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Continental tight sandstone oil reservoirs have strong heterogeneity, and staged fracturing
technology of horizontal well is a crucial measure for successful development of oil and
gas. In this study, the fracturing effect of horizontal wells in tight oil reservoirs of Yanchang
Formation in the western Ordos Basin was systematically studied using the rock
mechanics, array acoustic and microseismic testing data and the staged fracturing
technology. The hydraulic fracturing method was used to calculate the horizontal
principal stress difference (σH-σh). It showed that as the buried depth increases, σH-σh
tends to decrease first and then increase. Small-scale fracturing should be used for areas
with smaller σH-σh values. Fracturing construction parameters have an impact on oil
production capacity, which is mainly manifested in that the usage of prepad fluid, sand-
carrying fluid and proppant is proportional to productivity. Excessive displacement and
construction scale should not be used in the fracturing process, and the fracture height of
the target layer should be strictly controlled within the range of 26 m. The analysis of the
“rupture points” in the fracturing curves shows that wells with relatively obvious rupture
points usually have a higher oil production capacity. These wells have a good fracturing
effect and an effective fracture network was formed in the tight oil reservoir. The
optimization simulation results of the horizontal well pattern form show that the seven-
point combined well pattern is the best well pattern, which is suitable for the development
of tight oil sandstone in the Yanchang Formation.

Keywords: Ordos Basin, Yanchang formation, tight oil, staged fracturing technology, hydraulic fracture, numerical
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INTRODUCTION

Continental tight sandstone reservoir is a “hot spot” field for increasing oil and gas reserves and
production capacity in the future (Chitrala et al., 2013; Bhatti et al., 2020; Hong et al., 2020; Abouzar
and Ghanbarian., 2021). Strongly heterogeneous continental tight sandstones have a complex
geological structure with frequently interbeded sandstones and mudstones (Eyal et al., 2001;
Hong et al., 2020; Abouzar and Ghanbarian., 2021). The change of stress during fracturing and
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the evolution of fracturing fractures are the most important
research content for the staged fracturing of horizontal wells
in tight sandstone oil reservoirs (Du and Aydin., 1993; Gurocak
et al., 2012; Dong et al., 2020).

Generally, compared with vertical wells, horizontal wells can
expose the reservoir to a greater extent and can ultimately
increase the oil recovery rate of the entire reservoir

significantly (Jaeger and Cook., 1976; Kang et al., 2010; Huang
et al., 2019; Jiang et al., 2019; He et al., 2020). Staged horizontal
well fracturing was first proposed in 1985, and subsequently
achieved great success in Danish and Valhall oil fields (Fan, 2010;
He et al., 2015; Li et al., 2020). Fractured horizontal wells will
produce a series of fracture networks including transverse
fractures, axial fractures and horizontal fractures. The effect of

FIGURE 1 |Microscopic images of tight sandstone samples collected from the target layer. Notes: (A)Well Y4, 1 731.46 m, intergranular pores, Chang 6Member;
(B) Well Y6, 1 839.71 m, lithic dissolution pores, Chang 6 Member; (C) Well Y6, 1 839.71 m, feldspar dissolution pores, Chang 6 Member; (D) Well F6, 1 857.87 m,
intergranular pores, Chang 7 Member; (E) Well F6, 1 857.87 m, microfractures, Chang 7 Member; (F) Well DT4, 2 212.99 m, intergranular pores and feldspar
dissolution pores, Chang 8 Member; (G) Well DT4, 2 213.00 m, lithic dissolution pores, Chang 8 Member; (H) Well DT4, 2 244.80 m, microfractures, Chang 8
Member.
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hydraulic fracturing of horizontal wells is controlled by the
geostress state in the tight oil reservoir and the fracturing
construction measures (Li and Zhang, 1997; Liu et al., 2015;
Lommatzsch et al., 2015; Li et al., 2018; Luo et al., 2018).

The sedimentary evolution of the Yanchang Formation in the
Ordos Basin was a complete sedimentary cycle record from the
formation, development, and extinction of the continental
lake basin (Zhang et al., 2017; Zhao et al., 2017; Luo et al.,
2019). According to the sedimentary characteristics, the
Yanchang Formation oil layers were divided into 10 oil
sub-layers (or Members), and the target layers in this
study are the Chang 6, Chang 7 and Chang 8 oil layer
groups. In this paper, the fracturing effect of horizontal
wells in tight oil reservoirs of the Yanchang Formation
was systematically studied using the rock mechanics, array
acoustic and microseismic testing data, and the staged
fracturing technology. This study can provide a reference
for improving the volume fracturing effect of tight sandstone
oil reservoirs.

