling parameters and drilling assembly, the ROP (rate of pene-
trating) is quite different. The ROP of the Long114 and Long113 layers can reach
7 - 8 m/h, The Long112 layer presents the characteristics of low gamma and high
drilling time, The ROP is about 5.3 m/h, on the contrary, the Longlll layer
shows the characteristics of high gamma and low drilling time, The ROP is
about 6.5 m/h, as shown in Figure 7.

3.4. Wellbore Stability

Combining the collapse pressure, the compressive strength of the stratum, and
the actual hole enlargement, to identify the wellbore stability of each layer of the
Longll sub-member. Take Y1I01H7 well as an example, the collapse pressure of
Longl14 is relatively high, mainly greater than 1.8 g/cm’, the corresponding
compressive strength is relatively low, mainly less than 180 MPa, and the hole
enlargement rate is basically greater than 40%, as shown in Figure 8. The col-
lapse pressure of Longl14 is relatively high, mainly greater than 1.8 g/cm’, the
compressive strength is relatively low, mainly less than 180 MPa, and the hole
enlargement rate is basically greater than 40%. The collapse pressure of Long111
is relatively low, Average 1.74 g/cm’, the average compressive strength of the
Long111 layer is 193 MPa, and the hole enlargement rate is basically within 10%.

3.5. Reservoir Elastic Parameters

Young’s modulus and Poisson’s ratio are used to calculate and characterize the
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brittleness of shale. The calculation formula of Young’s modulus and Poisson’s
ratio are as follows:

pvi (v -4r7)

E,, = i (5)
P K

where £, is the dynamic elasticity modulus of rock, GPa; V), is the longitudinal

wave velocity, ps/ft; V, the shear wave velocity, ps/ft; p is the rock density, g/cm’.
v:-2v’?
Van =020 ©)
2(v2-17)
where V,, is the dynamic Poisson’s ratio of rock, dimensionless; V), is the lon-
gitudinal wave velocity, us/ft; V, the shear wave velocity, ps/ft.
High-quality shale has obvious characteristics of high Young’s modulus and

lower Poisson’s ratio [5]. Figure 9 shows the depth slice of Young’s modulus.

DOI: 10.4236/ijg.2021.1211054

1030 International Journal of Geosciences


https://doi.org/10.4236/ijg.2021.1211054

Y. Wang et al.

20
Hole diameter
g 15 Bit diameter
o)
‘% 10
S
0 bng| Longl11
3720 3820 3920 4020 4120 4220 4320
Depth (m)
(@
19 ~
220 — Collapse pressure g
. ——UCS &)
= 18 ¢
E 200 E
8 180 1.7 ;‘
1 111 E
160 = Longlll |, ¢ 3
3720 3820 3920 4020 4120 4220 4320
Depth (m)
(®)

Figure 8. Wellbore stability parameter of different layers. (a) Correlations between depth
and diameter; (b) Correlations between depth and UCS/collapse pressure.

Young's modulus (@) . 1 Young'smodulus (b)
/GPa . i /GPa i

Young's modulus (d)

Young's modulus
g (c) /GPa

/GPa
65

60
55
—50

60
55
—50

Figure 9. Depth slice of Young’s modulus. (a) Longl11 formation; (b) Longl12 formation; (c) Long113 formation; (d) Longl14
formation.

DOI: 10.4236/ijg.2021.1211054 1031 International Journal of Geosciences


https://doi.org/10.4236/ijg.2021.1211054

Y. Wang et al.

The average Young’s modulus of the Longll sub-member is 38.87 GPa. The
Young’s modulus of shale from Long114 to Longl11 layer are ranging from 25.4
GPa to 44.69 GPa (averaging 35.24 GPa), from 30.47 GPa to 40.53 GPa (averag-
ing 35.23 GPa), from 31.02 GPa to 47.84 GPa (averaging 40.05 GPa), and from
26.45 GPa to 68.16 GPa (averaging 47.07 GPa), respectively.

The average Poisson’s ratio of the Longl1 sub-member is 0.17 and the differ-
ences between each layer are relatively small. The Poisson’s ratio of shale from
Longl14 to Longl11 layer are ranging from 0.11 to 0.27 (averaging 0.17), from
0.12 to 0.24 (averaging 0.17), from 0.13 to 0.22 (averaging 0.17), and from 0.12
to 0.26 (averaging 0.18), respectively.

