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A geometric equation of borehole deformation under stress was deduced
based on the basic theory of elasticity. Subsequently, we established the
quantitative relationship between the in situ stress and geometrical
parameters of borehole deformation. Furthermore, we proposed an in situ
stress prediction model based on borehole deformation. Additionally,
numerical simulations of borehole morphology in different lithologies under
in situ stress were conducted to analyze the deformation effect. Logging
parameters that are sensitive to the shear wave time difference, such as
longitudinal wave time difference, density, and natural gamma radiation,
were selected for training using an artificial neural network (ANN) to predict
the shear wave time difference. The results demonstrated that 1) combining the
theoretical derivation and numerical simulation, the borehole geometry under
stress was quasi-elliptic, and 2) compared with the existing shear wave time
difference curve, the predicted geometry by the ANN was consistent with the
actual geometry. Consequently, compared with the tested data from acoustic
emission, the overall error of the in situ stress predicted using the new method
was less than 9.2%. Moreover, the accuracy of the coal seam was the highest,
wherein the average errors of the maximum and minimum horizontal principal
stresses were 2.01 and 2.56%, respectively, which confirms the feasibility of the
proposed method.
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1 Introduction

In situ stress is the natural stress existing in the stratum
undisturbed by engineering, also known as the initial stress of
rock mass or original rock stress. In situ stress analysis can
intuitively reflect the variation law of in situ stress field in vertical
and plane and provide basic information for drilling engineering
and oil and gas reservoir development (Daniel and Christoph,
2016; Farshid et al., 2020; Zhang et al., 2021; Yang et al., 2022). It
is an important reference for the selection of perforating and
fracturing scale and parameters and prediction of sand
production in production layers (Zou and Kaiser, 1990; Feng
etal., 2019; Ju et al., 2020). In situ stress is the fundamental force
that causes deformation and failure of mining and other
underground engineering; in addition, its magnitude and
direction have a great influence on the stability of the
surrounding rock. Measurement of in situ stress is a necessary
prerequisite for determining the mechanical properties of
stability of the
surrounding rock, and implementing the scientific design of

engineering rock mass, analyzing the
underground engineering excavation.

With the development of oil and gas theory, continuous
exploration and development, unconventional resources, such as
coalbed methane, shale oil, and gas, and tight oil and gas, show
great potential under the existing technical conditions. China is
rich in CBM resources, but the physical properties of coal seams
are poor and the development is difficult. As fracturing is one of
the key technologies to complete the effective production of
CBM, the in situ stress distribution of reservoirs is a necessary
parameter for the design of the fracturing process (Bell, 2006; Ju
etal.,2017; Liu et al., 2021; Shi et al., 2021). In situ stress controls
every link in the process of coalbed methane reservoir formation.
It is the most important factor affecting the permeability of coal
seam and also an important parameter that must be considered
in the fracturing design and well pattern deployment of coalbed
methane wells. Recently, with the increasing development of
coalbed methane resources, it is extremely urgent to develop
accurate and continuous in situ stress prediction methods for
coalbed methane
conventional natural gas, the study of in situ stress in the

industry. However, compared with
research and development of coalbed methane is relatively
weak. It is of great practical significance to explore the
distribution law and influencing factors of in situ stress in
coalbed methane fields for coalbed methane exploration,
development, and safe production.

In situ stress data can usually be obtained by testing,
fracturing, or calculation. Test is the most direct means.
Presently, more and more testing and calculation methods are
available (Ishida and Saito, 1995; Cai et al., 2006; Hikweon and
See, 2018). However, much difficulty exists, such as expensive
cost, limited data acquisition, and the discontinuous profile of in
situ stress. In situ stress measurement methods can be divided
into three categories: 1) mechanical method based on the
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determination of strain and deformation in rock mass, such as
stress recovery, stress relief, and hydraulic fracturing; 2) the
geophysical method based on the measurement of acoustic
emission, acoustic wave propagation law, resistivity, or other
physical parameters in rock mass; and 3) determining the stress
direction according to the information provided by the geological
structure and underground rock mass failure. Presently,
hydraulic fracturing and acoustic emission are widely used in
petroleum and coal methane production (Atsushi et al., 2007;
Wang and Zhang, 2018; Yang et al., 2021). The operation of
hydraulic fracturing is simple and adaptable, whereas it is limited
by the discontinuous data and expensive cost, and time-
consuming nature. The acoustic emission method is a more
accurate test method in the laboratory, which needs to rely on a
large amount of core data, whereas it is limited by in situ stress
data (Khair et al, 2013; Huffman et al, 2016). Therefore,
considering the difficulty and cost of current methods, the
author proposes an in situ stress prediction method based on
the borehole deformation geometry and logging data to achieve
continuous and accurate in situ stress prediction in the
study area.

