. . . . : W) Check for updates
Special section: Multienergy resources in super Ordos Basin -

Simulation of tectonic stress field and prediction of tectonic fractures in
shale reservoirs: A case study of the Ansai area in the Ordos Basin, China
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Abstract

The Chang 7 oil-bearing layers from the Ansai area of the Ordos Basin are abundant in oil and gas resources.
These layers are chiefly comprised of shales interbedded with tight sandstone. In the regions where the explo-
ration level is relatively low and the structures are gentle in the Ansai area, the distribution of fractures in shale
reservoirs and tight sandstone reservoirs is significant for predicting sweet spots and determining the success
rate of hydraulic fracturing. In this research, the results acquired from the scanning electron microscope (SEM),
cores, thin sections, and image logging determined the developmental characteristics of fractures. Moreover,
the Himalayan stress field was modeled using ANSYS, whereas the two-factor method is used to predict the
distribution of tectonic fracture by combining stress field and fracture criterion. The results indicate a gradually
decreasing trend of the maximum principal stress from east to west. The minimum principal stress in the
western part is less than that in the eastern part. The differential stress that can indicate the degree of tectonic
deformation ranges from 17 Mpa to 25 MPa. The fracture density ranges from 0 strip/m to 1.5 strip/m. In addition,
the areas with more fractures are mainly located in the western and southeastern parts, where shale oil is rel-
atively rich. Similarly, the comparison of different maps illustrates that the distribution of tectonic fracture is
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related to mechanical parameters and stress fields.

Introduction

Unconventional oil and gas have made great break-
throughs in the Sichuan Basin, the Songliao Basin,
and the Ordos Basin in China (Cui et al., 2019). The shale
thickness from the Chang 7 oil-bearing layers of the An-
sai area is 4-10 m. This area is widely distributed and
extended to approximately 2.22 x 10° km? The shale
with abundant organic matter and high maturity is a
good source rock and is considered to be an unconven-
tional reservoir. Liu et al. (2018b) determine that the
resource potential of shale oil is approximately
4.42 x 10® m3 which indicates that the Chang 7 has a
great exploration and development potential. Natural
fractures act as effective storage space and seepage
channels for oil and gas in shale reservoirs and tight
sandstone reservoirs. Moreover, during the development
of fractures in horizontal wells, the natural fractures
after fracturing are closely related to the performance
of the reservoir. Therefore, fracture prediction is very im-
portant in those areas where the degree of exploration is
relatively low. It is helpful for effectively predicting the
sweet spots and provides an important basis for fracture
development in horizontal wells. Many scholars have

studied the fractures of the Yanchang Formation in
the Ordos Basin, whereas the fracture prediction of
Chang 7 reservoir in the Ansai area has not been con-
ducted. Specifically, Zeng et al. (2007) study the frac-
tures of the Yanchang Formation from the Ordos Basin
and find that the occurrence of fractures is mainly re-
lated to the multistage stress caused by the horizontal
tectonic compression, burial depth, uplift, and denuda-
tion of heterogeneous rock formations. Zeng et al.
(2007) also point out that the horizontal tectonic com-
pression stress is the main source of force for the
formation of fractures. Ju et al. (2020) study the effec-
tiveness of Chang 7 cracks and suggest that the cracks
are consistent with the horizontal maximum stress di-
rection, and natural cracks with larger dip angles will
be the first to become effective cracks. The acoustic
emission experiment shows the fractures of the Yan-
chang Formation in the Ordos Basin are mainly formed
in three periods, namely, the Indosinian, Yanshanian,
and Himalayan periods (Guo et al., 2019; Shao et al.,
2021). Zhang et al. (2021) simulate the stress field of
Chang 7 in the Ansai area, and the results show there
are more cracks in the high-stress area. Some methods
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and technologies have been used to study and predict
fractures in recent years, such as statistical methods
based on core observations, curvature methods, and
seismic methods. However, core observation can only
identify a limited range of fractures in the well, and it is
difficult to predict fractures in the well-free zone. Iden-
tifying fractures with conventional logging is difficult,
whereas using image logging is more effective but
costly, and the data are generally less. The accuracy
of seismic fracture prediction is not high (Bahorich
and Farmer, 1995; Pedersen and Skov, 2002). The tec-
tonic curvature method often is used to predict the dis-
tribution of tensile fractures in the bending strata, but
it cannot reflect the shear fractures. Moreover, this
method is more suitable in regions with strong tectonic
deformation. However, it does not have any obvious
effect in the Ordos Basin with weak tectonic deforma-
tion (Guo et al., 1998; Ren et al., 2020). It is difficult to
accurately evaluate the distribution of fractures out-
side the fault using the fractal dimension method be-
cause the fractures are completely subject to the
development of the fault (Dai et al., 2011). The numeri-
cal simulation is a relatively reliable method for pre-
dicting tectonic fractures. Although the process of
stress field simulation is complex, the boundary con-
ditions need to be determined repeatedly. Therefore,
this method can fully consider the fracture type, struc-
ture, fault, lithology, and other factors and achieve
quantitative fracture prediction (Ding et al., 1998; Zeng
and Xiao, 1999; Wu et al., 2018; Guo et al., 2019; Liu
et al., 2019). In this study, the distribution of fractures
is predicted by combining the rock failure criterion

and stress field identified through stress numerical
simulation, which provides an important basis for
oil and gas exploration and exploitation.

Geologic setting

Ansai area is located in the central part of the Yishan
Slope in the Ordos Basin (Figure 1). It has a simple mono-
clinal structure dipping to the west, and the dip angle is
0.5°C (Wang and Zhang, 2018). The Triassic Yanchang
Formation in the Ordos Basin has developed fluvial-lacus-
trine-delta sedimentary facies (Yang et al., 2007). It is di-
vided into 10 oil-bearing layers, and Chang 7 is the target
oil-bearing layer of this study (Zhang et al., 2021). Ansai
area mainly has developed shore-shallow lacustrine de-
posits as the result of standing away from the center
of the lake basin and mainly deposited shale interbedded
with tight sandstone (Yang et al., 2019). In the study area,
natural fractures based on their genesis can be divided
into tectonic fractures and nontectonic fractures. Tec-
tonic fractures, such as tensile fractures and shear frac-
tures, are formed by tectonic stress, whereas nontectonic
fractures include fractures produced by diagenesis and
bedding fractures. The objective of the numerical simu-
lation results is to determine the tectonic fracture. Since
Mesozoic, the Ordos Basin has experienced three tec-
tonic movements: Indosinian orogeny, Yanshan orogeny,
and Himalayan orogeny; the tectonic fractures are mainly
formed during Yanshan orogeny and Himalayan orogeny.
The tectonic fractures that developed during the Yanshan
period are the east-west direction and northwest—south-
east direction, whereas the tectonic fractures that devel-
oped during the Himalayan period are the north-south
direction and northeast-southwest direc-
tion (Figure 2d) (Zeng and Zhao, 2019).
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Figure 1. Location map and stratigraphic histogram of Chang 7 in the Ordos cutting gravel (Figure 3¢, 3d, and 3e).

Basin (modified from Xu et al., 2022).

Diagenetic fractures refer to natural
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fractures produced by diageneses, such
as compaction and pressure solution.
Horizontal bedding fractures are the most
common diagenetic fracture in the study
area usually forming along the bedding
plane (Figure 3f). Microfractures refer
to natural fractures that cannot be iden-
tified by the naked eye and require a
microscopic identification to describe
natural cracks. According to the relation-
ship between fractures and mineral par-
ticles, microcracks can be classified
into three types: cut-grain cracks, intra-
grain cracks, and grain-edge cracks.
The characteristics of cut-grain cracks
are as follows: these cracks are not re-
stricted by mineral grains and can contin-
uously cut through multiple mineral
grains to extend (Figure 3g). Intragrain
cracks are formed by the interaction of
mutual squeezing between mineral par-
ticles, and they generally terminate at
the edges of the particles (Figure 3h
and 3i). Grain-edge cracks refer to the
cracks distributed on the edges of min-
eral particles, which are related to the
compaction and pressure solution during
reservoir diagenesis (Figure 3j and 3k).
The fracture length in Chang 7 reservoir
from the Ansai area varies from 8 cm to
160 cm. Figure 2 illustrates that the frac-
tures with a length of 10—40 cm are widely
distributed, accounting for 45%. The sec-
ond most identified fractures range from
40 cm to 80 cm, constituting 21%. The
number of fractures larger than 80 cm
and lower than 10 cm is the smallest, ac-
counting for 16% and 18%, respectively.
Fracture effectiveness is significant for
understanding reservoir migration and
water injection development. The re-
search on the effectiveness of fractures
mainly studies the minerals filled in the
cracks and the degree of filling.

The fractures in the Chang 7 reservoir
are mainly filled with calcite (Figure 3b
and 3c), illite (Figure 31), and asphalt (Fig-
ure 3a), which will reduce the effective-
ness of the fractures. Figure 2b shows
that the unfilled, partially filled, and fully
filled fractures represent 46%, 42%, and
12%, respectively.

Imaging logging can intuitively and ac-
curately determine fracture orientation.
Due to the intrusion of mud into the un-
filled cracks, the resistivity of the cracks
is significantly lower than the surround-
ing rock. Therefore, the cracks appear
as dark stripes on the imaging map
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Figure 2. Fracture characteristic parameters of Chang 7 in Ansai area.

a)

Figure 3. Fracture characteristics at different scales: (a) Q203 well, 1452.55 m,
horizontal cracks filled with organic matter; (b) D126 well, 1913.83 m, a tension
crack; (c) Q129 well, 1640.29 m, vertical shear cracks filled with calcite; (d) D76
well, 1627.36 m, high-angle shear fracture; (¢) W533 well, 1530.06-1530.434 m,
the surface of a high-angle crack; (f) D165 well, 1661.63 m, horizontal bedding
cracks filled with asphalt; (g) Q71 well, 1422.22 m, cut-grain cracks; (h) Z22-31
well, 1248.26 m, intragrain cracks; (i) Q129 well, 1671.95 m, cracks inside the
feldspar; (j) Z22-31 well, 1248.26 m, grain-edge cracks; (k) Q129 well,1667.48 m,
grain-edge cracks; and (1) Q71 well, 1429.49 m, a crack filled with illite.
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(Figure 4). However, some cracks are partially or fully
filled by high-resistivity minerals, and those cracks ap-
pear as a bright sinusoidal curve (Figure 4). Fractures
in Chang 7 can be divided into four types based on
the size of the dip angle: horizontal fractures (0°-15°),
low-angle fractures (15°-45°), high-angle fractures
(45°-75°), and vertical fractures (75°-90°), accounting
for 3%, 3%, 43%, and 51%, respectively (Figure 2a).

Determination of simulation parameters

The Ordos Basin has experienced three tectonic move-
ments, i.e., the Indosinian movement, the Yanshan move-
ment, and the Himalayan movement. In the Indonesian
movement, the direction of tectonic stress with compres-
sive trait was north-south. The Yanshanian movement
showed the northwest-west and southeast compression,
which led to northwest-southeast and east-west tectonic
fractures. The Himalayan period is a key period that
showed north-northeast—south-southwest compression
(Wan, 1996; Zhang, 1996). Acoustic emission experiments
can be used to determine the period and magnitude of
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tectonic stress (Zhao et al., 2022). Following the principle
of the rock acoustic emission experiment, the external
stress will break and produce an instantaneous elastic
wave that is a phenomenon of acoustic release. Rocks
have stress memory under the action of paleo-tectonic
stress. Therefore, the rock will produce an obvious acous-
tic emission signal when the stress reaches or exceeds the
paleo-stress (Lockner, 1993). This phenomenon is called
the Kaiser effect (Liu et al., 2018a). Figure 5 shows that
the Yanchang Formation in the Ordos Basin has three Kai-
ser effect points, reflecting that the study area has expe-
rienced three tectonic movement events. These three
movements are the Indosinian movement, the Yanshan
movement, and the Himalayan movement (Shao et al.,
2021). Table 1 illustrates the stress in the Himalayan
period is between 34.69 Mpa and 49.18 MPa. Triaxial
stress test of rock illustrates that the deformation has
been mostly elastic before rock failure, and burst exhib-
ited an evident decrease in stress after fracturing (Fig-
ure 6). Thus, the elastic model has been used to
simulate the geologic body (Wang et al., 2004). According
to the resolution and stress composition, the stress from
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Figure 4. Identification of fractures by imaging logging.

overburden pressure within the model
has been calculated via the density of
the rock layers and acceleration, and
the magnitude is 50 MPa. Therefore, the
following boundary conditions for the
geologic model have been established
in the tectonic stress field simulation of
the Himalayan period: the model’s con-
strained area is located at the bottom of
the model, as well as the northern and
eastern model boundaries. The western
boundary of the model is loaded with a
stress of 29 MPa, whereas the southern
boundary is loaded with a stress of
12 MPa. Moreover, the downward con-
centration perpendicular to the model
(stratum) is 50 MPa (Figure 7).
Mechanical parameters, such as
Young’s modulus and Poisson’s ratio,
are essential in reflecting rock proper-
ties. Young’s modulus and Poisson’s ratio
can be classified into dynamic and static.
The dynamic parameters that are easier
to acquire than static parameters can
be determined by logging data and for-
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be obtained by mathematical fitting of
the transverse wave offset time and the
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Figure 5. Curve of rock acoustic emission (from Shao et al., 2021): (a) Y177
well, Yanchang Formation, 2192 m and (b) F34 well, Yanchang Formation,

2417 m.
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ters identified by the stress test in a lab-
oratory are more accurate than the
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The mechanical parameters of the rock can be deter-
mined by a uniaxial stress test or triaxial stress test in
the laboratory (Tani et al., 2003). In uniaxial stress tests,
pressure is applied along the core sample axis and slowly
increases the pressure until the rock ruptures. The key
point of the uniaxial stress test is to slowly increase the
pressure on the core sample until the rock fractures
under the condition of applying an axial pressure with-
out confining pressure. The parameters that the uniaxial
stress test can measure are compressive strength, Pois-
son’s ratio, Young’s modulus, shear modulus, and bulk
modulus. However, in the triaxial stress test, the axial
pressure and the confining pressure are applied to the
rock sample. The triaxial stress test can determine com-
pressive strength, Poisson’s ratio, Young’s modulus,
shear modulus, bulk modulus, internal friction angle, co-
hesion, etc. (Mousavi et al., 2019). The rocks undergo an
anisotropic stress field. In other words, the rock in the
actual formation is subjected to triaxial stress. Com-
pared with the uniaxial stress test, the triaxial stress test
can measure more parameters, and the force state of the
rock is consistent with the rock underground. Therefore,
in this study, the mechanical parameters of the rock are
determined by a triaxial stress test. The RETS-2000/120
rock mechanics triaxial test system is used for this re-
search. A maximum vertical load of 2.000.0 kN is applied
to arock sample whose size is ® 25.4 mm X k2 50 mm, and
the loading rate is 200 kN/min. The confining pressure
gradually increases, and the rate of loading is between
0.001 MPa/s and 1.0 MPa/s. First, the sample is wrapped
with a heat-shrinkable tube and placed in the high-pres-
sure chamber, and then the strain measuring device and
heating accessories are connected to the system. The
next step is to fill the chamber with confining pressure
liquid and set the confining pressure that should be con-
tinuously loaded to the desired value within 5 min. The
axial load can be applied after the confining pressure is
stable. The temperature ranges from 23°C to 25°C. The
triaxial stress test can generate the relationship curve be-
tween the stress and strain of the rock sample, which
shows that, as the strain increases, the stress increases.
However, when the rock breaks, the stress decreases in-
stantly. Moreover, the mechanical parameters of the
rock can be calculated according to the relationship be-
tween stress and strain.

The rock’s compressive strength is the rock’s ulti-
mate strength when it ruptures under uniaxial pressure,
which is equal to the maximum axial stress when the
rock ruptures (Mokhtarian et al., 2020). It is worth
mentioning that the stress at the inflection point of
the stress-strain curve represents the compressive
strength (Figure 6). Figure 6 and Table 3 illustrate that
the compressive strength of rock varies from 10.43 MPa
to 151.79 MPa. The main reason for this is attributed
to the horizontal bedding. Specifically, the sample’s
compressive strength with the axial load applied along
the horizontal bedding is relatively low. In contrast, the
sample’s compressive strength with the axial load ap-
plied perpendicularly to the horizontal bedding and

_‘-’

the sample with a block structure is relatively high.
In addition, Figure 6 shows that the fractures in the
experiment are mostly vertical and high-angle cracks,
which is consistent with fractures on the core.

Young’s modulus is the ratio of stress to strain in the
elastic range of the rock:

Ao
 Ag,’

@

where F is the Young’s modulus, that is, the slope of the
stress-strain curve, and Ac and Ag, are the increments
of axial stress and axial strain, respectively.
Poisson’s ratio is the ratio of the radial strain to the
axial strain of the rock under compression:
8()

u=-=, )

€a

where p is the Poisson’s ratio and ¢, and ¢, are the radial
strain and axial strain, respectively.

Figure 8a and 8b shows that the major portion of static
Poisson’s ratio ranges from 0.18 to 0.265, lower than
the dynamic Poisson’s ratio ranging from 0.322 to 0.333.
Figure 8c shows the static Young’s modulus ranges from
9.43 GPa to 40.64 GPa. It has a characteristic of uniform
distribution, which is similar to dynamic Young’s modulus
ranging from 15.01 GPa to 39 GPa (Figure 8d). In addition,
Figure 8d shows that Young’s modulus of shale is less
than Young’s modulus of sandstone. In contrast, Poisson’s
ratio of shale is higher than Poisson’s ratio of sandstone.

According to the preceding description, there is a
certain transformation relationship between static
parameters and dynamic parameters. The dynamic
parameters can be corrected through static parameters
by using the linear fit to make the dynamic parameters
more reliable (Figure 9a and 9b). Figure 9c indicates the
source of compressive strength that is an indispensable

Table 1. The result of tectonic stress measurement
from the acoustic emissions (from Guo et al., 2019).

Samples Stress (MPa) Main tectonic movement
E33 34.69 Himalayan
S389-1 41.22

L17 42.86

S389-2 449

S310 49.18

S337 61.22 Yanshanian
S318 65.3

S410 68.57

S256 69.8

L6 85.7 Indosinian
S307 86.73

S280-1 102.04

S280-2 102.04
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the linear fitting formulas are presented
in equations 6 and 7:
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where y, is the dynamic Poisson’s ratio
(dimensionless), Fd is the dynamic
Young’s modulus in GPa, y is the cor-
rected Poisson’s ratio (dimensionless),
E is the corrected Young’s modulus in
GPa, At, is the transverse wave offset
time in ps/m, Af, is the longitudinal
wave offset time in ps/m, and p, is
the rock density in g/cm®.

Table 4 shows the static Poisson’s ra-
tio ranges from 0.190 to 0.254, and the
corrected Poisson’s ratio ranges from
0.224 to 0.240. The relative error of Pois-
son’s ratio ranges from 24.74% to 2.44%.
The static Young’s modulus ranges from
14.94 GPa to 39.30 GPa, and the cor-
rected Young’s modulus ranges from
16.96 GPa to 37.99 GPa. The relative er-
ror of Young’s modulus ranges from 36.42% to 3.34%.
Both parameters have a credible correction.

Figure 10 shows the mechanical parameters of three
sublayers, including Chang 7;, Chang 7,, and Chang 7;.
Chang 7; has Young’s modulus ranging from 16 GPa to
40 GPa, with high-value areas primarily located in the
southwest and northeast. The Young’s modulus of
Chang 7, varies between 17 GPa and 42 GPa, with the
low-value area located in the southwest. The Young’s
modulus of Chang 7; varies between 15 GPa and
40 GPa, with the highest value area located in the west.
The Poisson’s ratio of three sublayers runs from 0.215
to 0.239, and it displays a band-like distribution.

After test



Establishment of simulation models

The purpose of establishing a model is to make the
stress state of the geologic body more consistent with
the actual geologic situation. The key point of simulation
is to deal with the key parameters affecting the stress

Table 2. Data of transverse and longitudinal wave
offset time from logging.

Longitudinal wave

Rock density

Transverse wave

offset time (ps/m) (g/cm®) offset time (ps/m)
307.23 2.43 609.04
303.65 2.47 594.95
315.34 2.41 630.29
307.13 2.45 604.90
222.73 2.54 427.61
227.07 2.60 428.62
287.07 2.47 562.31
309.04 2.41 617.70
224.68 2.58 426.50
303.65 2.47 594.95
301.68 2.47 590.92
299.88 2.46 589.53

Table 3. Results of triaxial stress test.

field in detail. The process of establishing models in-
cludes establishing a geologic model, building a mechani-
cal model, and identifying boundary conditions (Figure 7)
by applying force, load, and restraint on geologic models
(Liu et al., 2018a). It is undeniable that the consistency of
the geologic model is crucial because it is one of the im-
portant factors affecting the accuracy of simulation re-
sults. The simulation results will be more accurate if
the model is more comparable with the geologic body.
In this study, the geologic model is established by using
SUFER and ANSYS (Figure 11), and 527,684 nodes are
set, which meets the basic requirements. The planar
anisotropy of the mechanical parameters is stronger than
the anisotropy among sublayers, as shown in Figure 10.
Therefore, the mechanical parameters put on the model
are divided into four portions (Table 5) based on the
plane distribution characteristics to rationalize and sim-
plify the simulation process. The thickness change of the
Chang 7 oil-bearing layer is small, mainly between 93 m
and 99 m. Therefore, the loaded stratum thickness value
is set to be 96 m (Figure 12).

Results of stress field simulation

The maximum principal stress value distribution
ranges from 32 MPa to 28 MPa (Figure 13a). The areas
with the maximum principal stress greater than 30.2 MPa
are chiefly distributed in the eastern parts of the Ansai
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Sample  Depth Direction of Diameter Height Confining Compressive Young’s Poisson’s
number (m) sample Lithology (mm) (mm) pressure (MPa) strength (MPa) modulus (GPa) ratio
1-1 1435.50  Vertical  Argillaceous  25.26 55.00 0 110.78 39.30 0.210
sandstone
3-2 1429.62 Horizontal Shale 25.40 49.60 0 24.49 23.09 0.250
7-1 1418.88 Horizontal Argillaceous  25.09 40.55 0 50.74 31.38 0.235
sandstone
81 142725  Vertical Shale 25.40 33.99 0 35.71 19.19 0.254
6-2 1431.50 Horizontal Shale 25.25 37.95 0 10.43 9.43 0.263
4-2 1429.75 Horizontal Shale 25.40 39.30 0 32.73 25.78 0.232
2-1 1426.25 Horizontal Shale 25.39 36.85 0 15.10 14.94 0.246
1-2 1434.63  Vertical  Argillaceous  25.10 54.63 15 80.43 22.08 0.210
sandstone
7-2 1418.25 Horizontal Argillaceous  25.32 47.10 15 78.35 17.10 0.220
sandstone
2-1 1426.50 Horizontal Shale 25.38 56.14 0 25.15 21.31 0.190
4-2 1429.63 Horizontal Shale 25.65 63.12 0 23.47 12.78 0.190
2-2 1426.63 Horizontal Shale 25.23 50.24 15 111.68 40.64 0.350
4-1 1429.51 Horizontal Shale 25.69 49.96 15 116.07 36.06 0.230
9-1 1436.38  Vertical  Argillaceous  25.01 41.31 15 151.79 25.65 0.230
sandstone
84 142750  Vertical Shale 25.50 31.06 14 65.48 10.29 0.220
83 1427.38  Vertical Shale 25.40 49.96 17 124.07 15.40 0.210
5-2 1646.72 Horizontal Shale 25.19 49.62 0 51.07 20.62 0.180
5-1 1646.75 Horizontal Shale 25.38 50.02 15 106.75 32.08 0.220
5-3 1646.80 Horizontal Shale 25.40 39.51 0 15.83 11.09 0.185
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area. In contrast, the areas with the maximum principal
stress lower than 29 MPa are mainly distributed in the
southeast part. Overall, the maximum principal stress
gradually decreases from east to west. It can reflect
the degree of tectonic deformation to some extent when
the minimum principal stress is small. There is signifi-
cant differentiation in minimum principal stress between
east and west (Figure 13b). The minimum principal
stress of greater than 9.8 MPa is in the southeast corner,
whereas the lower than 9.2 MPa is encountered in the
western parts of the area. Figure 13c illustrates the value
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of differential stress ranges from 17 MPa to 256 MPa. In
the study area, the maximum differential stress greater
than 20.5 MPa is noticed in the central-eastern and
western parts. The northern and southeastern parts have
minimum differential stress of less than 19 MPa. The
comparison of Figures 11 and 13c shows that the areas
with high differential stress correspond with areas of
raised topography. It indicates the differential stress
can reflect the degree of tectonic deformation. In other
words, the greater the differential stress, the stronger the
tectonic effect.
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Fracture prediction
Griffith criterion

The Griffith criterion can judge the tensile fracture of
elastic rock mass with brittle properties. According to
Griffith’s criterion, the generation of fractures is due to
randomly distributed microcracks in the rock. More-
over, when the rock is subjected to external forces,
the edges of these microcracks will extend to form mac-
roscopic fractures. The rupture criterion is as follows:

Table 4. Error analysis of mechanical parameters.

Static  Corrected
Young’s

Static Corrected Young’s

T

?t v Depth(m)
2o

1250

-1550

-1850

Figure 11. Structure of Chang 7 in Ansai area.

Poisson’s Poisson’s Relative modulus modulus Relative

ratio ratio  error (%) (GPa) (GPa) error (%)

0.210 0.224 6.67 39.30 37.99 3.34

0.250 0.239 4.40 23.09 16.19 29.87

0.235 0.224 4.68 31.38 33.42 6.49

0.254 0.235 7.48 19.19 16.96 11.64

0.246 0240 244 1494 1753 1733 Zone Young's modulus (GPa)
0.210 0.228 8.57 22.08 30.12 36.42 A 28

0.190 0.237 24.74 21.31 18.54 13.01 B 30

0.230 0.224 2.61 25.65 30.57 19.18 C 32

0.210 0.235 11.90 15.40 17.14 11.33 D 28

Table 5. Mechanical parameters assignment table.
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Figure 10. Distribution of mechanical parameters: (a) Young’s modulus in Chang 7; of Ansai, (b) Young’s modulus in Chang 7, of
Ansai, (c) Young’s modulus in Chang 75 of Ansai, (d) Poisson’s ratio in Chang 7; of Ansai, (e) Poisson’s ratio in Chang 7, of Ansai,
and (f) Poisson’s ratio in Chang 7; of Ansai.
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For 65 + 301 > 0:

(61— 063)? + 8(01 + 03)070 = 0; ®

For 65 + 30, < 0:

—0y = or, €))

where o is the maximum principal stress, o, is the mini-
mum principal stress, and oy is the effective tensile
stress.

The tensile strength describes the degree of tension. In
other words, the larger the value, the greater the degree
of tensile and the more developed the tensile fracture.
The rate of tensile fracture can be determined to describe
the degree of tensile fracture quantitatively. The follow-
ing formula can determine it:

I, = or/|or|, (10)

where |o7| is the tensile strength and I is the tensile frac-
ture rate. It is indicated the tensile fracture developed
when the I; is more than 1. Moreover, the higher the
value, the greater the tensile fractures.
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Figure 12. Histogram of stratum thickness.
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Mohr-Coulomb criterion

The Mohr-Coulomb criterion indicates that the rock
fracture occurs when the rock is subjected to stress and
the weaker structural planes in rock are subjected to
shear stress. The cause of shear fracture is the shear
stress and normal stress on the weaker structural plane.
It can be determined as

|z]| = C + o, tan @, (11

z, =2 ;"2 sin 2a, (12)

- ;”’2 + 2 ;"2 cos 2a, (13)
, 1

sin 2a = —— (14)

A (15)

V1 +/42’

where o, is the normal stress, z,, is the shear stress, |z| is
the shear strength, C is the cohesion, and ¢ is the angle
of internal friction.

Similarly, the shear failure rate is introduced to
describe the development of shear fractures quantita-
tively. The following formula can calculate the shear
failure rate:

cos 2a =

I =7/, 16)

where I, is the shear failure rate. It is suggested that
when I, increased more than 1.0, the shear fracture de-
velops. However, the larger the I5, the more the shear
fractures.

The tensile fractures in the study area mainly range
from 1.05 to 0.97 (Figure 14a). The higher tensile

Figure 13. Plane distribution of stress in Ansai: (a) the maximum principal stress in Chang 7, (b) the minimum principal stress in

Chang 7, and (c) the differential stress in Chang 7.
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fractures are identified in the southeastern part of the
study area, revealing a favorable region for the develop-
ment of tensile fractures. Similarly, the shear fractures
in the research area range from 1.02 and 0.98 (Fig-
ure 14b). It has a gradually decreasing trend from east
to west, which reflects shear fractures that are more
likely to develop in the eastern part.

Predicting fracture density by “two-factor
method”

The two-factor method is a credible method predict-
ing fracture density by combining comprehensive frac-
ture rate and rock strain energy (Zhang et al., 2015). The
comprehensive fracture rate is an indicator that reflects
total fracture density, including the tension fractures
and the shear fractures. It can be determined as follows:

I =al, + b, (17)

where a and b represent the percentage of tension frac-
tures with 20% (32 strips) and shear fractures with 80%
(128 strips), respectively. It is obtained
by observing the number of fractures
on the core. Moreover, when I increases
more than 1.0, the fractures are devel-
oped. Hence, the larger I is, the more
fractures in the Ansai area. The compre-
hensive fracture rate cannot accurately
reflect the degree of fracture develop-
ment. It is due to the different sizes of
two Moire circles with different rock
strain energy. However, their compre-
hensive fracture rates are equal. There-

fore, the rock strain energy also is
related to the development of fractures.
It can be calculated as follows:

1.01-0.99 067-099 =067

>105 103-105 101-103 |

The fracture density of Chang 7 from the Ansai area
ranges from 0 to 1.5 strips/m (Figure 16), whereas
the fracture densities in most regions are between
0.2 strips/m and 0.4 strips/m. The fractures are mostly de-
veloped and distributed in the southeastern and some of
the western parts. The fracture density has a banding
plane distribution feature similar to mechanical parame-
ters. It indicates that the anisotropy of mechanical param-
eters is the main reason for the distribution of fractures
(Li et al., 2006; Zeng, 2008; Liu et al., 2018a). Comparing
three stress figures with the distribution of fracture
density, the stronger the tectonic stress, the more devel-
oped the fractures. It is suggested that the tectonic stress
is an important external factor affecting the distribution
of tectonic fractures. Table 6 shows the relative errors of
fracture density range from 1.4% to 36.1%. The relative
errors in seven wells are less than 30%, which indicates
the applicability of formula 19 is good (Su et al., 2021).
The error is mainly derived from the accuracy of the geo-
logic model because it is impossible to get a very accu-
rate paleo-structural map. Therefore, it is reasonable to

City

Well  Contour |

S102 1.01-1.02 1.00-1.01

099-1.00 098099 098

W =0} +05+03

Figure 14. Plane distribution of fracture rate in Ansai area: (a) tensile fracture

rate in Chang 7 and (b) shear fracture rate in Chang 7.

—2u(6105+ 0105+ 0503)] /2/E.,
(18)

where o1, 05, and o3 are the three principal stresses, F is
the Young’s modulus, y is the Poisson’s ratio, and W is
the rock strain energy.

The rock strain energy ranges from 0.0114 J to
0.0149 J (Figure 15). Its maximum value is identified
in the mideastern part of the study area, whereas its
minimum values are noticed in the southeastern region.

In this study, the comprehensive fracture density (A)
is acquired by combining comprehensive fracture rate
and rock strain energy. The constants in formula 19 can
be acquired by analyzing cores through inversion using
statistical fracture density. The fitting formula is as
follows:

A = 430.87I° + 144381w? — 373.68
+ 13520.11W — 9861.06WI + 283.79.  (19)

Energy (J)

Fo.0144

0.0134

0.0124

10 km 0.0114
o
-l . -7hnn.1u

Well  City

Figure 15. Plane distribution of rock strain energy in Chang
7 of Ansai area.
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have simulated fracture or stress values errors. More-
over, there are numerous factors that influence the
formation of cracks. The rock composition, granularity,
and porosity can result in varying fracture abundances. In
general, rocks with more quartz and feldspar are more
likely to develop cracks, and low-porosity and fine-
grained rocks are more likely to develop cracks. The rea-
son is that the increase in the content of quartz and feld-
spar will increase the brittleness of the rock and make the
rock more prone to cracks (Liu et al., 2018a). In contrast,
shale with a significant amount of clay or organic content
has creep deformation; hence, it has low fracture den-
sities (Gu et al., 2020). The content of TOC also will in-
fluence the formation of cracks, but the relationship
between the two is unclear. In other words, increasing
the TOC content can either increase or decrease the den-
sity of cracks (Liu et al., 2018a; Zhao et al., 2020). There-
fore, these factors influencing fracture development will
be increased or decreased according to the characteris-
tics of reservoirs with different properties when we apply
the numerical simulation methods to predict fractures.

Fracture density
(trip/m)
1.5

0.9

0.6

0.3

q 10 km

Co LA

Well City

Figure 16. Plane distribution of fracture density in Chang 7
of Ansai area.

Table 6. Error analysis between core observation and
prediction.

Density of Density of prediction Relative
Well observation (strip/m) (strip/m) error (%)
D199 0.04 0.05 19.61
W533 0.13 0.17 36.11
Q124 0.19 0.18 8.01
D113 0.22 0.21 4.67
Q99 0.33 0.37 11.30
Q113 0.30 0.22 27.79
D127 0.11 0.09 20.49
D228 0.10 0.11 1.49

SJ26 Interpretation / August 2022

Conclusion

This research has developed the simulation of tec-
tonic stress and predicted the tectonic fractures in
the Ansai area shale reservoirs from the Ordos Basin,
China, using the scanning electron microscope, cores,
thin sections, and image logging. Moreover, ANSYS is
used to simulate the Himalayan stress field, whereas
the two-factor method is used to predict the distribution
of tectonic fracture by combining stress field and frac-
ture criterion. The following are the outcomes of this
research.

Chang 7 oil-bearing layer in the Ansai area mainly
developed high-angle shear fractures in the northeast
direction under the action of tectonic stress, and the
effectiveness of the fractures is relatively high.

The compressive strength of the rock is related to the
structure of the rock. Specifically, the more developed
the horizontal bedding of the rock, the lower the com-
pressive strength.

The value of mechanical parameters is related to lith-
ology. This research shows that the Young’s modulus of
shale is lower than that of sandstone, whereas the Pois-
son’s ratio of shale is higher than that of sandstone.
Moreover, the degree of structural deformation is
closely related to the differential stress, and the greater
the differential stress, the stronger the structural defor-
mation.

Stress and mechanical parameters are the two main
factors affecting the development of structural frac-
tures. Stress is an external factor that affects the devel-
opment of tectonic fractures, whereas the mechanical
parameters affect the anisotropy of fractures.
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