3.6. Mineral Composition and Brittleness Index

Figure 10 shows the X-ray diffraction analysis result, it indicated that the shale
mineral composition of the Long11 sub-member in the Luzhou block are mainly
clay minerals, quartz, dolomite, plagioclase, and calcite. The clay mineral con-
tent is the highest, with an average of 39.04%. And the content of quartz, calcite,
and dolomite are 36.35%, 4.52%, and 7.47%, respectively. There is a certain dif-
ference in the mineral composition of Longl14 to Longl11 sublayer, the content
of clay minerals gradually decreases, and the content of quartz gradually in-
creases from shallow to deep.

The brittle mineral contents in the shale reservoir control the fracturing abili-
ty of the shale, and the brittleness index can be calculated by the following for-
mula:

Otz

BB=—————
Qtz + Cal + clay

x100% (7)

The average brittleness index of the Longl1 sub-member is 45.49%, and the
average brittleness index of shale from Longl14 to Longll1 layer are 31.53%,
40.08%, 50.52%, and 62.53%, respectively.

Mineral content/ %
0 20 40 60 80 100

Longl1

Longl14 . | |

Longl13 []
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Figure 10. Mineral composition of different layers.
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3.7. Horizontal Stress and Fracture

The stress difference coefficient determines the fracture geometry after fractur-
ing. The smaller the stress difference coefficient (0 - 0.3), the easier it is to form a
complex fracture network after hydraulic fracturing. Figure 11 shows the stress
difference coefficient of shale from Longl14 to Longl11 layer are ranging from
0.04 to 0.16 (averaging 0.10), from 0.06 to 0.14 (averaging 0.11), from 0.04 to
0.16 (averaging 0.13), and from 0.06 to 0.15 (averaging 0.12), respectively. The
horizontal stress difference of shale from Longl14 to Longl11 layer are ranging
from 5 MPa to 16 MPa (averaging 8.85 MPa), from 6 MPa to 15 MPa (averaging
9.07 MPa), from 7 MPa to 17 MPa (averaging 9.27 MPa), and from 7 MPa to 15
MPa (averaging 9.17 MPa), respectively.

The developing degree of fractures is an important factor in determining
whether hydraulic fracturing can form a large-scale fracture network. Mean-
while, the development of natural fractures makes it easy for free gas to accumu-
late to achieve a high-yield well. Ac-cording to core fracture description, the
high angle fracture density of Long113 to Longl11 layer is generally between 3 -
10 per 0.5 m. Discrete fracture network modeling combined with identified im-
aging fracture is adopted to build natural fracture model as shown in Figure 12,

The results showed that natural fractures in the lower reservoirs (Longl13 to

Stress difference

Stress difference

N

Figure 11. Depth slice of stress difference (a) Longl11 formation; (b) Longl12 formation; (c) Longl13 formation; (d) Longl14

formation.
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@ (b)

Figure 12. Natural fracture model. (a) Long114 layer; (b) Longl13 to Longl11 layer.

Longl11 layer) are more developed, the length of natural fractures is mainly dis-
tributed in 50 - 80 m, the inclination of natural fractures is mainly greater than
50 degrees, and the number of high-angle fractures is obviously more than that

of low-angle fractures.

4. Discussion
4.1. Geological Sweet Spots

According to the previous research and Chinese energy industry standards NB/T
10398-2020, parameters on shale gas geological sweet spots evaluation mainly
include total organic carbon content, thermal maturity, total porosity, gas satu-
ration, permeability, pore pressure, and reservoir thickness, etc. Through the
study of the correlation between gas production and sweet spot parameters, it is
found that the total organic carbon content, porosity, gas saturation, and pore
pressure, have a greater impact on gas production.

It is generally accepted that the samples with TOC ranging > 3.0%, 3.0% - 2.0%,
and <2.0 are regarded to be good, medium, and poor reservoirs, respectively. The
experimental results show that the average TOC of samples from Longl11 and
Long112 layers are greater than 3.0%, indicating they are good reservoirs. Whereas
the average TOC of samples from Longl13 and Longl14 layers are 2.27% and
2.28%, respectively, indicating they are medium reservoirs, as shown in Table 2.

