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Natural gas from shale gas reservoirs has been an important contributor for reserve growth, deliverability construction, and profits
growth in natural gas industry in the world. Hydraulic fracturing is commonly required in the shale gas commercial development,
and thus understanding the present-day in situ stress field is greatly significant for the hydraulic fracturing and efficient
development in shale gas reservoirs. However, there are no systematic investigations on the present-day in situ stress field in
the Haiba Block from the Sichuan Basin, South China. In this study, the present-day in situ stress orientations and magnitudes
in shale reservoir of Haiba Block are investigated based on the well interpretations from borehole image log and geomechanical
modeling. Then, the effects of stresses on hydraulic fracturing, horizontal wells, and natural fracture reactivation were
discussed. The results indicate that the horizontal maximum principal stress (Sy,,,) orientation is mainly in the NE-SW-
trending, NW-SE-trending, and WNW-ESE-trending in the Haiba Block. The magnitudes of horizontal maximum and
minimum principal stresses are 13.5 MPa~85.5 MPa and 2.8 MPa~31.6 MPa, respectively. In the Haiba Block, the differential
stress is generally low in the northern part, which indicates that complex hydraulic fracture networks may be produced. While
the natural fractures are generally stable under the present-day in situ stress field. When the increase of pore pressure gradient
is about 30 KPa/m, nearly all natural fractures in the Longmaxi Formation may be reactivated. The results can provide the
insights into a better understanding of the present-day in situ stress distribution so as to optimize perforation orientation,
hydraulic fracturing design, and enhance gas production in shale gas reservoirs.

1. Introduction

With the deepening development of hydrocarbon explo-
ration and development, unconventional hydrocarbon
resources indicate the great effects on global energy struc-
ture, and among them, shale gas is an important and real-
istic alternative one [1-4]. Shale gas in the United States
has been economical to produce for several years [5, 6].
According to a survey from the U.S. Energy Information

Administration (EIA), nearly 75 percent of natural gas in
the United States came from shale gas reservoirs in 2019
[7]. Shale gas resources are rich in China, and the EIA
has showed that the technically recoverable shale gas
reserves in China are 36.08 x 10'2 m?, which are the largest
reserves in the world [8]. Therefore, speeding up the
exploration and development of shale gas reservoirs is of
greatly strategic significance for ensuring energy security
and optimizing energy structure of natural gas in China.
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FIGURE 1: Geographic location and characteristics in the southern Sichuan Basin, China [17].

There are widely distributed marine shale gas resources
in China, and shale gas exploration and development have
achieved the remarkable success in the Sichuan Basin of
China [9]. Within the basin, the Silurian Longmaxi Forma-
tion and Ordovician Wufeng Formation are characterized
by the thick organic-rich shales and high thermal maturity.
They are viewed as the most significant target layers for shale
gas development, and the intensive exploration and exploita-
tion are going currently [10-12]. Commonly, shale gas reser-
voirs are characterized by low porosity and low permeability,
and the reservoir properties make the gas flow in shale pores
difficult. The ability to economically produce natural gas
from unconventional shale gas reservoirs has been made
possible through the application of hydraulic fracturing
and horizontal well drilling [6]. Knowledge of the present-
day in situ stress state will help guide hydraulic fracturing
design and greatly improve shale gas reservoir management
[13, 14]. Consequently, understanding the present-day in
situ stress distribution in shale gas reservoirs is essential to
determine the mechanical characteristics of shale so as to
provide the theoretical reference for hydraulic fracturing
design and optimized perforation orientation in the shale
gas exploitation and development.

In a sedimentary basin, the present-day in situ stress
state may change both laterally and vertically. Generally,
the description of present-day in situ stress state is based

on vertical stress (S,) magnitude, horizontal maximum prin-
cipal stress (Syn.) Magnitude, horizontal minimum princi-
pal stress (S;,,;,) magnitude, and the orientation of Sy, ..
[15]. According to the categorization from Jones [16], there
exist three types of stress regime based on stress magnitude,
including normal faulting stress regime (S, > Syax > Shmin)>
strike-slip faulting stress regime (Syp.x > Sy > Spmin)> and
reverse faulting stress regime (Sypax > Shmin > Sy). How-
ever, the Haiba Block of southern Sichuan Basin is a
new shale gas exploration and development block in the
Sichuan Basin, South China. Currently, there are few stud-
ies on the measured present-day in situ stress data and the
scattered distributions, and a detailed understanding of the
present-day in situ stress distribution in the shale gas res-
ervoirs is lacking, which cannot support the further shale
gas development. Hence, it is extremely necessary to
understand in situ stress distribution so as to optimize
perforation orientation and ultimately, hence, field produc-
tion in shale gas reservoirs.

In this study, the present-day in situ stress states of the
Haiba Block from the Sichuan Basin, South China were con-
ducted using the finite element (FE) numerical simulations.
The Sy... oOrientation was interpreted, and then the
present-day in situ stress distribution in the Haiba Block
was quantitatively delineated. Furthermore, the effects of
stresses on hydraulic fracturing, horizontal wells, and natural
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FIGURE 2: Structural framework of Haiba Block in the southern Sichuan Basin, China (The contours indicate the burial depth of bottom

Wufeng Formation—Lower Silurian Longmaxi Formation).

fracture reactivation were analyzed to implicate gas produc-
tion in shale gas reservoirs.

2. Geological Setting

The Sichuan Basin, a multiple-cycle diamond-shaped sedi-
mentary basin, is located in the southwestern China, which
is illustrated in Figure 1. The Basin covers an area of over
18 x 104 km?, which is an important area for shale gas com-
mercial production in southern China [10, 17]. The Haiba
Block is located in the southern portion of Sichuan Basin,
which mainly includes the Haiba anticline, Yunshanba syn-
cline, and Hualang syncline. The high-quality shale target is
mainly developed in the Long 1 subformation, which is with
a buried depth of 3000 m. During the past long geological
evolution, the Haiba Block experienced the multiple phases
of tectonic activities, and which resulted in a series of well-
developed faults as shown in Figure 2.

In the Haiba Block, the Wufeng Formation and Long-
maxi Formation are the most important layers for shale
gas development, whose lithology is characterized by black
carbonaceous/silty shale and mudstone as illustrated in
Figure 3. The Longmaxi Formation can be divided into
two subformation (Long 1 and Long 2), and Long 1 subfor-
mation is further divided into two segments: Long 1" and
Long 1° from bottom to top. Burial depths of the Wufeng
Formation are distributed from 600m to 1500 m as shown
in Figure 2. The thickness of Wufeng Formation and Long-
maxi Formation is generally stable within the Haiba Block,
which varies in the intervals of 4~15m and 200 ~250m,
respectively. As shown in Figure 3, the experiment results

show that the porosity of Wufeng-Longmaxi Formations
varies between 2.78% and 7.89% with an average of 4.7%,
and the TOC ranges from 1.02% to 6.06% with an average
of 3.0%. The well tests indicate that the Wufeng Formation
and Longmaxi Formation Long 1' segment is the target pro-
duction layer for shale gas of the Haiba Block in the south-
ern Sichuan Basin, South China.

3. Interpretation of the S Orientation

Hmax

In general, wellbore breakouts (WBs), drilling-induced ten-
sile fractures (DITFs), earthquake focal mechanisms, in situ
stress measurements, etc., could be used as the important
stress indicators to determine the Sy, orientation [18,
19]. Commonly, both WBs and DITFs could be detected
from the borehole image log, as illustrated in Figure 4. The
WaBs orientation indicates the azimuth of S, ;., perpendicu-
lar to the Sy, orientation [13, 20]. However, the directions
of the DITFs are indicative of the Sy;,,., orientations [21]. In
borehole image log, the DITFs usually appear in two different
patterns. One pattern is the symmetrically aligned fractures
parallel or subparallel to borehole axis on the opposite sides
of the borehole wall, as shown in Figure 4(a). The other pat-
tern is the en echelon fractures around the borehole showing
traces 180" apart, as illustrated in Figure 4(b). The WBs are
commonly shown as broad, parallel conductive zones sepa-
rated by approximately 180° in borehole image log, which
are shown in Figure 4(c).

In this study, based on available data in the Haiba Block,
the interpretations of the S, orientation are mainly car-
ried out in wells Hb1, Hb2, Hb3, Hb4, Hb5, and Hb7 from
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FiGure 3: Typical lithological system of the Wufeng Formation and Longmaxi Formation in the Haiba Block (Well Hb3).

the stress indicators of WBs and DITFs, separately. The
results show that the S,.. orientations in the Wufeng-
Longmaxi Formations of Haiba Block mainly indicate
the NE-SW-trending, NW-SE-trending, and WNW-ESE-
trending as illustrated in Figure 5. According to the tectonic
analysis in a larger scale, the NE-SW-trending may be a
regional Sy, orientation. The NW-SE-trending and
WNW-ESE-trending are the local S;;,,, orientations. The
development of faults and natural fractures, lateral lithology
differences, etc., could function as the important factors
influencing variations of the Sy, orientations in the Haiba
Block.

4. Present-Day In Situ Stress Prediction

In the Haiba Block, the measured in situ stress magnitudes
are few and widely spread. Consequently, the overall charac-
teristics of present-day stress distribution in the Haiba Block
cannot be fully understood. In this study, the detailed in situ
stress distributions in the Haiba shale reservoirs are delin-

eated according to the finite element (FE) numerical
method. Generally, the basic principles and procedures for
the FE stress simulation are as follows: (1) a complete geo-
logical model is established and further discretized into a
finite number of elements connected by the nodes; (2) the
corresponding rock mechanics parameters are assigned to
those elements divided; (3) the continuous stress function
and strain function of the geological body are transformed
into a field function for solving finite points, which is used
by the following:

(1)

T
0=[0,0,0,747,7,] >

T
€= |:€x sy £, yxy sz YZX:I >

o0 =De,
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FIGURE 4: Borehole image logs showing drilling-induced tensile fractures (DITFs) and wellbore breakouts (WBs) in the Haiba Block.

where o is the stress; € is the strain; D is the elastic matrix;
[P] is the integral nodal load matrix; [K] is the integral stiff-
ness matrix; and [0] is the nodal displacement matrix for the
integral structure of the examined elemental array.

By solving the linear equation, the nodal displacement,
strain, and stress of each individual element in the structure
can be determined [22].

Generally, the fracture closure pressure (P_) is indicative
of the §,,;, magnitude at the test depth, which can be

described as follows [23, 24],
Shmin =P o (5 )
According to the previous studies [25], the Sy, magni-
tude is generally calculated and expressed as follows:
Shmax = 3Shmin - Pf - Po +T, (6)
where P is the formation break-down pressure; P, is the
pore pressure; and T is the tensile strength of the rock.

4.1. Geological Model Setup. The accuracy of the geological
model directly determines the credibility of the in situ stress
simulation results [26, 27]. In this study, the Silurian Long-
maxi Formation of Haiba Block, southern Sichuan Basin,
South China is selected for the model setup and further

arya\aye
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FIGURE 5: The Sy, Orientations interpreted from drilling-induced
tensile fractures (DITFs) and wellbore breakouts (WBs) in the
Haiba Block.

stress analysis. The initial three-dimentional (3D) geometric
model is constructed based on the structural and sedimen-
tary conditions in the Haiba Block as shown in Figure 6.
According to the principals of the finite element method,
the faults are generally represented by the zones inside the
model [28], which is illustrated in Figure 6(a). Consequently,
the constructed 3D geometric model contains different
zones representing the geological units, namely, the Long-
maxi Formation and faults.
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FIGURE 6: Geometry (a) and meshing results (b) of the initial Haiba 3D model.
TaBLE 1: Reservoir rock mechanics parameters used in this study.

Unit Density p (kg/m*) Young’s modulus E (GPa) Poisson’s ratio
Target layer 2500 25.0 0.23
Fault zone 1750 17.5 0.25
Nested model 2550 27.0 0.25

Longmaxi formation
in the haiba block

Figure 7: Simplified nested model of the Longmaxi Formation in the Haiba Block.

In the following, the reservoir properties are assigned to
these different units to make into the geological model. In
this study, the mechanical parameters of the target layer
(Longmaxi Formation) are determined by the rock mechan-
ics experiments. They are the average values obtained from
20 samples, and the rock mechanics parameters used in this
study are listed in Table 1. In addition, the faults are devel-

oped in the study area, and their distribution can largely
influence the in situ stresses. However, within the FE model,
the mechanics parameters for fault zones are unavailable
from the laboratory experiments. As to this question, the
faults in the FE models are generally defined as the weakness
zones with their Young’s moduli lower than the correspond-
ing sedimentary layer. The Young’s modulus ratio between
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Ficure 8: The calculated Sy, (a) and Sy ;. (b) magnitudes in the Longmaxi Formation of Haiba Block (compressive stresses are

considered as positive and tensile stresses are negative).

fault zone and sedimentary layer is commonly between 0.5
and 0.7 [26, 29], and a ratio of 0.7 is used in this study. All
faults and sedimentary layers in this model are meshed or
discretized using primarily three-nodel triangular elements.
After the meshing, approximately 534385 nodes and
2930446 elements are produced within the FE model as illus-
trated in Figure 6(b).

4.2. Boundary Conditions. In this study, the boundary condi-
tions are difficult to determine and apply because there is no
clear geological boundary to demarcate the Haiba Block
from the rest parts of Sichuan Basin. To solve this problem
and facilitate the applying forces, the Haiba Block is nested
within a larger rectangular parallelepiped approximately 5
times of the study area, as illustrated in Figure 7. Vertically,
the entire geological model is subjected to the gravity loading

(g=9.8m/s?), which can be directly and automatically
applied in the finite element software. Laterally, according
to the measured stress data and several attempts, the stress
magnitudes of approximately Sy .. =32MPa and S, =
27 MPa are used in the NE-SW direction and NW-SE direc-
tion of the nested model, respectively. In addition, some
appropriate displacement constraints are applied to the geo-
logical model so as to prevent it from the rotation and rigid
displacement. The top of the model is set as a free surface,
and the bottom is vertically fixed. In the numerical analysis,
the stress symbols are defined based on the following rules
that compressive stresses are positive and tensile stresses
are negative. In the following, the node displacement is
taken as the objective function to build the multivariate
equations, and the stress and strain values in each element
body are calculated [27].
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TaBLE 2: Error analysis of the measured and calculated stress results from numerical simulation.
Well Measured Sy, (MPa)  Calculated Sy, (GPa)  Error (%) Measured S,;, (MPa) Calculated Sy ., (MPa) Error (%)
Hb1 38.6 39.6 2.59 24.7 23.1 6.48
Hb2 30.1 32.6 8.31 19.7 21.5 9.14
Hb3 35.9 37.9 5.57 22.5 239 6.22
Hb4 14.7 22.1 50.34 11.1 14.5 30.63
Hb7 53.1 49.5 6.78 30.3 26.8 11.55

0.9 6.2 11.5 16.8 22.1

27.4 32.7 38.0 43.3 48.6

Ficure 9: Differential stress in the Longmaxi Formation of Haiba Block Stress (unit: MPa).

4.3. Results and Error Analysis. In the Longmaxi Formation
of Haiba Block, southern Sichuan Basin, the S;;,,.. values
range from 135MPa to 855MPa as illustrated in
Figure 8(a), and the S, ,,;, values are between 2.8 MPa and
36.6 MPa as shown in Figure 8(b), both of which are the
indicative of compression. The calculated results indicate
that the stress distributions in the study area are greatly
depth- and fault-controlled, i.e., faults and burial depth
greatly influence the present-day stress distribution. The
lower stress magnitudes are mainly distributed in regions
around wells Hsb5-Hb6 and fault zones.

In order to verify the credibility of the calculated stress
results shown in Figure 8, and the error analysis is described
based on the following:

jdi-d2|
= X 100%, (7)

where 7 is the error between the calculated and measured
stress values and d1 and d2 are the calculated and measured
stress values, respectively.

In this study, the errors between the measured and cal-
culated stress magnitudes are low, and they are generally less
than 12% except Well Hb4, which is listed in Table 2. It
implies that this modeling results are believable, and there
are two reasons for the relatively high error between the
measured and calculated stress values in Well Hb4. One rea-

son is that the error calculated based on Equation (4) may be
larger when the absolute stress magnitudes are relatively low.
The other reason is that Well Hb4 is located around the ero-
sion areas, and the erosion effects on stress magnitude are
not taken into account in the simulation process. In general,
the predicted stress distribution shown in Figure 8 may pro-
vide the geological references for further shale gas explora-
tion and development.

5. Implications for Shale Gas Production

5.1. Effects of Stresses on Hydraulic Fracturing and Horizontal
Wells. The growth in shale gas production in the United States
and other countries has been a direct consequence of utilizing
hydraulic fracturing and drilling horizontal wells, which cre-
ates a complex fracture network allowing for the gas improve-
ment during well performance [30, 31]. And thus the
hydraulic fracturing and horizontal wells are required in the
commercial development of shale gas. The present-day in situ
stress state indicates the critical effects on hydraulic fracturing
operations and horizontal well drillings.

Differential stress is an important factor during the
hydraulic fracturing design, and the lower differential stress
magnitude commonly results in complex fracture networks
[32, 33]. In this study, based on the present-day stress pre-
diction results, differential stress magnitudes in the Long-
maxi Formation of Haiba Block vary between 0.9 MPa and
48.6 MPa, which are mainly controlled by the burial depth
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F1GURrE 11: Lower hemisphere stereonet plots and Mohr’s circles analyzing natural fracture reactivation risks in Well Hb2 of Haiba Block.

as illustrated in Figure 9. In the northern part (structurally
high areas), differential stress magnitudes are generally low,
and they are less than 11.5 MPa. However, with the increas-
ing burial depth in the southern part, differential stress mag-
nitudes are high, and they are generally higher than
22.1 MPa. Consequently, it can be deduced that the complex
hydraulic fracture networks will be produced in the northern
part of Haiba Block.

The unequilibrium tectonic indicator (K), a ratio
between Sy, magnitude and S, ,, magnitude, is a signifi-

cant factor in hydraulic fracturing design [27]. In this study,
the K value ranges between 1.1 and 5.1 in the Longmaxi Fro-
mation as shown in Figure 10. Based on the results both in
Figures 9 and 10, the areas with low differential stress and
K are the engineering sweet spots for subsequent shale gas
development in the Haiba Block. In addition, drilling hori-
zontal well is the other important and critical technique for
shale gas production. Commonly, a newly generated hydrau-
lic fracture generally propagates along the path that requires
the minimum force [30, 34]. Therefore, in the Longmaxi
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shale reservoir of Haiba Block, horizontal wells are better
drilled parallel to the S, ,,;, direction as shown in Figure 5.

5.2. Effects of Stresses on Natural Fracture Reactivation. In
general, during the hydraulic fracturing within shale gas res-
ervoir, fluids are injected into the target subsurface reservoir
rocks, resulting in geomechanically-induced effects, such as
natural fracture reactivation [3, 34]. In this study, the reacti-
vation risk plots are introduced to analyze natural fracture
reactivations, which use the Mohr’s circle criterion [35].
Natural fractures within the Longmaxi Formation of Well
Hb2 are selected as the example for analysis. The plots are
shown in Figure 11 with warm and cold colors, which indi-
cate higher and lower fracture reactivation risk, respectively.

In the Haiba Block, initially, the failure line (red line) is
far from Mohr’s circle, which indicates all natural fractures
are stable under the present stress field. When fluids are
injected into the target shale gas reservoir, the Mohr’s circle
moves left as illustrated in Figure 11, which increases the
reactivation risk for natural fractures. Fractures are in their
critical state when the failure line rightly gets into contact
with the Mohr’s circle. In this study, based on the modeling
analysis, when the pore pressure gradient caused by fluid
injection increases 28.95kPa/m, nearly all natural fractures
in the Longmaxi Formation of Well Hb2 are reactivated as
shown in Figure 11. The fracture orientations are plotted
as the pole of planes with different colors representing the
relative ease of fracture susceptibility as the amount of pore
pressure increase required to reactivate a fracture. The red
colors show the highest likelihood of the fracture reactiva-
tion, while the blue colors indicate the least likelihood of
reactivation for all possible fractures in the present-day
stress state. The black and white dots in the stereonet plots
are normal and critically stressed natural fractures, respec-
tively. In the Mohr circles, the black and red dots are normal
and critically stressed natural fractures, and the dp indicates
the pore pressure increases.

6. Conclusions

Accurate knowledge of the present-day in situ stress field
can help shale gas exploration and development of the Haiba
Block in the Sichuan Basin, South China. In this study, the
present-day in situ stress distribution and orientations are
analyzed based on the numerical simulation and interpreta-
tions from borehole image log. And then the effects of
stresses on hydraulic fracturing, horizontal wells, and natu-
ral fracture reactivation were discussed to illustrate gas pro-
duction in shale gas reservoirs. The main conclusions are as
follows. (1) The Sy, Orientations in the Wufeng-Longmaxi
shale reservoirs of Haiba Block are mainly the NE-SW-
trending, NW-SE-trending, and WNW-ESE-trending, and
the NE-SW-trending is the regional S, ., direction. In the
Longmaxi Formation, the Sy, values range from
13.5MPa to 85.5MPa, while the S, .. values are between
2.8 MPa and 36.6 MPa, and they are indicative of the com-
pression. The distributions of stress magnitudes in the study
area are greatly depth- and fault-controlled, and the deeper
depths (e.g., the southern part of Haiba Block) indicate the

Geofluids

larger in situ stress magnitudes. (2) In the Haiba Block, the
differential stress is generally low in the northern part and
high in southern part, which indicates that the complex
hydraulic fracture networks will be produced in the northern
part of Haiba Block. In addition, based on natural fracture
reactivation analysis, all natural fractures are initially stable
under the present-day stress field. When the increase of pore
pressure gradient is approximately 30 kPa/m, nearly all nat-
ural fractures in the Longmaxi Formation will be reactivated.
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