DATABASES AND METHODS

Geological Background
The study area is located in Block L in the west of the Ordos Basin.
The overall structural morphology of this area is a western-
leaning monoclinic which belongs to the western Ordos
Basin, and the structural fluctuation per kilometer is less
than 20 m. Some low-amplitude structures (or nose-like
uplifts) are mainly locally developed with ranges between 1
and 10 km2. The target layer is a typical continental river
sediment, and its sedimentary microfacies include
distributary channels and bays between channels. The
lithology of the target sandstone is mainly feldspar
sandstone, and the percentage of feldspar is generally
greater than 50%.

Intergranular pore is the pore type with the largest proportion
in the target layer (Figure 1). For other types of pores, such as
feldspar dissolution pores, intergranular dissolution pores,
cement dissolution pores and microfractures, they also
account for a certain proportion in the target layers
(Figure 1). The intergranular pores in the target layer are
absolutely dominant, and most of them have irregular
triangular, quadrilateral or polygonal pore structures
(Figures 1A,D). Porous cementation can occur inside the
intergranular pores of the rock.

The dissolution pores in the target layer in this area are mainly
distributed in feldspar, cement and rock debris components
(Figures 1B,C,F,G). Observations under the microscope
showed that, the diameter of dissolution pores in the target
layer is generally less than 10 μm. The size of dissolution pores
is related to mineral and fluids components. In addition, the
microfractures in the target layer (Figures 1E,H) improved the
connectivity between the pores. The ranges of porosity and
permeability of the target layer are distributed between 5 and
12% and 0.01–1.5 mD, respectively.

Rock Mechanics and Acoustics
Experiments
The rock mechanics and acoustics experiments were completed
by the rock physics testing system of the Beijing SGS
Experimental Testing Center. There are 10 groups of rock
mechanics test samples, and each group contains four
samples. The samples are small cylinders with a diameter
of 2.5 cm and a height of 5 cm. The applied confining
pressures were 0, 10, 20 and 35 MPa respectively.
Moreover, the acoustic experiment results include
longitudinal and transverse wave velocities obtained under
the confining pressure of 35 MPa. All samples were saturated
with formation brine. The stress error of the rock physics
testing system was less than 1%, and the systematic error of
the displacement was less than 0.000 1 mm.

Full Wave Array Acoustic Wave Tests
The full wave array acoustic wave test was completed by the
North China Branch of PetroChina Logging Co., Ltd. The
full wave array acoustic logging can measure the full wave
array information of the strata. In particular, it can obtain
high-quality transverse wave data. Acoustic test results are
calibrated on the LEAD Software Platform with the
completion natural gamma curve as the reference curve.

Staged Fracturing Technology
In this paper, the hydraulic fracturing data was used to conduct
geostress calculation of the Chang 6 to Chang 8 Members
(McBride, 1989; Nelson et al., 2005; Mahmoodi et al., 2019).
Generally, only the in-situ stresses determined by the
differential strain experiments or the hydraulic fracturing
tests are the most reliable (Nelson et al., 2005). The
fracturing construction of horizontal wells of the target
layers adopts the staged fracturing technology of
hydraulic sandblasting perforation + annulus sand

FIGURE 2 | Relationship between longitudinal and transverse wave time
differences obtained by the full-wave array acoustic wave tests. DTC-
longitudinal wave time difference; DTS- transverse wave time difference.
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addition. This technology can increase the scale and volume
of sand body reconstruction, and improve the supporting
capacity and flow conductivity of hydraulic fractures. In
addition, slippery water and GUAR gum fracturing fluid
were used to complete the fracturing of the reservoir. This
fracturing method uses slippery water to make artificial
fractures fully communicate with natural fractures.
Moreover, the subsequent sand-carrying method ensures
the maintenance of the flow conductivity of fractures.

The proppant type was selected according to the closure
pressure of the individual wells. Closure pressure refers to the
effective stress acting on the proppant. The bottom-hole
production pressure of the oil wells is generally very low in
the later stages of production. Therefore, the absolute value of the
closure pressure is adopted as the criterion for proppant
preference. The closure pressure of the target layer is mainly
distributed in 15–20 MPa. Therefore, we use low-density, low-
strength ceramsite (or quartz sand) as the proppant to ensure that
the fractures have sufficient supporting capacity and fluid
conductivity.

Fracturing Monitoring Technology
In this paper, a microseismic detection system was adopted to
monitor artificial fractures. Microseismic observation stations are
distributed around the fractured wells centered on the fractured
zone. The microseismic observation station can monitor and map
the shape, orientation, height and occurrence of artificial fractures
on site. In addition, continuous real-time monitoring was used to
map the fracture network formed in the sand body.

Coupling Simulation of Well Pattern and
Fracturing
The development of horizontal wells in the study area includes
combined well patterns and pure horizontal well patterns.
Through numerical simulation, the coupling effect of
horizontal well patterns and fracturing has been optimized.
The mechanism model was established with a 10 m × 10 m
grid. The combined pattern of horizontal and vertical wells and
the pattern of pure horizontal wells were constructed separately.
The three-dimensional two-phase black oil model in Eclipse was
used to analyze the productivity changes of different types of well
patterns. Eclipse reservoir simulation software is an integrated
simulation software that integrates the main simulation
calculation model with its pre- and post-processing functions.
In addition, it was used to build a grid model that meets the
characteristics of actual reservoir development by matching the
production history of actual wells.

FIGURE 3 |Correlation between dynamic and static rock mechanics parameters of the target layer. Ed, Es, ]d and ]s are dynamic and static Young’s modulus, and
dynamic and static Poisson’s ratios, respectively.

FIGURE 4 | The vertical distribution characteristics of each principal in-
situ stress in the target layer of the study area.
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RESULTS

Logging Interpretation of Rock Mechanics
Parameters
The full-wave array acoustic wave tests were conducted in wells Y4
andD4 in the study area, and reliable longitudinal and transversewave
velocity data were obtained for the Chang 6 toChang 8Members. The
fitting results show that there was a linear positive correlation between
the longitudinal and transverse wave time differences (Figure 2).
Therefore, the shear wave time difference of rocks in wells that have
not been subjected to full-wave array sonic logging can be predicted
using the fitting formula in Figure 2.

Based on the calculation formula extraction results of shear
wave time difference and the following physical equations (Eqs
1–2), the dynamic Young’s modulus and Poisson’s ratio of
formation rock can be obtained.

Ed � ρb
Δt2s

3Δt2s − 4Δt2p
Δt2s − Δt2p

(1)

v � 1
2
⎛⎝Δt2s − 2Δt2p

Δt2s − Δt2p
⎞⎠ (2)

Where Ed is the dynamic Young’s modulus calculated based on
acoustic data, GPa; Δtp and Δts are the longitudinal and transverse
wave time differences, μs·ft−1; ρb is the rock bulk density, g•cm−3.

The dynamic and static elastic parameters of different kinds of
rocks are different. The dynamic parameters are calculated
through acoustic wave parameters, while the static parameters
are directly obtained through mechanical tests (Salamon, 1984; Peng
et al., 2018). Therefore, the static elastic parameters are more in line with
engineering construction requirements. The difference between dynamic
and static elastic parameters is related to factors such as microfractures,
pore fluids, mineral components andmicrofabric differences in the rock.
The dynamic elastic parameter value are generally greater than the static
elastic parameter value. Figure 3 shows the quantitative conversion
relationship between the static and dynamic mechanical parameters
based on the triaxial rock mechanics tests. The fitting formulas in
Figure 3 were used for logging interpretation of Young’s modulus and
Poisson’s ratio of all single wells.

In-situ Stress Calculation Using Hydraulic
Fracturing Data
High pressure fluid is injected into the underground rock during
the fracturing process. Then, the fracture pressure (Pf) of the rock
can be obtained directly from the pressure curve in the first
fracturing stage. According to the basic principle of hydraulic
fracturing, the closure pressure (Pc) equals to the minimum
horizontal stress (σh) (Fan, 2010; Kang et al., 2010; Jiang et al.,
2019). Before the fracture is closed, the fracturing fluid will
spontaneously percolate into the surrounding formation.

FIGURE 5 | Relationship between fracturing parameters and productivity.
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According to the pressure drop curve data, the fracture closure
pressure (Pc) can be obtained using FracproPT Software.

For the calculation of maximum horizontal principal stress
(σH), the following formula was adopted: σH � 3σh-Pf-Pp+σt.
Where Pf is the fracture pressure; Pp is the formation pressure.
From top to bottom, the formation pressure coefficients of the
Chang 6, Chang 7 and Chang 8 Members in the study area are
0.73, 0.74 and 0.75, respectively. σt represents the tensile strength,
which is 10% of the compressive strength of the formation rock.

Figure 4 shows the variation characteristics of the three
principal stresses with buried depth. As the buried depth
increases, the stress values of all stresses show an increasing
trend. Meanwhile, the principal stresses satisfy: σv>σH>σh (where
σH, σh and σv are maximum, minimum, and vertical stresses
respectively). This shows that the present-day in-situ geostresses
of the Chang 6 to Chang 8 Members basically present a relatively
relaxed normal stress environment.

Hydraulic Fracturing Construction
Parameters and Productivity
Volume fracturing is the main form of reservoir reconstruction
and obtaining commercial production capacity. It requires water
of sand proppant and chemicals to be poured into the reservoir to
crush the formation and form a complex fracture network. After

fracturing, a new fluid channel can be produced between the oil
layer and the wellbore, and the oil production capacity will
increase substantially.

The fracturing measures of the target layers adopts multi-
cluster, staged sand fracturing. Figure 5 shows the corrections
among the amount of prepad fluid, sand-carrying fluid, proppant
and oil production capacity.

A well positive correlation is presented between the daily oil
production capacity and the daily fluid production capacity of all
single wells in Figure 5A. It could be found that the greater the
liquid production capacity, the better the oil production capacity.
The production wells were divided into two categories according
to their oil production capacities. Wells with a single well daily
productivity greater than 2 tons were “normal productivity wells,”
and wells with a single well daily productivity less than 2 tons
were “low-productivity wells.” Low-yield wells cannot reach a
commercial oil production capacity.

According to Figure 5B, the amount of prepad fluid is
positively correlated with oil production capacity. That is, as
the amount of prepad fluid used increases, the production
capacity increases. For low-yield wells, the use of prepad fluid
has a poor correlation with productivity (Figure 5B). That is, as
the amount of prepad fluid used changes, its production capacity
is basically unchanged.

Similarly, a well positive correlation is presented between the
amount of sand-carrying fluid and the productivity of wells with
relatively high productivity (Figure 5C). That is, with the increase
in the amount of sand-carrying liquid, the production capacity
gradually increases. However, as the amount of sand-carrying
fluid used in low-yield wells changes, the productivity is basically
unchanged (Figure 5C).

As shown in Figure 5D, the proppant usage amount is
positively correlated with the oil production capacity.
However, for low-yield wells, there is no obvious correlation
between them (Figure 5D).

It can be seen from the above analysis that the fracturing
construction parameters have an apparent influence on the oil
production capacity. The usage of prepad fluid, sand-carrying
fluid and proppant is proportional to oil production capacity.
However, the correlation between the total liquid volume
entering the formation and the daily oil production is not
obvious, indicating that it is not a higher fracturing scale will
bring a higher production capacity. In the fracturing process, the
scale of fracturing construction should be controlled reasonably
by controlling the usage of prepad fluid, sand-carrying fluid and
proppant.

DISCUSSION

Horizontal Principal Stress
Difference (σH-σh)
σH-σh is considered to be one of the key parameters affecting the
fracturing effect of tight reservoirs (Fan, 2010). The varition
characteristics of σH-σh of the target layer with depth are
shown in Figure 6. It could be found that, as the buried depth
increases, σH-σh first decreases and then increases. Therefore,

FIGURE 6 | Variation characteristics of horizontal principal stress
difference with depth in the target layer.
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FIGURE 7 |Microseismic fracture detection in Well X4-1. Notes: (A)Distribution of monitoring stations around the well; (B) Fracture orientation; (C) Fracture length;
(D) Fracture occurrence.

FIGURE 8 | Developmental characteristics of core fractures in the target layers. Notes: (A) High-angle shear fracture (Well J3, Chang 8 Member); (B) High-angle
tensile fracture (Well Y6, Chang 6 Member).
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there is a “turning point” for the stress difference, and the turning
point of the stress difference is about 2,000 m (Figure 6). When
the rock is at a shallow depth, the larger stress difference is related
to the strong crustal activity. Furthermore, as the buried depth
increases, the degree of rock compaction gradually increases, and
the stress difference gradually decreases as well. When the depth
exceeds 2,000 m, the compaction effect is not so significant. At
this time, the brittle rock gradually transforms into a rock with
strong plasticity. Thus the stress anisotropy will increase
significantly, and the stress difference continue to increase
(Figure 6).

Tight reservoir fracturing measures can be divided into
two types, namely small-scale fracturing and large-scale
reservoir reconstruction fracturing. Small-scale fracturing
generally selects small fluid volume, small displacement
and low sanding strength; while large-scale fracturing
usually uses large fluid volume, large displacement and
high sanding strength. Generally, for areas with high σH-σh
values, artificial fractures may easily penetrate the sand layer,
thereby affecting the effect of oil and gas development.

Therefore, small-scale fracturing should be used in such
areas. An appropriate fracturing scale is more conducive
to the reconstruction of thin sand body reservoirs with
strong heterogeneity.

Microseismic Monitoring Analysis
The microseismic monitoring system was adopted to monitor the
fracturing process of Well X4-1. Figure 7 shows the distribution
characteristics of fracturing detection points and artificial
fractures. The bullseye positions are calculated based on the
well coordinates. Then, with the bullseye as the center, 6
monitoring sub-stations are arranged around, and GPS is used
for positioning measurement (Figure 7A).

From the fracture detection results, the hydraulic fracture in
Well X4-1 is an approximately straight main vertical fracture, and
the fracture orientation is NE65° (Figure 7B). The hydraulic
fracture is a vertical fracture with two basically symmetrical
wings, and its long axis is 114 m long (Figure 7C). The east
wing is 54 m long, the west wing is 60 m long, and the fracture
height is 15 m (Figure 7D).

FIGURE 9 | Fracture morphology of the first fracturing segment in the target zone of Well X1.

TABLE 1 | Numerical simulation results of various fracture parameters in fractured horizontal wells.

Well name Daily oil
production (Ton)

Fracture half-length
(m)

Fracture height
(m)

Fracture width
(m)

Total water
cut (%)

X1 2.56 112.76 25.81 1.09 42
X2 1.98 109.16 22.03 0.54 30
X3 3.81 118.34 21.66 0.50 66
X4 6.12 119.47 21.89 0.85 20
X5 0.15 119.68 20.15 0.50 83
X7 0.81 131.24 28.63 0.48 35
X8 1.95 116.27 25.11 0.58 25
X12 6.12 111.31 25.32 0.69 20
X13 0.57 119.98 27.02 0.50 85
X14 0.01 116.42 25.16 0.50 /
X15 0.01 138.25 29.17 0.50 /
X17 1.31 109.51 24.05 0.53 80
X20 2.77 108.51 22.02 0.56 67
X21 3.74 141.60 38.23 0.55 45
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Since the two wings of the main hydraulic fracture are
relatively balanced, it shows that the target layer is relatively
homogeneous, and the development of natural fractures in the
target layer is not high. This is consistent with the observation
results of core fractures. According to the observation results of
fractures in the 196 m cores from 10 wells in the study area, high-
angle near-vertical shear fractures (Figure 8A) and tensile
fractures (Figure 8B) were mainly developed in cores. Shear
fractures have the highest degree of development, and the
fracture surface is straight and scratches are common. The
density of core fractures in the target layers is generally
distributed whthin the range of 0.2 strips/m. When artificial
fractures encounter natural fractures, the extension direction
of the main artificial factures may be deflected, thereby
inducing secondary fractures and finally forming a complex
fracture network (Salamon, 1984).

Analysis of Hydraulic Fracture Parameters
In this paper, FracproPT Software was used for fracturing
simulation. We completed the fracturing analysis in the
“Fracture Analysis” module. First, we take X1 horizontal well
as an example to illustrate the setting of fracturing parameters.
The target layer of the X1 well was reconstructed by hydraulic
sandblasting tubing with sand adding staged single cluster
fracturing. The horizontal fracturing interval was divided into
7 segments, each of which contains 2 clusters. Based on the log

interpretation results of rock mechanic parameters, it can be
obtained that the Young’s modulus of the target sandstone layer
in X1 well was 25 GPa, and the Poisson’s ratio was 0.23; while the
Young’s modulus of the roof and floor mudstone layers in X1 well
was 15 GPa, and the Poisson’s ratio was 0.28. The total amount of
liquid injected into the ground in the first interval of the target
layer was 150 m3, the total sand addition was 20 m3, the average
sand ratio was 24%, the tubing injection displacement was
1.8 m3/min, and the annulus injection displacement was
0.5 m3/min. Finally, the simulated artificial fracture
morphology of the first interval in the target zone of Well X1
is obtained, which is shown in Figure 9.

The artificial fracture parameters obtained by the fracturing
simulation are shown in Table 1. The half-lengths of the
supporting fractures of the wells are mainly distributed from
108.5 to 141.6 m, with an average value of 119.5 m; the fracture
heights are mainly distributed from 20.2 to 38.2 m, with an
average value of 25.5 m; the hydraulic fracture widths are mainly
distributed from 0.48 to 1.09 cm, with an average value of
0.60 cm. The microseismic artificial fracture detection results
of Well X1 show that the fracture half-fracture length is
115 m, and the fracture height is 26 m. Therefore, the
artificial fracture simulation results are consistent with the
measured results.

Comparing the artificial fracture parameters and the
productivity of a single well, it can be seen that there is no

FIGURE 10 | Relationship between fracture parameters and productivity of fractured wells.
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significant correlation between fracture half-length, fracture
width and productivity (Figures 10A,B). However, it can be
seen that when the artificial fracture height of a fractured well is
greater than 26 m, it corresponds to a low-productivity well
(Figure 10C). This shows that excessive displacement and
construction scale should not be used in the fracturing
process, and the fracture height should be strictly
controlled. Although the increase in fracture height can
increase the volume of reservoir reconstruction to a
certain extent, an excessively high fracture height will also
lead to the opening of migration channels between the

reservoir and the overlying strata. When the reservoir is
connected to the overburden caps or the adjacent water
layers, it may cause the escape of oil and gas or the
occurrence of flooding of the reservoir. From Figure 10C,
it can be seen that the fracture heights of normal productivity
wells are all distributed between 20 and 26 m.

The relationship between the reformed reservoir volume of
fractured horizontal wells and the daily oil production
capacity is shown in Figure 10D. It can be seen that there
is no significant correlation between them. This also shows
that the productivity or fracturing effect of tight oil reservoirs

FIGURE 11 | Fracturing construction curves of X14 and X23 wells.

TABLE 2 | Statistical results of the obviousness of rupture points in fractured horizontal wells.

Rupture point Total
number of wells

Normal productivity well Low productivity well

Number of wells Proportion (%) Number of wells Proportion (%)

Obvious 2 2 100.0 0 0.0
Relatively obvious 5 3 60.0 2 40.0
None 7 3 42.9 4 57.1
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is not only controlled by the scale of fracturing volume. An
excessively large fracturing scale does not necessarily help
increase production capacity. The formulation of reasonable
fracturing measures is crucial to improve the development
effect of tight sandstone oil reservoirs.

Rupture Point
The fracturing construction curves are used to identify the
significance of the “rupture point” in the fracturing segments
(Shuai et al., 2013; Wu et al., 2017; Santosh, and Feng., 2020;
Yoshida and Santosh., 2020). The “rupture point” corresponds to
the point where the oil pressure rises and drops sharply during
the first fracturing process (Zou et al., 2013; Zhao et al., 2020).
Therefore, it could be seen that the rupture point in Figure 11A is
obvious, but there is no rupture point in the fracturing curve of
Figure 11B. In addition, for the situation where the oil pressure
curve rises sharply and then slowly drops, we believe that its
“rupture point” is “not obvious” or “relatively obvious.” From the
identification results (Table 2), there are a total of 7 wells without
obvious rupture points, of which 42.9% of the wells have reached
an ideal productivity, and 57.1% of the wells are low-yield wells.
For wells without obvious rupture points, the formation may not
be pressed open or there may be natural fractures in the

formation. If natural fractures are developed in the formation
rocks, fractured horizontal wells can also obtain a higher oil
production capacity.

There are a total of two wells with the most obvious rupture
points, both of which have reached high productivity (Table 2).
The fracturing effect of this type of well is good. The reservoir has
been well reformed to form a good and complex fracture network.
So this type of well is easy to form a higher productivity. For the
wells with relatively obvious rupture points, there are a total of
five wells. Among them, 60% of the wells have reached the ideal
productivity, while 40% of the wells are low-productivity wells
(Table 2). These wells have a relatively poor fracturing effect, but
high productivity can still be obtained under better oil-bearing
conditions.

Coupling Simulation of Well Pattern and
Fracturing
Horizontal well pattern and fracturing simulation needs to first
construct a production dynamic model in Ecilpse Software, that
is, dynamic parameters (fracturing operation history and
production history) are input into Ecilpse software system.
The system will automatically generate a “stream file”
associated with time, which is the production dynamic model.
In this study, when performing reservoir numerical simulation
productivity fitting, the fitting error is controlled within 2%. The
basic parameters of the Yanchang Formation oil layer in the study
area are: the original formation pressure is 11 MPa, and the crude
oil viscosity is 1.682 mPa s, the comprehensive compressibility is
15.7 × 10–4 MPa−1, and the formation crude oil density is
1.213 g/cm3.

At present, the development pattern of horizontal wells in the
study area is mainly composed of pure horizontal well patterns
and combined vertical and horizontal well patterns. Horizontal
well patterns seldom consider water injection. Pure horizontal
well patterns mainly include five-point well pattern and parallel
well pattern; combined well patterns mainly include joint five-
point well pattern and joint seven-point well pattern.

The azimuth of the horizontal section is perpendicular to the
principal stress direction. Therefore, well pattern research mainly
considers the following methods, parallel well patterns and five-

FIGURE 12 | Design of different injection and production well patterns.

FIGURE 13 | Changes in cumulative oil production of different injection-
production well patterns.
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point well patterns of pure horizontal wells; joint five-point well
patterns and joint seven-point well patterns of combined well
patterns (Figure 12).

The simulation results of the cumulative oil production
capacity of different types of well patterns are shown in
Figure 13. It can be seen from the simulation results that after
30 years of cumulative production, the cumulative oil production
of horizontal wells in well pattern two is higher than other well
patterns, reaching 33,000 t, followed by well pattern 1, with a
cumulative oil production of 22,000 t. Pure horizontal well
patterns (pattern three and pattern 4) have high initial
production and a rapid increase in cumulative oil production,
but in the later stage, due to serious formation energy deficits,
daily oil production declines greatly. The cumulative oil
production of well pattern three and well pattern four is close,
both are about 20,000 t.

Comprehensive comparison shows that the seven-point
joint well pattern (well pattern 2) is the best well pattern. The
other three types of well patterns have high initial
productivity, but the decline in productivity is significantly
faster than well pattern 2. This means that well pattern 2 has a
longer stable production period and higher cumulative oil
production. On the whole, the simulation results are
consistent with the actual production conditions of the
oilfield, and the seven-point joint well pattern is more
suitable for the development of tight oil sandstones in the
Yanchang Formation.

CONCLUSION

1) In this paper, the fracturing effect of horizontal wells in tight
sandstone oil reservoirs of the Yanchang Formation was
systematically studied using the rock mechanics, array
acoustic and microseismic testing data, and the staged
fracturing technology.

2) The hydraulic fracturing method is used to calculate the
horizontal principal stress difference (σH-σh). It shows that
as the buried depth increases, σH-σh tends to decrease first and
then increase. Small-scale fracturing should be used for areas
with smaller σH-σh.

3) Fracturing construction parameters have a certain impact on
productivity, which is mainly manifested in that the usage
of prepad fluid, sand-carrying fluid and proppant is
proportional to productivity. Microseismic testing
showed that a main fracture was produced by
fracturing, and two wings were evenly distributed on
both sides of the main fracture. This shows that the
target layer is relatively homogeneous and the overall
development of natural fractures is not high.

4) There is no significant correlation between the modified
fracture half-length, fracture width and productivity. But
for the fracture height, when it is greater than 26 m, the
fractured well is generally a low-production well. This
shows that excessive displacement and construction scale
should not be used in the fracturing process, and the
fracture height of the target layer should be strictly
controlled within the range of 26 m. The analysis of
the “rupture points” in the fracturing curves shows that
wells with relatively obvious rupture points usually have
higher productivity. These wells have a good fracturing
effect and an effective fracture network is formed in the
reservoir.

5) The optimization simulation results of the horizontal well
pattern form show that the seven-point combined well pattern
is the best well pattern, which is more suitable for the
development of tight oil sandstone in the Yanchang
Formation.
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