Good, medium and poor reservoirs are associated with porosity of >4.0%,
4.0% - 2.0%, <2.0, respectively. The average porosity of samples from Longl14 to
Longl111 layers are greater than 4.0%, and the Longl11 layer is up to 4.51%, in-
dicating they are good reservoirs.

Samples with gas saturation > 60% are considered as good reservoirs, whereas
with gas saturation ranging 60% - 50%, and <50% are regarded to be medium,
and poor reservoirs, respectively. The experimental results show that the average
gas saturation of samples from Longl111 layer is greater than 60%, indicating it is
good reservoir. whereas the average gas saturation of samples from Long113 and
Longl14 layers are 41.86% and 43.77%, respectively, indicating they are poor re-
servoirs. The coefficient of pore pressure of the Longl14 to Longl11 layers has
little difference., and the abnormal high pressure is conducive to form the

high-yield gas reservoirs.
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The Long112 and Longl111 layers are far superior to the Longl113 and Longl114
layers in terms of TOC, porosity, and gas saturation, and the Longl11 layer is
the best reservoir. Ensure the drilled rate of the Longl11 layer under the fixed
horizontal section length is an effective way of increasing production.

4.2. Drilling Sweet Spots

Drilling sweet spots were often overlooked in previous evaluations of shale gas
sweet spots, including the reservoir, geomechanics, and engineering parameters
that have an important impact on drilling safety and drilling efficiency.

Wellbore instability in shale reservoirs poses a serious threat to drilling safety,
which can cause sticking and even burying drill tools. Experimental and model-
ing results show that higher collapse pressure and lower compressive strength
correspond to larger hole enlargement rate, which means a greater risk of well-
bore instability. Long111 layer has lower collapse pressure, higher compressive
strength, smaller hole enlargement rate, and relatively low risk of wellbore insta-
bility. Drilling in the Longl11 layer can effectively re-duce the risk of wellbore
instability.

The ROP is the most intuitive indicator of drilling efficiency. The ROP of
Longl14 and Longl13 layers are relatively high, and the Long112 layer is the
lowest. Calculated based on 1500-meter horizontal sections, drilling in the
Longl11 and Long114 layers can save more than 50 and 80 hours of net drilling
time compared to drilling in the Long112 layer, respectively.

Considering drilling safety and drilling efficiency comprehensively, drilling in
the Longl11 layer is conducive to reducing the risk of drilling operation and

ensuring drilling efficiency to a certain extent.

4.3. Fracturing Sweet Spots

The fracturing sweet spots mainly evaluate whether the shale reservoir is easy to
fracturing transformation or the effect of fracturing transformation. The para-
meters mainly include brittleness index, stress difference coefficient, and devel-

oping degree of fractures.

Table 2. Shale gas geological sweet spots parameters of different layers.

Formation TOC/% Porosity/% Gas saturation/%
0.25 - 3.86 0.92 - 6.1 10.58 - 83.69
Longl14 S - o
2.28 (92) 4.1(92) 43.77 (92)
1.59 - 3.04 2.85-5.24 20.185 - 67.42
Longl13 o - -
2.27 (48) 4.08 (48) 41.86 (48)
0.25 - 5.59 1.45-6.79 24.66 - 89.99
Longl12 o DN
3.22 (84) 4.34 (84) 56.25 (84)
0.36 -9.34 0.54 - 6.94 19.05 - 89.88
Longlll - o
4.29 (82) 4.51 (92) 67.47 (92)

Annotation: The data format in the table is: (maximum value - minimum value)/mean
value (sample numbers).
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It is generally accepted that the samples with Young’s modulus ranging > 30
GPa, 30 - 20 GPa, and <20 GPa are regarded to be good, medium, and poor re-
servoirs, respectively. The experimental results show that the average Young’s
modulus of samples from Longl14 to Longl1l layers are greater than 30 GPa,
and the Longl11 layer is up to 47.07GPa, indicating they are good reservoirs, as
shown in Table 3.

Good, medium and poor reservoirs are associated with Poisson’s ratio of <0.2,
0.2 - 0.25, >0.25, respectively. The average porosity of samples from Longl14 to
Longl11 layers are greater than 4.0%, and the Longl111 layer is up to 4.51%, in-
dicating they are good reservoirs. The differences of the average Poisson’s ratio
of each layer are relatively small, all layers belong to good reservoirs.

Samples with brittleness index > 60% are considered as good reservoirs, whe-
reas with gas saturation ranging 60% - 40%, and <40% are regarded to be me-
dium, and poor reservoirs, respectively. The experimental results show that the
average brittleness index of samples from Longl111 layer is greater than 60%, in-
dicating it is good reservoir. where-as the average brittleness index of samples
from Long114 layer is 31.57%, indicating it is poor reservoirs.

It is generally accepted that the samples with stress difference coefficient rang-
ing 0 - 0.3, 0.3 - 0.5, and >0.5 are regarded to be good, medium, and poor reser-
voirs, respectively. The average stress difference coefficient of samples from
Longl14 to Longl11 layers are less than 0.13, indicating they are good reservoirs.

The natural fractures in the lower reservoirs (Longl13 to Longl11 layer) are
more developed, the high angle fracture density is generally between 3 - 10 per
0.5 m, and the length of natural fractures is mainly distributed in 50 - 80 m. The
characteristics are conducive to form a complex fracture network.

Longl1l layer is the best fracturing sweet spot which has a high Young’s
modulus and brittleness index, and has developed natural fractures. Integrate the
Longl111 layer as much as possible when segmenting, to make it fully fracturing
transformation. The perforation position should be selected in the low value area

of the minimum horizontal stress, and the stress difference coefficient between

Table 3. Shale gas fracturing sweet spots parameters of different layers.

. Young’s Poisson’s Brittleness Stress difference
Formation . . .

modulus/Gpa ratio index/% coefficient

25.4 - 44.69 0.11-0.27 25.4 - 36.47 0.04 - 0.16

Longl14 —
35.24 (55) 0.17 (55) 31.57 (21) 0.10 (24)

30.47 - 40.53 0.13 - 0.22 27.7 - 46.5 0.06 - 0.14

Longl13 — o
35.23 (46) 0.17 (46) 40.08 (23) 0.11 (22)

31.02 - 47.84 0.12 - 0.24 38.4 - 63.87 0.04 - 0.16

Longl12 o
40.05 (60) 0.17 (60) 50.52 (28) 0.13 (28)

26.45 - 68.16 0.12 - 0.26 54.16 - 77.21 0.06 - 0.15

Longlll N
47.07 (62) 0.18 (62) 62.35 (30) 0.12 (30)

Annotation: The data format in the table is: (maximum value - minimum value)/mean
value (sample numbers).

DOI: 10.4236/ijg.2021.1211054

1036 International Journal of Geosciences


https://doi.org/10.4236/ijg.2021.1211054

Y. Wang et al.

perforation clusters should be as small as possible. The large-scale fracturing
section should be designed in the sweet spot when optimizing the scale of frac-

turing.

5. Conclusions

In this study, the geological and engineering sweet spots of the shale gas reser-
voir in the Luzhou block are characterized by core experiment data and 3D
geomechanical model. The main conclusions in this work can be drawn as fol-
lows.

1) The Longl11 layer is the best reservoir of geological sweet spot which has
high TOC, porosity, and gas saturation. Ensuring the drilled rate of the Longl11
layer under the fixed horizontal section length is an effective way of increasing
production.

2) Considering drilling safety and drilling efficiency comprehensively, drilling
in the Long111 layer is conducive to reducing the risk of drilling operation and
ensuring the drilling efficiency to a certain extent.

3) Longl11 layer is the best fracturing sweet spot which has a high Young’s
modulus and brittleness index, and has developed natural fractures. The
large-scale fracturing section should be designed in the sweet spot when opti-
mizing the scale of fracturing.

4) The Longl11 layer is the optimal reservoir section of the Longmaxi Forma-
tion. Ensure the drilled rate of the Long111 layer and maximize the length of the
horizontal section can obtain higher production.
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