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Aiming at the problem that casing deformation can easily occur in tight oil horizontal well fracturing, based on the rock
mechanics experiments and probability statistics, the distribution characteristics and law of the near-wellbore stress field of the
reservoir in STH M56 were solved and analyzed by using the finite element modeling numerical method. The research shows
that (1) the max/min horizontal stress ratio of the M56 tight oil reservoir is 1.2, the difference is less than 8MPa, and this
characteristic condition is more conducive to the formation of complex fracturing network in the reservoir during fracturing.
(2) In M56, the Mises stress isoline near the borehole is symmetrically distributed. Stress concentration has four dangerous
points (30°, 150°, 210° and 330°); a sector-shaped high dangerous stress zone is formed along the four dangerous points. As the
pumping pressure increases, the vertical Mises stress first increases and then decreases, while the horizontal Mises stress first
decreases and then increases. The max-Mises stress at the casing wall is linearly and positively correlated with the stress
uniformity coefficient. When the pumping pressure is 80MPa, the Mises stress exceeds the safe pressure limit of the casing. A
pumping pressure of 70MPa fracturing is the safe pumping pressure for the reservoir casing. (3) It is found that the 90° and
270° horizontal fixed plane perforations can avoid the dangerous stress zone, increasing and decreasing the injection flow rate
of the fracturing pump step by step (step pressure ≤ 5MPa) at the start and stop stages of fracturing; the control of the pump
pressure during the whole process of fracturing is within 70MPa, which can prevent the casing deformation.

1. Introduction

The world is rich in unconventional oil resources. In 2002,
the United States began to try horizontal well fracturing
technology in unconventional gas reservoirs and began to
promote horizontal well fracturing technology in 2007. In
2009, the completion of horizontal wells in the United States
exceeded 95%, and the production reached 87.8 billion m3,
accounting for about 15% of the natural gas production in
that year, realizing the shale gas revolution. In 2013, the
application rate of horizontal well bridge plug volume frac-
turing technology in North America reached 85% [1]; in
2010, PetroChina Tuha oilfield cooperated with American

Hess company to develop STH tight oil, continuously
enriched the connotation of volume fracturing in the process
of practical application [2], formed the main transformation
process of “horizontal well bridge plug volume fracturing
technology,” and realized the rapid production of unconven-
tional oil and gas.

Tight oil M56 in the STH basin is a national tight oil area
of demonstration. It is located at the ND No. 2 tectonic res-
ervoir zone in Malang-sag; the reservoir extends to the east
and west, high in the north, and low in the south, forming
a trap area of 37.06 km2; the effective thickness of the reser-
voir is 51.3~52.9m, the porosity is 9.90%~12.04%, and the
permeability is 28.25~35.02mD. The geostress includes the
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stress caused by the weight of overburden rock and the mod-
ern tectonic stress transmitted from the adjacent block or
bottom; it also includes the residual stress left by the past
tectonic movement but not completely relaxed, as well as
the stress change caused by nearby human engineering
[3–6]. M56 reservoir adopts “horizontal well+casing+seg-
mented volume fracturing technology,” realizing rapid scale
benefit development. With the increasing demand for frac-
turing technology in the reservoir, the depth of reservoir
and the length of the horizontal well are increasing; the
key parameters of fracturing technology, such as “fracturing
displacement, sand-adding strength, fluid volume, number
of fracturing sections, and clusters,” have been continuously
strengthened [7, 8], and the balance of the reservoir stress
field is broken down and complex changes occur [9–11];
affected by the changes in the stress field, the reservoir casing
is damaged to various degrees, and the problem of wellbore
casing deformation caused by volume fracturing in horizon-
tal wells is becoming more and more complex, showing an
increase trend every year [12–14]. The casing deformation
rate of shale oil and gas development reached 20%~30%,
that of Marcellus shale oil well in the United States was
6.2%, that of Vaca Muerta shale gas well in Neuquén Basin
in Argentina was 25%, that of a block in Duvernay in
Canada was 47% [15], and the average casing deformation
rate of shale gas horizontal wells in Changning, Wei 202,
Wei 204, and Zhaotong blocks in China reached 38.46% by
the end of 2019. The casing deformation rate of horizontal
wells in M56 tight oil block in STH basin has also increased
significantly. By the end of 2020, the casing damage rate of
the horizontal wells in M56 has reached to 30%, which has
affected the development of the STH M56.

In this paper, with rock mechanics experiments and sta-
tistical analysis methods of typical wells, we determined the
geostress accurate data of the STH M56 basin and estab-
lished the near-wellbore area geostress model. With the
finite element analysis, the change characteristics of the
near-wellbore geostress field of oil wells in M56 during frac-
turing are further studied and analyzed, and the preventive
measures for volume fracturing in this area in terms of per-
foration mode and safe injection pump pressure are given.
Through the application examples of 15 wells, it further
explains the effectiveness of the measures.

2. Stress Calculation

2.1. Core Experiment

2.1.1. Tensile Test. Test piece: diameter Φ25mm and thick-
ness 6mm~8mm, see Figure 1.

Principle: Brazilian test, the test specimens are loaded
through the two arc clips until the rock is split and damaged.
The tensile strength of the rock is calculated through the
load value when the test specimens are damaged.

σt =
2P
πDt , ð1Þ

where σt is the tensile strength, MPa; P is the load at fracture

of test specimens, N; D is the diameter of test specimens,
mm; and t is the thickness of test specimens, mm.

2.1.2. Compression Test. Test piece: diameter Φ25mm, length
50mm.

Principle: draw the stress-strain curve with a triaxial
compression test. Black line represents the axial strain stress,
green line represents the radial strain stress, and the red line
represents the volumetric strain stress, see Figure 2.

Compressive strength: the point of max-stress is the com-
pressive strength σu.

σu =
P
A0

, ð2Þ

where σu is the compressive strength, MPa; P is the axial
load, N; and A0 is the cross sectional of the initial test
specimens, mm2.

Elastic modulus: the slope of the straight line at the half
of the compressive strength is the elastic modulus.

E = Δσ50%
Δε1

, ð3Þ

where E was Elastic modulus, MPa; Δσ50% is the axial stress
difference, MPa; and Δε1 is the axial strain difference,
dimensionless.

Poisson’s ratio: v, the inverse of the ratio of the slope of
the straight line at the half of the compressive strength is
Poisson’s ratio.

v = midpoint slope of axial deformation curve
midpoint slope of radial deformation curve : ð4Þ

2.2. Core Parameter Fitting. Core experiment reflects the
physical and mechanical properties of rocks and pressure
characteristics to a certain extent [16–18]. Through 120 core
test experiments (see Figure 3), the elastic modulus and
Poisson’s ratio of cores in the M56 are obtained (see
Figures 4 and 5). Using the statistical probability method
was done to obtain the normal distribution of the probability
curve and fitting equation of the horizontal stress ratio,
stress difference distribution probability curve, and polyno-
mial fitting equation (see Figures 6 and 7).

Upper fxture

Traction column

Fixture

Test specimen

Figure 1: Diagram of rock and experimental principle.
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Figure 2: Schematic diagram of stress-strain curve.
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Fitting equation of elastic modulus and probability
distribution curve:

PE = 0:69452 + 558:74181
16:27603 × π/2ð Þ1/2 × e−2× E−27:32837ð Þ/16:27603ð Þ2 ,

R2 = 0:8879,
ð5Þ

where PE is the elastic modulus, E is the coefficient of deter-
mination, and R2is the coefficient of determination.

From the probability fitting curve of elastic modulus dis-
tribution, the elastic modulus of the reservoir in the M56
conforms to the normal distribution, the coefficient of deter-
mination (R2) is 0.8879, and it has high goodness of fit. The
elastic modulus of rock core is concentrated at 20~30GPa.

Fitting equation of Poisson’s ratio and probability distri-
bution curve:

Pμ = −86:17334 + 70:05168
0:51456 × π/2ð Þ1/2 × e−2× μ−0:24867ð Þ/0:51456ð Þ2 ,

R2 = 0:8559,
ð6Þ
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Figure 4: Probability distribution and fitting curve of the elastic modulus.
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Figure 5: Probability distribution and fitting curve of Poisson’s ratio.
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where Pμ is the distribution probability density, μ is Poisson’s

ratio, and R2 is the coefficient of determination.
From the probability fitting curve of Poisson’s ratio distri-

bution, Poisson’s ratio of the reservoir in the M56 conforms
to the normal distribution, the coefficient of determination
(R2) is 0.8559, and it has high goodness of fit. Poisson’s ratio
of rock core is less than 0.25.

Fitting equation of horizontal stress ratio and probability
distribution curve:

PM = 0:0029 + 0:13569
0:38024 × π/2ð Þ1/2 × e−2× M−1:28928ð Þ/0:38024ð Þ2 ,

R2 = 0:9938,
ð7Þ
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Figure 6: Probability distribution and fitting curve of the horizontal stress ratio.
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Figure 7: Probability distribution and fitting curve of the horizontal stress difference.
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where PM is the distribution probability density, M = σH/σh,
and R2 is the coefficient of determination.

From the probability fitting curve of horizontal stress
ratio distribution, the horizontal stress ratio of the reservoir
in the M56 conforms to the normal distribution, the coeffi-
cient of determination (R2) is 0.9938, it has high goodness
of fit, and the average horizontal stress ratio of the reservoir
is concentrated at 1.2.

Polynomial fitting equation of the stress difference and
probability distribution curve:

PD = 34:77283 − 1:34694D + 0:0164D2 − 5:68697 × 10−5D3,
R2 = 0:9542,

ð8Þ

where PD is the distribution probability density,D = σH − σh,
and R2 is the coefficient of determination.

From the probability fitting curve of horizontal stress
difference distribution, the horizontal stress difference of
the reservoir in the M56 conforms to the normal distribu-
tion, the coefficient of determination (R2) is 0.9542, the
goodness of fit is high, and the reservoir horizontal stress
difference is concentrated at 6.1~7.6MPa.

The results show that the distribution of rock parameters
in the M56 tight oil conforms to the normal distribution, the
coefficient of determinable (R2) of the fitting equation ranges
from 0.8559~0.9938, the goodness of fit is high, and the
elastic modulus is 2:7 × 104 MPa. Poisson’s ratio is less than
0.25, while the maximum and minimum horizontal principal
stress ratio is 1.2, and the stress difference is 6.1~7.6MPa
(≤8MPa). This characteristic condition is more conducive to
the formation of complex fracturing network in the reservoir
during fracturing.

2.3. Calculation of the Reservoir’s Mechanical Parameters at
Different Formation Depth. During fracturing, the circum-
ferential stress of rock being squeezed by a high-pressure
fracturing fluid should exceed its tensile strength in order
to produce fractures, which can accurately reflect the forma-
tion stress. With the use of the 32 fracturing well parameters
in tight oil STH M56, and with accord to the multiconstraint
stress fine analysis technology [19], stress of the reservoirs at
different formation depths is obtained (see Figure 8).

The resulting mathematical expression for stress:

σH = −10:5 + 0:026H,
σh = −5:87 + 0:020H,
σV = 0:021 ∼ 0:022ð ÞH,

ð9Þ

where σH is the maximum horizontal stress, σh is the
minimum horizontal stress, σV is the vertical stress, and H
is the formation depth.

The results show that the formation fracture pressure
gradient of the tight oil M56 is 0.023~0.025MPa/m, the
maximum horizontal stress gradient is 0.025~0.026MPa/m,
the minimum horizontal stress gradient is 0.0198MPa/m,

the max/min-horizontal stress ratio of 2000~2500m is
1.20, and the vertical stress is greater than the minimum
horizontal stress, that is, σH > σV > σh, consistent with the
indoor test results in 1.2.

3. Modeling the Stress of the Near-Wellbore
Horizontal Well

The stress of the near-wellbore horizontal well is composed
of the stress under the geostress; the stress is caused by the
pressure of the wellbore and formed by the fluid flowing into
the formation [20–23]. The stress model of the near wellbore
is established by using a linear elastic calculation model and
superposition principle (see Figure 9).

3.1. Stress near the Wellbore under Geostress. The plane
stress model is used to calculate the stress of the formation,
the circumferential stress σθ, radial stress σr , vertical stress
σz , and wellbore shear stress τrθ that are caused by stress that
are as follows:

σθ =
σHmax + σHmin

2 1 + r2a
r2

� �
−
σHmax − σHmin

2

Á 1 + 3r4a
r4

� �
cos 2θ,

σr =
σHmax + σHmin

2 1 − r2a
r2

� �
+ σHmax − σHmin

2 1 − r2a
r2

� �

· 1 − 3r4a
r4

� �
cos 2θ,

σz = σv − v 2 σHmax − σHminð Þ r
2
a

r2
cos 2θ

� �
,

τrθ =
σH − σh

2 1 − 3r4a
r4

+ 2r2a
r2

� �
sin 2θ, ð10Þ

where v is Poisson’s ratio of rock, dimensionless; r is the
distance from the wellbore center, m; ra is the borehole
radius, m; θ is the included angle between radial and axial
directions, °; σvis the overburden pressure, MPa; σHmax is
the max-horizontal principal stress, MPa; σHmin is the min-
horizontal principal stress, MPa; and τrθ is the shaft shear
stress, MPa.

3.2. Stress near the Wellbore under Internal Pressure. During
fracturing, the pressure of the wellbore has complex changes.
Assuming that the casing, the cement sheath, and formation
are a continuum with no cracks, the stress field around the
wellbore is solved with the use of the thick wall wellbore
theory of elasticity. The circumferential stress σθ and radial
stress σγ are caused by hydraulic fracturing:

σθ =
Pe − Pið Þr2e r2a
r2e − r2að Þr2 + Per

2
e − Pir

2
a

r2e − r2a
,

σr =
r2a
r2
Pi,

ð11Þ
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where Pe is the pressure of outer boundary wellbore, MPa; Pi
is the pressure of wellbore, MPa; re is the radius of outer
boundary wellbore, m; ra is the radius of the wellbore, m;
and r is the distance from the wellbore center, m.

3.3. Additional Stress Caused by Fracturing Fluid. During
the fracturing, fracturing fluid enters into the formation
porous medium through the perforation hole to generate
additional stress on the casing. Additional circumferential
stress σθ, radial stress σr , and vertical stress σz formula
are as follows:

σθ = k
α 1 − 2vð Þ
2 1 − vð Þ · r

2 + r2a
r2

− ϕ

� �
Pi − Psð Þ,

σr = k
α 1 − 2vð Þ
2 1 − vð Þ · r

2 − r2a
r2

− ϕ

� �
Pi − Psð Þ,

σz = k
α 1 − 2vð Þ
2 1 − vð Þ − ϕ

� �
Pi − Psð Þ,

ð12Þ

where ϕ is the porosity, 0~1; Ps is the pressure of rock
pore, MPa; Pi is the pressure of wellbore, MPa; r is the
distance from the wellbore center, m; and k is the dimen-
sionless apparent permeability.

By coupling equations, obtain the expression of dimen-
sionless apparent permeability as follows [24, 25]:

k = 16dm
3dpη

3dp
16dm

η +
ffiffiffi
2

p

8
2
f
− 1

� �
+ 2

ffiffiffi
2

p

3π
1 − ηð Þ3

1 + η + η2 − η3ð Þ

" #
,

ð13Þ

where dm is the molecular diameter, m; dp is the nanopore
diameter, m; f is the tangential momentum accommodation
coefficient (TMAC), dimensionless; and η is the packing
fraction of the gas in the nanopore, dimensionless.

According to the superposition principle, the stress of
formulas (10)–(13) (re =∞, r = ra, and k = 1) is superim-
posed to obtain a three-dimensional stress of the near hori-
zontal wellbore:
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σθ = σHmax + σHmin − 2 σHmax − σHminð Þ cos 2θ − Pi

+ α 1 − 2νð Þ
1 − ν

Pi − Psð Þ,

σr = Pi,

σz = σv − 2ν σHmax − σHminð Þ cos 2ϕ + α 1 − 2νð Þ
2 1 − νð Þ Pi − Psð Þ:

ð14Þ

4. Stress Characteristic Analysis and Preventive
Measures near the Wellbore

Taking the typical well of STHM56 as an example, the Mises
stress characteristics of near the wellbore are analyzed, and

technical measures of the prevent casing deformation are
formulated. The casing parameters of oil wells in this reser-
voir are as follows: outside diameter 139.7mm, steel grade
P110, thickness 9.17mm, inner diameter 121.36mm, long
circular thread, and minimum internal yield strength of
90.7MPa, and the mechanical parameters of the reservoir
are calculated under the experimental and simulation data.

4.1. Mises Stress Characteristic Analysis. Results show that
(1) the value of uniformity coefficient (μd=σHmax/σHmin) is
getting bigger and bigger, the more difference in the distri-
bution isopleth of Mises stress. The horizontal stress of the
near wellbore gradually decreases along the radial direction,
the vertical stress of the near wellbore first increases and
then decreases, four stress concentration points are

Mises (MPa)

16.509 13.427 10.346 7.264 4.182

Mises (MPa)

33.943 28.195 22.448 16.700 10.952

17.185

Mises (MPa)

51.494 42.916 34.339 25.762

Mises (MPa)

69.072 57.631 46.190 34.749 23.308

(b) Uniformity coefficient 1.2 and fracturing pressure 40, 50, 60, and 70MPa

Figure 10: Mises stress near the wellbore under the uniformity coefficient-fracturing pressure.
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symmetrically distributed near the borehole, and the max-
stress point is perpendicular to the borehole axis, forming
a high stress zone along the borehole radial direction, see
Figure 10(a). The uniformity coefficient of the STH M56 res-
ervoir is 1.2; it is seen that there are high stress points in the
following directions of the casing, 30°, 150°, 210°, and 330°.
When the casing strength is further reduced, these high stress
points are the initial danger points for casing deformation.
(2) Mises stress isopleth of the vertical and horizontal is being
reversed with the pressure increase of the wellbore, the vertical
stress first increases and then decreases, and the horizontal
stress first decreases and then increases, see Figure 10(b).

Preventive measures: (1) the conventional 60° phase
angle spiral perforation method has two shortcomings. First,
the perforation angle can easily reduce the strength of the
casing near the dangerous point, with increased risk of
casing deformation. Second, because the perforator cannot
be centered in the casing, the diameter of perforation hole
at the top part of the casing is smaller than that at the
bottom part, and the uneven perforation results in uneven
liquid inflow during fracturing, because the direction of the
formation fracture expansion and extension is mainly deter-
mined by the direction of the natural fracture principal
stress; the fractures start from the weakest point during frac-
turing, most fluid enters the bottom large hole of the casing
with low friction, and the strength of the casing at the
bottom is further reduced, increasing the risk of casing
deformation, see Figure 11(a); at the same time, the number
of effective holes for fracturing fluid injection is reduced,
which affects the fracturing effect. In view of the four high
stress dangerous points in casing and near the borehole
during fracturing in STH M56, the horizontal fixed plane
perforating mode is proposed, which adopts 90° and 270°

horizontal direction perforating, effectively avoiding the four
high stress danger zones of the casing and greatly reducing
the risk of casing strength decline at the high stress position

caused by perforating; it can also perforate along the direc-
tion of the maximum principal stress; the fracturing fracture
first starts just along the direction of the maximum principal
stress and extends outward, improving the fracturing effect,
see Figure 11(b). (2) According to the vertical and horizontal
Mises stress reverses with the increase of wellbore pressure,
the fracturing of the M56 is prone to casing horizontal
deformation when there is low-pump injection pressure
and casing vertical deformation when there is high-pump
injection pressure. Therefore, during the beginning and the
end of fracturing, a step pressure stabilization method is
proposed to slowly increase and decrease displacement of
fracturing (step pressure ≤ 5MPa), especially when the frac-
turing pressure is 40MPa; pressure stabilization requires
no less than 5min in duration, to avoid the rapid rise or fall
of the wellbore pressure with the uneven release of casing
stress, which can increase the risk of casing deformation.

4.2. Analysis of Mises Stress and Fracturing Pressure. Results
show that the max-Mises stress at the borehole wall and
stress uniformity coefficient follows a linear positive correla-
tion function. When the fracturing pressure is 40MPa, the
max-Mises stress of the casing wall is at its smallest. When
the fracturing pressure exceeds to 60MPa, the max-Mises
stress of the casing wall increases along with the increase
of the fracturing pressure (see Figure 12). As the fracturing
pressure increases, the higher the risk of casing deformation
is. During the multistage fracturing, the casing is repeatedly
subjected to alternating stress of high and low inside the
wellbore, and when the wellbore internal pressure reaches
the minimum casing yield strength, the risk of casing defor-
mation will be greatly increased.

The stress uniformity coefficient of STH M56 basin is
1.2; when the fracturing pressure reaches to 80MPa, the
max-Mises stress of the casing wall is about 88~93MPa,
the minimum yield strength of oil well casing has been

0°

90°

180°

270°
Perforator

(a) 60°phase angle spiral perforation (before)

0°

90°

180°

270°
Perforator

(b) 90°-270° horizontal plane directional perforation (after)

Figure 11: Comparison diagram of before and after perforation optimization.
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exceeded, and the minimum yield stress of the casing is
90.7MPa (139.7mm P110 casing and thickness 10.54mm).
It can be seen from Figure 12 that the fracturing pressure is
70MPa and the max-Mises stress of the casing wall is
77MPa, that is, 85% of the minimum casing yield strength,
which is the reasonable pressure of the designed casing for frac-
turing and the safe fracturing pressure of oil wells in this block.

5. Field Experiments

According to the calculation results, field experiment study on
staged fracturing of 15 horizontal wells in STH M56 tight oil
was done through the application of “horizontal well+staged
multicluster perforation” fracturing technology. The strength
grade of casing is P110, the inner diameter is 121.36mm, the
vertical depth of horizontal well is 2380~2510m, the number
fracturing section of a well is 8~10, the section length of frac-
turing is 40~60m, the fracturing section contains 6~8 clusters,
the distance between the two clusters is 10~15m, the fractur-
ing fluid volume of each section is 1000~1100m3, and the
sand volume is 90~100m3.

The 90° and 270° horizontal fixed plane perforations
were used. During fracturing, with the start and stop of frac-
turing pump with step by step, the step pressure does not
exceed 5MPa. The increased displacement of fracturing
pump is divided into five stages, 3, 6, 9, 11, and 12~15m3/
min; the pressure of every stage is stabilized for one minute.
In the stopped stage, the reduced displacement of fracturing
pump is divided into 15~12, 11, 9, 6, and 3~0m3/min, and
the pressure of every stage is stabilized for one minute. The
maximum pressure of fracturing is 69.3MPa (below design

safety pressure 70MPa), the average pressure of fracturing is
65.7MPa, and the displacement of fracturing is 8~12m3/min.
The field experiments indicate that no casing deformation hap-
pens during the fracturing and production within 1.5 years.

6. Conclusion and Suggestion

(1) The stress reservoir of the STH M56 tight oil has a
relationship of σH > σV > σh. The ratio of the hori-
zontal maximum and minimum stress is 1.2, and
the difference is less than 8MPa. The elastic modulus
is 2:7 × 104 MPa, and Poisson’s ratio less than 0.25

(2) According to the three-dimensional stress model of
the near horizontal wellbore, in M56 basin, the Mises
stress isoline near the well borehole is symmetrically
distributed and has four dangerous points of stress
concentration; a sector-shaped high dangerous stress
zone is formed along the four dangerous points. As
the pumping pressure increases, the vertical Mises
stress first increases and then decreases, while the
horizontal Mises stress first decreases and then
increases. The max-Mises stress at the casing wall
is linearly and positively correlated with the stress
uniformity coefficient. When fracturing pressure is
70MPa, the Mises stress reaches the dangerous stress
of the casing, so pressure of 70MPa fracturing is the
safe pumping pressure for the reservoir casing

(3) The 15 fractured wells in the M56 are perforated at 90°

and 270° in the horizontal fixed plane perforation, and
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Figure 12: Curve of the borehole wall max-Mises stress and stress uniformity coefficient.
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the step type (step pressure ≤ 5MPa) increase or
decrease displacement of the fracturing is used during
the start and stop of the pump, and the injection
pressure of the fracturing process is less than 70MPa
that can effectively prevent the casing deformation of
the horizontal well in the M56
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