Borehole will be deformed to some extent by the action of
stress. The geometry of the borehole after deformation reflects
the stress characteristics of the borehole wall. Many studies have
been carried out on borehole deformation under in situ stress.
Kirsch (1898) proposed the Kirsch solution of rock mass stress
and aperture deformation around the borehole, which laid the
theoretical foundation of the in situ stress measurement method
based on aperture deformation. Zoback et al. (1985) statistically
analyzed the relationship between the borehole collapse pattern
caused and in situ stress. Haison and Herrick (1985) conducted
experimental research based on Zoback’s theory and proposed
that borehole deformation is directly related to the stress state.
Wang and Pan (1991) analyzed the borehole deformation under
planar and three-dimensional stress states and derived the
solution formula of displacement of borehole wall under two
stress states. Peska and Zoback (1995) studied the effect of tensile
strength of the surrounding rock on borehole deformation
during drilling. Jaeger et al. (2009) derived the analytical
solution of the displacement of the hole wall of a circular hole
under far-field stress. According to Gough and Bell, the elliptical
borehole is caused by shear fracture in the stress concentration
zone near the borehole wall, with the long axis in the same
direction as the minimum horizontal principal stress (Xu et al.,
2016). The studied the
relationship between borehole displacement and in situ stress

abovementioned scholars have
theoretically, but they have not studied the geometric
morphology characteristics of borehole under stress and the
prediction of in situ stress by borehole geometric morphology
parameters after deformation.

Based on the analysis of the problems existed in the
measurement of in situ stress, we deduced the geometric

morphology equation of borehole under the action of stress
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Derivation of theoretical relation between
in-situ stress and wellbore deformation

Quasi-ellipse geometry of wellbore after
deformation

Establishment of in-situ stress based on
morphological parameters of quasi-ellipse

10.3389/feart.2022.961311

Selection of logging parameters sensitive
to shear wave time difference

Training of sensitive logging parameters
with ANN

Calculation of rock mechanics parameters,
such as Young’s modulus, Poisson’s ratio

Continuous prediction of in-situ stress based on morphological
characteristics of wellbore after deformation

FIGURE 1

Continuous in situ stress prediction flow chart based on borehole deformation characteristics.

theoretically and then confirmed that the shape of a borehole
after deformation is quasi-elliptic. Subsequently, we established
the in situ stress prediction model based on quasi-elliptic
geometric parameters. Finally, we formed the in situ stress
method  based
Considering the lack of shear wave time difference (DTS), we

prediction on borehole deformation.
selected the longitudinal wave time difference (DTC), density
(DEN), and natural gamma (GR) that are sensitive to shear wave
time difference and then established the prediction model of
shear wave time difference (DTS) by training these sensitive
logging parameters with an artificial neural network (ANN) to
obtain the rock mechanics parameter model, namely, Young’s
modulus (E) and Poisson’s ratio (v). The method proposed in this
study is applied to the coal measure strata of Qinshui Basin to
obtain the in situ stress distribution of the No. 3 and No. 15 coal
seams and then analyze the effect of in situ stress on the
permeability of coal seams. The overall idea of this study is

shown in Figure 1.

2 Geological setting

Qinshui Basin is located in the southeast of Shanxi Province,
with a latitude of 35°~38° N and a longitude of 110°00" — 113°50’
N (Fuetal, 2017; Wang et al., 2017; Wu et al., 2020). It generally
extends along the NNE direction in a long axis shape and shrinks
into an ellipse in the middle. The coal-bearing strata in Qinshui
Basin are mainly distributed in the Taiyuan formation of upper
Carboniferous and Shanxi Formation of Lower Permian, which

Frontiers in Earth Science

03

are a set of coal-bearing facies transition deposits developed on
the Ordovician weathering crust. The Taiyuan Formation is
mainly a coastal carbonate platform sedimentary system. The
Shanxi Formation is mainly a fluvial delta sedimentary system.
Qinshui Basin is one of the areas with the highest degree of
coalbed methane exploration and development in China. The
main coal seams are the No. 3 coal seam of the Shanxi Formation
and the No. 15 coal seam of the Taiyuan Formation (Liu et al.,
2014). The studied area is located in the south of Qinshui Basin
(Figure 2). The buried depth of the No. 3 coal seam is
580-1830m. The buried depth of the No. 15 coal seam is
about 200 m larger than that of the No. 3 coal seam.

3 Methods

3.1 Derivation of the theoretical
relationship between in situ stress and
borehole deformation

3.1.1 Borehole deformation under in situ stress

Figure 3 is a schematic diagram of the cross section of the
borehole. A hole of a circular cross-section is drilled with radius »
into the formation. The formation is assumed to be infinite and
elastic, and the borehole is subjected to far-field stress. The stress
is assumed to be positive in the direction of tension and negative
in the direction of pressure, and the coordinate axes coincide with
the direction of principal stress. In the X-Y coordinate system,
the stress can be expressed as
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FIGURE 2
Structural topographic map of Qinshui Basin and the studied area.
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where op;— is the maximum horizontal principal stress, MPa,
and oj,— is the minimum horizontal principal stress, MPa.
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According to the theory of elasticity, the radial displacement

D, and tangential displacement D, of any point Q in the well

hole are
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D, = _(I_Tvz)r [(01 +0) +2 (01 — 03) cos 2 0]
)
2
D= L2 5 (0 — ) sin 2]

E

where E is Young’s modulus (GPa), » is Poisson’s ratio, 0 is
the angle between the radial direction of point Q and the positive
direction of X-axis, and r is the borehole radius.

3.1.2 Quasi-elliptic structure of the borehole
under in situ stress

Assuming that point Q is deformed to point Q' at the
coordinates (X, y), as shown in Figure 4, then

(©)

x = a*cos 0+ D,*cos 8 — D,*sin 0
y=akcosf+ D,*sinf + Dyxcosf |

Substituting Eq. 2 into Eq. 3, after simplification, we
obtain

x=a[1+(3oH—ah)/E]c030}. @

y=a[l+ (30, —0y)/E]sin@

Let

Ayg=all+ (3O'H—0—h)/E]}' (5)

By =all + (30) — on)/E]

Then, Eq. 4 can be expressed as

x=Aoc056}. ©)

¥y = Bysinf

Equation 6 meets the following condition:

2 2
X
< 7

2 2
=cos* 0 +sin“0=1,
Ay B}

™)

which is the standard ellipse equation. However, owing to the
difference in the elastic modulus of rocks, A, and B, vary with the
depth. Therefore, the geometric shape of the circular hole after
deformation under the state of plane stress can be approximated
as an ellipse, namely, quasi-elliptic structure. Theoretically, it is
proven that the borehole morphological structure under stress is
ellipse.

3.1.3 In situ stress prediction model based on
quasi-elliptic borehole shape

Assuming that A and B are the lengths of major and minor
semi-axes of quasi-ellipses, respectively, then when A, > By,
namely, under tensile action, A=A, and B=By; when A, < By,
namely, under compression, A=B, and B=A,. We can solve oy
and oy, by the following equations:

3A0 + BO —4a
oy=————E
8a )
Ao + SBO —4a
op=———E
8a
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For the elliptic borehole, the direction of minimum
horizontal principal stress is along the long axis of the ellipse.
Dual caliper logs can be applied to determine the long and short
axes of the ellipse (Figure 5). C13 corresponds to the long axis of
the elliptical borehole. C24 corresponds to the short axis of the
elliptic borehole.

Young’s modulus E and Poisson’s ratio v are usually
determined by the following equations:

DEN 3DTS? - 4DTC?
T Drs DTS- DIC?’
_0.5x (DTS/DTC)* - 1
~ (DTS/DTC)* -1

®

) (10)

where DEN is the formation density, g/cm?; DTS is the shear
wave time difference, ys - m 5 Eis Young’s modulus, GPa; and »
is Poisson’s ratio.

Density (DEN) and longitudinal wave time difference (DTC)
are two parameters that can be obtained directly from
conventional logging. Shear wave time difference (DTS) is not
available in all wells. It is usually predicted with existing logging
parameters. In this study, the artificial neural network is selected
to train sensitive logging parameters to predict the shear wave
time difference.

3.2 Prediction of shear wave time
difference with artificial neural network

Artificial neural network (ANN) is a powerful tool applied
in the computer field to deal with machine learning problems.
It is widely applied in regression and classification issues
(Husken et al., 2005; Deng et al., 2006; Lin et al., 2021;
Fang et al., 2022). It consists of a large number of simple
processing units called neurons and is developed by imitating
the behavior of the human brain. Same as the human brain,
the neural network collects information from the environment
by “learning process”, forms a network structure of artificial
neurons with hierarchical and connection relationship, and
then simulates the signal transmission between neurons by a
mathematical expression, thereby establishing a nonlinear
equation with input and output relationship as well as
being visualized by the network, which is called the ANN.
Generally speaking, the ANN can fit any nonlinear function
through reasonable network structure configuration; thus, it is
also applied to dispose nonlinear systems or black box models
with a more complex internal expression (Lv et al., 2017;
Behzad et al.,, 2019; Zhang et al., 2020).

3.2.1 Artificial neural network structure

The artificial neural network selected in this study is a multi-
layer feedforward artificial neural network. Its structure is shown
in Figure 6.
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FIGURE 6
Multilayer feedforward neural network architecture.

The relationship between the input and output of the neural
network above is shown in the following equation:

H K
Ymi =S5 [Zﬁhmsl (zakhxki + 91h> + sz:|) I<m<M, (11)

h=1 k=1

where y,,,; is the output of the mth neuron in the output layer
for the ith training sample, xi = [x1i,x2i, ---, xki, --+, xKi] is the
ith training sample, S; and S, are the activation functions of
neurons in the hidden layer and output layer, respectively, f3,,,, is
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the activation for the hth neuron in the hidden layer to the mth
neuron in the output layer, 6, and 6,,, are the threshold of the
hth neuron in the hidden layer and the mth neuron in the output
layer, respectively, and K, H, and M are the number of neurons in
the input layer, the hidden layer, and the output layer,
respectively. From a mathematical point of view, the
multilayer feedforward neural network achieves a mapping
from the input to output. As long as the number of hidden
layer neurons is enough, the multilayer feedforward neural

network can theoretically achieve any complex mapping.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.961311

Fang et al.
TR [ mk
ogging parameters || L -TTTTTTT ST oI Ew
i getng p i iNeutron network training !
g i =
> : 5 i
E K Outlier processing -H-M Sample data !
15 i !
= 1
| 2. I i !
= . R i 1
E Normalization i E !
i [ !
oo 4 i
1 |}
EANEIREAH |
£ e I !
frimem——— o o o e s e e =1 1
| =
] - 5 z = 1
e Model of artificial |4 | Gradient calculation | !
i 3 neutron network i ! !
=] 1 !
e il i
e e e Sy leaad | 1
Rl Ll EESESES =w== | i
AN :
19 I 1
15
e b L 1 ;
i 'é Inverse normalizationft Output value !
13 i i
| H :
] ot Te
! Prediction of shear |} lmmmmmmmmmmmmmmmeee e d
s 1
: wave velocity !
et e ettt e
FIGURE 7

Prediction process of the shear wave time difference with
the ANN.

Shear wave time difference prediction based on the artificial
neural network is completed by selecting the logging parameters
sensitive to the shear wave time difference as samples for learning
and training and then gradually correcting the weight of each
connection, namely, the weighted sum of the bias vector, thereby
making the output of the network gradually approach the
inherent true value.

3.2.2 Prediction of shear wave time difference
based on the artificial neural network

The prediction process of the shear wave time difference
based on the ANN is shown in Figure 7, which mainly consists of
an input layer, a hidden layer, and an output layer. The input
layer performs outlier processing and normalization
(normalization can improve the speed and accuracy of neural
network training) for logging parameters that have certain
correlation with s-wave logging data. Its normalization

formula is

Xi = (Xz - Xmin)/ (Xmax - Xmin)) (1 =12 n)) (12)

where X,,,in and X,,,.x are the minimum and maximum values
of X;, respectively. First, the processed data are input to the
hidden layer. Then, the hidden layer receives the data and
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calculates with the neural network model. Subsequently, the
calculated results are transmitted to the output layer. After
that, the output layer receives the calculated results and
conducts inverse normalization processing. Finally, the
prediction of shear wave time differences is received.

In this study, three wells with complete logging data and
shear wave time difference data were selected for analysis. It was
found that a certain relationship between the shear wave time
difference (DTS) and longitudinal wave time difference (DTC),
natural gamma (GR), and density (DEN) existed with
intersection analysis, as shown in Figure 8. Therefore, DTC,
GR, and DEN were selected as the input of the training network
of the shear wave time difference. Gradually, the weights of their
connections were corrected. Subsequently, the relationship
between them and the shear wave time difference trained with
the neural network was approximated. Thereby, the predicted
shear wave time difference approximating the real value is
regarded as the output. Figure 9 shows the comparison
between the predicted DTS and the measured ones in the
training well. It can be seen that the predicted DTS is in line
with the actual shear wave time difference, testifying that the

prediction results are reliable.

3.3 Numerical simulation of borehole
morphology under stress

The formation around the borehole is highly sensitive to
stress, resulting in the borehole morphology being changed
under stress. In the process of numerical simulation, it is
assumed that the stratum around the hole is isotropic and
homogeneous; in addition, under the action of uniform
horizontal in situ stress, the studied issue is simplified as the
plane strain ones. The geometric size of the model is designed as a
square of 0.2m X 0.2m, with the aperture of hole 0.015m
(Figure 10). The rock physical parameters of the strata are
shown in Table 1.

Mudstone, sandstone, coal, and limestone were selected in
the numerical simulation. The maximum and minimum
the
compressive strength four types of rocks. It can be seen from

horizontal principal stress was set according to
Figure 11, within the scope of the compressive strength, the
geometric morphology of the borehole under the maximum and
minimum horizontal principal stress is an ellipse shape. The
direction of the maximum horizontal principal stress is parallel
with the short axis of the ellipse, which is consistent with the
theoretical derivation. Affected by the influence of in situ stress,
the deformation degree of the borehole wall of mudstone is larger
than that of other lithologies; in addition, the deformation extent
of limestone is the least. Therefore, it is further indicated that the
maximum and minimum horizontal principal stresses can be

predicted according to pore morphology characteristics.
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Comparison between the measured shear wave time difference and prediction in different wells.
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Grid structure of numerical simulation.

4 Results
4.1 Comparison of prediction and test

The method proposed in this study is applied to the
S16 well to obtain the continuous profile of the maximum
and minimum in situ stress in a single well (Figure 12).
According to this profile (Figure 12), the maximum and
minimum horizontal principal stress shows an increasing
trend with depth; in addition, the maximum horizontal
principal stress is greater than the minimum horizontal
principal stress. The mean values of the maximum
horizontal principal stress of mudstone, fine sandstone,
gritstone, coal, and limestone are 21.8, 25.0, 26.3, 33.9, and
40.7 MPa, respectively. The mean values of the minimum
horizontal principal stresses corresponding to these five
lithologies 18.1, 23.1, 239, 30.2, and 34.1 MPa,

respectively. Based on the statistics on the azimuth of the

are
long axis of the ellipse, it is exhibited that the azimuth of the
long axis of the ellipse is 302°-319° thus, the direction of the

maximum principal stress is approximately N30°E (Table 2).

TABLE 1 Setting of petrophysical parameters.

10.3389/feart.2022.961311

By comparing the in situ stress predicted by the new
method with acoustic emission data in the laboratory
(Table 3), it can be found that the average error of the
maximum horizontal principal stress is 6.1% and the
average error of the minimum horizontal principal stress is
7.0%. The average error of the maximum horizontal principal
stress predicted by the new method is greater than that of the
minimum horizontal principal stress. In addition, the error of
different lithologies is also different. The prediction errors of
the maximum horizontal principal stress of mudstone, fine
sandstone, gritstone, coal, and limestone are 5.82, 3.89, 3.27,
2.01, and 2.52%, respectively. The prediction errors of the
minimum horizontal principal stress of these five lithologies
are 8.36, 3.99, 2.53, 2.56, and 3.19%, respectively. The
prediction error of the maximum and minimum horizontal
principal stress of coal in five lithologies is the smallest.
Generally, the average error of the new method is lower
than 9.2%, which can meet the demand of production.

4.2 Distribution of maximum horizontal
principal stress and differential stress

The new method was applied to predict the in situ stress of
the coal seam in 15 wells of the study area. The plane
distribution of the
horizontal principal stress (o —o0y) of No. 3 and No.

in situ stress and difference of
15 coal seams in the study area were obtained by
combining the prediction data of a single well with regional
geological characteristics (Figures 13, 14). It can be seen from
Figures 13 and 14 that the range of the maximum horizontal
principal stress in the No. 3 coal seam is 22.6-39 MPa; in
addition, the range of horizontal principal stress difference is
2.1-7.1 MPa. The variation trend of the maximum horizontal
principal stress and the difference of the horizontal principal
stress of the No. 3 coal seam are higher in the east and lower in
the west from west to east, with the maximum principal stress
40.2 MPa and the difference of horizontal principal stress
(o —o0p) 7.1 MPa. The range of the maximum horizontal
principal stress of the No. 15 coal seam is 20-43 MPa, and the
distribution range of the horizontal principal stress difference
is 1.8-8.8 MPa. The maximum horizontal principal stress is
high in the east and low in the west; in addition, the maximum
horizontal principal stress is 43.6 MPa. However, the

Lithology Young’s modulus/GPa Poisson’s ratio Density/g - cm™ Compressive strength/MPa
Mudstone 9.65 035 249 178.6
Sandstone 12.73 0.32 2.56 208.8
Coal 13.15 043 1.90 2256
Limestone 30.25 0.21 2.79 355.6
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Numerical simulation of the borehole morphology of different lithologies under in situ stress.
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horizontal principal stress difference (o — 0y,) is low in the
east and high in the west, with the lowest value of 1.8 MPa.
The horizontal principal stress difference (oy —o0y) is
negatively correlated with the daily gas production, with a
limit of 5MPa. When the horizontal principal stress
difference (oy — 0) is lower than 5MPa, it is a high-yield
gas area. Therefore, it can be seen that the high-yielding gas
area of the No. 3 coal seam is mainly distributed in the west of
the study area, while the horizontal principal stress difference
(op — op) of the No. 15 coal seam in the northeast of the study
area is greater than 5 MPa; thus, this area is a low-yielding
gas area.
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5 Discussion

5.1 Analysis of applicability of the new
method

Generally, without the interference of external factors, the
three-dimensional in situ stress in the crust is in the
equilibrium state. When the formation is drilled, the in situ
stress around the borehole will be changed rapidly, breaking
the original in situ stress balance and then redistributing.
Owing to the existence of horizontal differential stress in the
formation, the stress concentration in the borehole wall leads
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FIGURE 12
In situ stress prediction profile of well S16.

;é::: 2 Direction of the long axis of ellipse and maximum principal to deformation of the borehole. Theoretical derivation shows
that the geometric morphology equation of borehole

Depth(m) Directi(?n of the Direftion of Fhe_ deformation under stress is an elliptic equation, namely,
l(;llillg;szx(les) of ?,I)ammum principal stress the borehole shape under stress is ellipse. Thus, the quasi-

elliptic shape structure of the deformation of the shaft wall
under in situ stress is applied to calculate the in situ stress.

1,658.5 307.5 29

1666.8 3101 308 Numerical simulation shows that the borehole shape of
16753 3187 315 different types of rocks tends to be a quasi-elliptic shape
1680.8 305.9 302 structure under the in situ stress, which is consistent with
1690.5 3007 305 theoretical deduction. The direction of the maximum

horizontal principal stress is parallel to the short axis of
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TABLE 3 Contrast between prediction by the new method and test by acoustic emission.

Lithology Number Maximum horizontal stress/MPa Minimum horizontal stress/MPa
Prediction Test Error/% Prediction Test Error/%
Mudstone S-M-1 18.7 19.8 5.50 14.5 15.9 8.80
S-M-2 20.1 22.1 8.20 17.6 19.5 8.72
S-M-3 21.6 227 473 19.8 17.1 8.69
S-M-4 22.1 202 8.50 203 18.5 8.78
$-M-5 226 217 3.46 20.8 19.3 7.21
Fine sandstone S-F-1 23.7 22.8 3.79 20.9 19.9 4.75
S-F-2 24.9 253 1.59 21.1 22.1 4.50
S-F-3 25.1 25.9 3.08 228 239 4.60
S-F-4 252 26.1 3.44 23.1 237 2.53
S-F-5 24.7 25.6 351 222 229 0.87
Gritstone S-G-1 25.7 263 2.28 227 21.9 352
S-G-2 259 26.1 0.77 22.1 225 1.78
S-G-3 26.1 26.4 1.13 233 229 1.72
S-G-4 265 27.1 221 234 23.0 1.71
S-G-5 26.8 25.8 373 237 23.1 2,53
Coal S-C-1 275 282 250 25.0 252 0.80
S-C-2 28.1 285 1.41 26.2 26.7 1.87
S-C-3 29.6 28.8 2.70 25.7 239 7.00
S-C-4 32.1 323 0.62 29.9 30.7 3.11
S-C-5 332 337 1.50 30.1 305 131
Limestone S-L-1 35.1 358 2.00 319 325 1.85
S-L-2 363 37.1 2.16 327 338 3.26
S-L-3 36.7 375 213 33.1 343 3.50
S-L-4 389 39.2 0.78 354 36.2 2.20
S-L-5 40.8 419 2.63 339 329 2.95

ellipse, while the direction of the minimum horizontal
principal stress is parallel to the long axis of the ellipse.

For the same lithology, the degree of borehole ellipticity
depends on the maximum and minimum horizontal principal
stress oy and 0y, . When oy/0y, = 1, regardless of the absolute
value of oy or o0y , the borehole will not deform. When
1<opnlo, <3, the borehole will be elliptically deformed under
the horizontal principal stress difference. This is a necessary
condition for the ovalization of a circular wellbore. If the absolute
values of oy and oy, are large and the rock strength is low, the
elliptical deformation is obvious within the range of compressive
strength. Alternatively, when /0, > 3, the wellbore will collapse
and tend to be irregular.

The softer the stratum is, the more elliptical the borehole
shape structure becomes under the action of stress. Therefore, the
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elliptical shape of mudstone under the action of stress is the most
prominent among the five types of rocks: mudstone, fine
sandstone, gritstone, coal, and limestone. The measurement of
borehole diameter is conducted by the formation dip angle and
four-wall borehole diameter logging instrument. The downhole
measuring device consists of four measuring arms, 1-3 and 2-4,
which are perpendicular to each other, located in the same plane
and in close contact with the borehole wall. When the logging
cable is raised from the bottom of the hole, the device rotates at a
rate in the hole, with C13 corresponding to the long axis of the
elliptical hole and C24 corresponding to the short axis of the
elliptical hole. Consequently, the borehole shape structure can be
measured to predict the formation stress.

The method proposed in this study is applied to coal measure
strata in Qinshui Basin, which are mainly composed of
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mudstone, fine sandstone, gritstone, coal, and limestone. By
comparing the in situ stress predicted by the new method
with the ones measured by the acoustic emission method, it is
revealed that the overall error is less than 9%, which meets the
actual needs of the production. Among these five lithologies, the
accuracy of the maximum and minimum horizontal principal
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stress of coal is the highest, with an error of 2.01 and 2.56%,
respectively, followed by fine sandstone, gritstone, and limestone,
and the accuracy of the maximum and minimum horizontal
principal stress of mudstone is the lowest. Although the borehole
structure of mudstone is more elliptic under stress, mudstone
easily expands with low strength when exposed to water. Hence,
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Relationship between the horizontal principal stress and daily gas volume, daily water volume, and permeability.

the instrument will meet much difficulty in the process of
pushing in the mudstone, resulting in measurement errors. As
mudstones are softer, some of the elliptic deformation of
mudstone is owing to hydration expansion rather than stress,
which increases the prediction error. