
Received June 26, 2019, accepted August 2, 2019, date of publication August 6, 2019, date of current version September 4, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2933450

Numerical Study on the Prediction of ‘‘Sweet
Spots’’ in a Low Efficiency-Tight Gas Sandstone
Reservoir Based on a 3D Strain Energy Model
SHUAI YIN 1,2,3 AND ZHIYOU GAO4
1School of Earth Science and Engineering, Xi’an Shiyou University, Xi’an 710065, China
2State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu University of Technology, Chengdu 610059, China
3Shanxi Key Laboratory of Petroleum Accumulation Geology, School of Earth Science and Engineering, Xi’an Shiyou University, Xi’an 710065, China
4Shandong Geo-Mineral Engineering Group Company Ltd., Jinan 250200, China

Corresponding author: Shuai Yin (speedysys@163.com)

This work was supported by the Open Fund of the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu
University of Technology, under Grant PLC20190205.

ABSTRACT The study of the construction of a micro-scale rupture parameter from the perspective of rock
stress and strain is a frontier in geoscience. The strain energy density (U ) can quantitatively characterize the
probability of internal micro-scale ruptures in different types of rock. Based on this, in this paper, a systematic
forecasting method for tight sandstone sweet spots in a low-amplitude tectonic zone based on U -value
calculations was proposed. The specific steps are as follows. First, a geological model of the target layer
was created, and a new rock mechanics parameter assignment method based on sedimentary facies control
principle was proposed. Then, the palaeo-tectonic stress field of the target layer in the Yanshanian period
was recovered through the boundary loading. Finally, the strain energy density distribution of the target layer
was obtained based on energy conservation principle. The simulation results of the paleo-tectonic stress field
show that, the distribution of horizontal stress is mainly affected by lithology and local structure, and the
vertical stress is mainly affected by the burial depth. Stress diffusion occurs in some areas, which are mainly
affected by lithologic mutations or complex structures. The U values of the target layers have a band-like
distribution and are mainly distributed between 0.12 and 0.30 J·m−3. The relationship between strain energy
density and productivity of tight sandstone reservoirs was analyzed, and the criteria for distinguishing sweet
spot areas based on U values were proposed. This method is applicable to strongly heterogeneous tight
sandstone reservoirs in the low-amplitude tectonic zone of the Ordos Basin and have reference values for
similar types of reservoirs around the world.

INDEX TERMS Tight gas sandstone, strain energy model, finite element method, tectonic stress field.

I. INTRODUCTION
The Ordos Basin is located in the western region of the
North China tectonic plate. It is a multi-cycle superimposed
basin formed by the transformation of multiple Paleozoic
and Mesozoic sedimentary basins [1]–[7]. The Ordos Basin
is an important energy production base in China [8]–[11].
Its natural gas resources are mainly distributed in the tight
sandstone of the Upper Paleozoic strata [12], [13]. The Per-
mian He8 member in the basin is an important production
layer of the Upper Paleozoic sedimentary system. The widely

The associate editor coordinating the review of this article and approving
it for publication was Trivikram Rao Molugu.

distributed natural gas in this reservoir has large gas-bearing
degree differences [14]. For the sandstone reservoir in the
Permian He8 member, the daily gas production per well is
generally less than 1× 104 m3, which makes it a typical low
efficiency reservoir.

To explore the regularity of natural gas enrichment
in the He8 reservoir, the previous researchers have con-
ducted extensive investigations on the reservoir characteris-
tics, diagenesis, and reservoir sedimentation [15]–[17]. The
characteristics of gas accumulation in the He8 reservoir
are mainly affected by the microscopic pore structure.
The pore types of the He8 reservoirs include residual pri-
mary intergranular pores, intergranular dissolution pores,
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FIGURE 1. (a) The study area is located in the northwestern part of the Sulige gas field in the Ordos Basin; (b) Contour
map of the study area in the bottom of the Permian Lower Shihezi Formation.

intragranular dissolution pores, intercrystalline pores, and
microfractures [18], [19]. The microfractures include inter-
particle microfractures, particle-penetrated microfractures,
and network microfractures [18], [20]–[23]. The existence
of a large number of microfractures effectively enhances
the connectivity of different types of pores and is an
important factor in the formation of tight sandstone sweet
spots [24]–[26].

Microfractures represent the lowest level of rupture order
[27]–[31]. At present, research on microfractures in tight
reservoirs is mainly focused on experimental tests and
microscopic observations. Research on the planar distribu-
tion prediction methods of microfractures is still very lim-
ited [7], [32]–[37]. Rock rupture characteristics are mainly
controlled by rock mechanics properties and the stress envi-
ronment [2], [10], [38], [39]. Therefore, by recovering the
paleo-tectonic stress field during the formation period of
fractures, and combining certain rupture criteria, an effec-
tive prediction of the micro-scale rupture zones can be
achieved [40]–[42].

In the past, the rock mechanics parameters were gen-
erally assigned using the structural divisions or a simple
Kriging interpolation method [43]. The structural division
assignment is to divide the target layer into several types
of structural areas, such as folds, faults and gentle belts,
and then assign values to the rock mechanics parameters of
different structural areas. The Kriging interpolation method
predicts the distribution of plane rock mechanics parameters
based on the logging interpretation results of single well rock
mechanics parameters and the Kriging interpolation calcu-
lations [44]. Obviously, neither of these methods considers

the influence of sand body spreading on rock mechanics
parameters. In order to overcome this deficiency, in this paper,
a new rockmechanics parameter assignmentmethod based on
sedimentary facies control principle was proposed to assign
rock mechanics parameters. This method can more directly
reflect the control effect of river sediments on rockmechanics
parameters.

Strain energy density (U ) can quantitatively characterize
the distribution of strain energy in different types of rock.
When the energy exceeds the rock particles’ strength limit,
the rock will produce micro-scale ruptures [45]–[48]. This
parameter is extremely effective in predicting the probability
of microscale ruptures of rock mass. Therefore, the relation-
ship between strain energy density and single well productiv-
ity was discussed in this paper, and the reservoir sweet spots
were predicted. This study has reference value for the explo-
ration of similar tight gas sandstone reservoirs worldwide.

II. GEOLOGICAL SETTING
A. STRUCTURAL FEATURES
The tectonic units of the Ordos Basin include the Tian-
huan Depression, the Jinxi Flexural Belt, the Weibei Uplift,
the Yimeng Uplift, the Yishan Slope and the West Margin
Thrust Belt (Fig. 1a). The study area is located in the north-
western region of the Sulige gas field, which is between the
Yishan Slope and the Yimeng Uplift (Fig. 1a). The stratum of
the study area is relatively flat, and the degree of structural
deformation is low, and some low-amplitude tectonics are
developed [49], [50]. According to the contour map of the
bottom of the Permian He8 member (Fig. 1b), the structure
of the study area is a broad, westwardly inclined, regionally
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FIGURE 2. Depositional unit division of the study area. The target layer is
located in the Permian He8 member, with a depth of approximately
3 400 to 3 800 m and a thickness of approximately 50 to 80 m. The
He8 reservoir is a braided river sedimentary system.

large monocline. Low-amplitude nose-like structures are dis-
tributed over the wide, gentle slope. There are no faults in
the study area, indicating that the tectonic activities were
weak [6].

B. DEPOSITIONAL UNIT AND RESERVOIR
The sedimentary stratigraphic units in the study area are
shown in Fig. 2. The main gas producing layer in the Upper
Paleozoic strata is located in the Permian He8 member, with
a depth of approximately 3 400 to 3 800 m and a thickness of
approximately 50 to 80m. TheHe8 reservoir is a braided river
sedimentary system. The lithology of the sandstone reservoirs
is characterized by coarse granularity and large variations,
including lithic quartz sandstones and quartz sandstones. The
sandstones have a porosity of 5%-12% and a permeability of
0.01− 2× 10−3 µm2, which is typical of a low-porosity and
low-permeability tight sandstone reservoir [51].

Microfractures in the He8 target layer are well devel-
oped, and these microfractures generally have good direc-
tionality (Fig. 3). These microfractures can be divided into
large-opening fractures and small-opening fractures from the
opening and extension length (Fig. 3a). Fig. 3b shows the
fluorescent characteristics of the microfractures and inclu-
sions in the He8 tight sandstone reservoir of the Sulige
gas field [18]. The uniform temperature test results showed
that these microfractures were formed in the Yanshanian
period [18]. These microfractures are generally distributed
inside the particles or cut through the particles being affected
by the compressive stress [29], [52]. The inclusions appear
beaded and distributed along the microfractures (Fig. 3b).

For the superficial F1 microfractures without cutting through
the particle, the inclusions were essentially non-fluorescent,
representing early brine inclusions without hydrocarbons; for
the superficial F2 and F3 microfractures cutting through the
particle, the brine inclusions containing hydrocarbons show
significant fluorescence, indicating that they were formed
in another stage (Fig. 3b) [18]. The microfractures of the
He8 tight sandstone are generally distributed at the edge and
inside of the quartz particles (Fig. 3c-d). Microfractures are
related to the migration of hydrocarbons and the formation of
reservoirs.

III. PALAEO-TECTONIC STRESS FIELD SIMULATION
The calculation of the strain energy density is based on the
recovery of the tectonic stress field [47], [53]. Therefore,
3D FEM (Finite Element Method) technology was used to
recover the paleo-tectonic stress field of the target layer first.
The 3D FEMmethod is a commonly usedmethod for tectonic
stress field simulation [54]. The plane distribution of the
stress is obtained by the mechanical unit assignments and
boundary constraints [55].

A. MODEL BUILDING AND UNIT DIVISION
ANSYS software was used to perform the 3D FEMmodeling
and analysis. The modeling process was based on principal
of point to line to surface [48]. We used the structural data
of the target layer (He8 member) to creat the 3D geological
model [48]. First, the spline curves were generated using
ANSYS command flows, then, the curved surface will be
generated. Finally, the 3D model of the target layer was gen-
erated based on the trend surface analysis theory [56]–[58].

TABLE 1. Unit type and quantity in the finite element model.

The 3D FEM model of the He8 member was divided into
4 layers (Fig. 4), including the Upper He8-1 and He8-2 mem-
bers, Lower He8-1 and He8-2 members, respectively. Then,
the established model was divided into a series of grid cells,
including tetrahedrons, pentahedrons and hexahedrons. The
unit types and quantities of the 4 layers are shown in Table 1.
In complex structure sites, the mesh density was increased,
which increases the computation but improves the planar
resolution of the calculation results. The grid has an accuracy
of 20 m.

B. ASSIGNMENT OF ROCK MECHANICS PARAMETERS
The sedimentary facies of theHe8member sandstone is deter-
mined according to the sandstone ratio (SMR). The ratio of
cumulative sandstone thickness to total formation thickness
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FIGURE 3. Fluorescent characteristics of microfractures and inclusions in the He8 tight
sandstone reservoir in the Sulige gas field. Notes: (a) Well B373, 3 435.6 m, collected from a
gas layer, Q—Quartz particle; (b) Samples were collected from the Wushenzhao area in the
northern part of the Sulige gas field [18]. Q1—Authentic quartz overgrowth; F1, F2 and F3—
Microfractures on the surface of the quartz particle, F1 did not cut through the quartz
particle, F2 and F3 cut through the quartz particle; (c-d) Well 139, 3 640.61 m, cracked quartz
particles, collected from a gas layer. c—Orthogonal polarized image, d—single polarized
image.

FIGURE 4. 3D finite element model of the He8 member in the study area.

is SMR [59]. The sedimentary facies of the He8 member
include a distributary bay (SMR<20%) (Fig. 5a-c) and a
distributary channel (SMR≥20%) (Fig. 5d) [60].

According to the logging interpretation results of rock
mechanics parameters that have been statically corrected.
We compared the relationship between SMR and rock
mechanics parameters. It can be found that there is a strong
positive correlation between SMR and Young’s modulus (E)
(Eq. 1, the correlation coefficient=0.891), while there is
a strong negative correlation between SMR and Poisson’s
ratio (ν) (Eq. 2, the correlation coefficient=0.778). Then,
the Young’s modulus and Poisson’s ratio were assigned based
on the SMR. The study production layer is located in the

Lower He8 member, and the distribution of the Young’s
modulus and the Poisson’s ratio of the two sub-layers are
shown in Fig. 6.

E = 0.158 · SMR+ 21.37 (1)

ν = −0.0005 · SMR+ 0.275 (2)

where SMR is the sandstone ratio; E is Young’s modulus,
GPa; and ν is Poisson’s ratio.
From Fig. 6, it can be seen that the high Young’s modulus

value areas corresponds to the low Poisson’s ratio value areas.
E of the target layer is ranging from 22 to 35 GPa, and ν is
ranging from 0.24 to 0.27.
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FIGURE 5. Core characteristics in the He8 member. Notes: (a) Well B100, 3 329.53 m,
sandstone, low angle cross-bedding, distributary channel sendiments; (b) Well B42,
3 606.3 m, medium-fine sandstone interbeded with horizontal shale laminae, distributary
channel sendiments; (c) Well B202, 3 755.6 m, gravel-bearing medium- coarse sandstone,
bottom of distributary channel sendiments; (d) Well B36, 2 638.56 m, black mudstone
interbeded with thin fine sandstone, distributary bay sendiments.

FIGURE 6. Planar distribution of Young’s modulus and Poisson’s ratio of the target layer. Notes:
(a) Young’s modulus, Lower He8-1 member; (b) Poisson’s ratio, Lower He8-1 member; (c) Young’s
modulus, Lower He8-2 member; (b) Poisson’s ratio, Lower He8-2 member.

For the other parameters, such as rock density (ρ), cohe-
sion (C) and internal friction angle (ϕ), their magnitude does
not have significant difference. Therefore, the assignment of

these parameters is shown in Table 2. This assignmentmethod
is also based on the sedimentary facies control principle, and
it is applicable to tight reservoirs [61].
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TABLE 2. Assignment results of rock mechanics parameters.

Using the sedimentary facies control principle to assign
rockmechanics parameters is consistent with the sedimentary
characteristics of sand bodies and the objective distribution
law of rock mechanics parameters. Thus this method can
ensure the reliability of the tectonic stress field simulation
results.

FIGURE 7. Stress loading scheme of the target layer.

C. LOADING SCHEME
According to the research of the previous, the fractures devel-
oped in the He8 member tight sandstone were believed to
have formed under the strongest period of compressive stress
in the Yanshanian period [18], [62]–[64]. The horizontal
maximum principal stress was approximately 100 MPa, and
the direction was N45◦W. Meanwhile. The horizontal mini-
mum principal stress is 0.6 times of the horizontal maximum
principal stress [1], [61], [62], [64], [65]. Therefore, the stress
loading scheme in this paper is shown in Fig. 7, applying
the horizontal compressive stress of 100 MPa and 60 MPa
in the N45◦W and N45◦E directions, respectively. The ratio
between the applied maximum and the minimum horizontal
stress is 1.67. The vertical stress is achieved by applying a
gravitational acceleration [38].

D. PALEO-TECTONIC STRESS FIELD DISTRIBUTION
The planar distributions of each principal stress in the main
production layer of the Lower He8 member, shown in
Fig. 8a1 - a3, are the maximum horizontal stress, minimum

horizontal stress and vertical stress of the Lower He8-1
member, respectively, while Fig. 8b1 - b3 are the maximum
horizontal stress, minimum horizontal stress and vertical
stress of the Lower He8-2 member, respectively. The planar
distribution characteristics of each principal stress are sim-
ilar, and the stress shows a strip distribution feature on the
plane. Themaximum horizontal stress is mainly distributed at
90-125 MPa, the minimum horizontal stress is mainly dis-
tributed at 60-90 MPa, and the vertical stress is mainly dis-
tributed at 60-64 MPa. The distribution of horizontal stress
is mainly affected by lithology and local structure, and the
vertical stress is mainly affected by the burial depth. Stress
diffusion occurs in some areas, which are mainly affected by
lithologic mutations or complex structures.

IV. SWEET SPOT PREDICTION
A. STRAIN ENERGY DENSITY DISTRIBUTION
Strain energy density (U ) was used to characterize the dis-
tribution of strain within rocks [47], [66]. The presence of
microfractures will significantly affect the distribution of
strain energy within the rock [67]. Rocks located in areas with
high values of strain energy density aremore prone to produce
ruptures. Therefore, this parameter can be used to determine
the probability of internal ruptures in rocks [68]–[70].

Jaeger and Cook [47] provided a detailed description of the
derivation of strain energy density. First, consider applying
a uniaxial force σ1 in a quasi-static manner on a cubic rock
with a side length a. Then the applied force is kσ1, where k
is a scalar from 0 to 1. The area of force is a2 and the force
is kσ1a2. Assuming that the total displacement occurring in
the force direction is aε1, then the displacement is akε1 at
any moment. The incremental work done by this force when
k increases from k to k + dk is [47]

dW = force× displacement = (kσ1a2)(aε1dk)=σ1ε1a3kdk

(3)

The total work of the force is

W =
∫

dW = σ1ε1a3
1∫

0

kdk =
1
2
σ1ε1a3 (4)
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FIGURE 8. Planar distribution of the principal stresses of the target layer. Notes: a1 - a3 are the
maximum horizontal stress, minimum horizontal stress and vertical stress of the Lower
He8-1 member, respectively; and b1 - b3 are the maximum horizontal stress, minimum
horizontal stress and vertical stress of the Lower He8-2 member, respectively.

The total strain energy (UTOT) is stored in the rock mass
and can be expressed as

UTOT =
1
2
σ1ε1a3 (5)

Therefore, the strain energy density (U ) can be
expressed as

U =
UTOT

a3
=

1
2
σ1ε1 (6)

For triaxial stresses, the total strain energy density can be
superimposed [71]. Therefore, the strain energy density of a
unit volume inside the rock can be expressed as

U =
1
2
(σ1ε1 + σ2ε2 + σ3ε3) (7)

where σ1, σ2 and σ3 are the three principal stresses of the
rock in orthogonal coordinates, and ε1, ε2 and ε3 are the three
strains of the rock in orthogonal coordinates. The parameter
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FIGURE 9. Planar distribution of U of the target layer. Notes: (a)-(d) are the Upper He8-1, Upper He8-2,
Lower He8-1 and Lower He8-2 members, respectively.

U can also be calculated by the rock mechanics parameter
(Young’s modulus and Poisson’s ratio) and each principal
stress [47]:

U=
1
2E

[
(σ 2

1 +σ
2
2 +σ

2
3 )− 2υ(σ1σ2 + σ2σ3 + σ3σ1)

]
(8)

Based on the paleo-tectonic stress field recovery and the
assignment results of rock mechanics parameters, the U dis-
tribution of the target layer was determined using Eq. (8).
The results are shown in Fig. 9. The U value of the Upper
He8 member (Fig. 9a-b) is obviously lower than the Lower
He8 member (Fig. 9c-d). This is mainly due to the high
mud content of the Upper He8 member. The muddy compo-
nents have a strong plasticity and are therefore less likely to
break [48].

The U values have obvious banded distribution character-
istics, and the U values of each layer are mainly distributed
between 0.12 and 0.30 J·m−3. The regions with higherU val-
ues are mainly distributed in the central and eastern regions
of the study area, and their U values are generally greater
than 0.24 J·m−3 (Fig. 9). A large amount of strain energy

accumulates in the rocks with a highU value, and these rocks
are prone to have stress concentration and ruptures.

B. RELATIONSHIP BETWEEN STRAIN ENERGY DENSITY
AND SINGLE WELL PRODUCTIVITY
Based on the strain energy density calculation of each pro-
duction layer, the relationship between strain energy density
and single well productivity was compared. The production
wells were divided into Type I, Type II and Type III wells.
The average daily gas production per well of the Type III
wells is less than 0.5 × 104 m3, and its cumulative produc-
tion is generally less than 1 000 × 104 m3. Such gas wells
cannot obtain commercial production capacity. Drilling such
gas wells will cause serious manpower and material waste
[72], [73]. From the development status of the He8 reservoir
in the entire western Sulige gas field, the number of such gas
wells is very large, reaching almost 50%. The average daily
gas production per well of the Type II wells is between 0.5
and 1 × 104 m3, and its cumulative production is generally
between 1 000 and 3 000 × 104 m3. The average daily
gas production per well of the Type I wells is greater than
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FIGURE 10. Distribution of U value and different types of wells. Notes: (a)-(b) are the Lower He8-1and
He8-2 members, respectively.

1 × 104 m3, and its cumulative production is usually greater
than 3 000×104 m3. Both the Type I and Type II wells have
a good commercial development value.

At present, the production wells in the study area are
mainly located in the central and eastern regions, while other
areas are mainly exploration wells (Fig. 10). Type I and
Type II wells are mainly distributed in the eastern region,
while the distribution of the Type III wells is rather scattered.
Overall, the Type I and Type II wells are mainly distributed
in high U value regions, while the Type III wells are mainly
distributed in low U value regions.
To better compare the relationship between single well

productivity and U values, the criteria for distinguishing
different types of wells based on U values were proposed.
When the U value is greater than 0.25 J·m−3, the production
well is identified as a Type I well, when the U value is
between 0.24 and 0.25 J·m−3, the production well is iden-
tified as a Type II well, and when the U value is less than
0.24 J·m−3, the production well is identified as a Type III
well. According to this criteria, statistics were conducted on
the conformity of different types of wells, which is shown
in Table 3. The coincidence rate of the Type I, Type II and
Type III wells are 62.5%, 84.6% and 73.3%, respectively.
The overall coincidence rate for all wells is 75.0%. For the
tight He8 tight sandstone reservoirs in the study area, this
coincidence rate can greatly improve the drilling success rate
and avoid drilling risks.

C. SWEET SPOT PREDICTION
The sweet spots based on the U value calculations in the
Lower He8 member was predicted. The calculated U value
is the average value of the Lower He8-1 and He8-2 members.
Since the Type I wells and Type II wells both have good com-
mercial development value, according to the criteria shown
in Table 3, the area with U ≥ 0.24 J·m−3 was defined as the

FIGURE 11. Prediction of sweet spot distribution in the Lower He8
member.

sweet spot. The distribution of the sweet spots in the Lower
He8 member is shown in Fig. 11.

As seen from Fig. 11, Type I and Type II wells are dis-
tributed in the sweet spot areas, while the Type III wells are
generally distributed outside the sweet spot areas.

The sweet spots, defined in this paper according to
U -value calculations, are mainly based on rock deforma-
tion, stress concentration andmicro-scale rupture probability.
Micro-fractures are important drainage media for natural
gas migration. However, the geological factors affecting
the gas-bearing properties of tight sandstones also include
such as reservoir properties and preservation conditions.
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TABLE 3. Criteria for distinguishing different types of wells based on U values.

Therefore, for the sweet spot prediction in the He8 tight
sandstone reservoir, the geological factors and U -value dis-
tributions should both be well considered.

In this paper, a systematic sweet spot forecasting method
based on U value calculation was proposed. This method
is applicable to the strong heterogeneous tight sandstone
reservoirs in the low-amplitude tectonic zone of the Ordos
Basin and has reference value for similar types of reservoirs
around the world.

V. CONCLUSION
(1) In this paper, a systematic forecasting method for sweet

spots in a low-amplitude tectonic zone based on U -value
calculations was proposed.

(2) A new rock mechanics parameter assignment method
based on sedimentary facies control principle was proposed.
The distribution of horizontal stress is mainly affected by
lithology and local structure, and the vertical stress is mainly
affected by the burial depth.

(3) The planar distribution of U values is characterized
by a band-like distribution. The criteria for distinguishing
sweet spot areas based on U values were proposed, the total
coincidence rate is 75.0%.
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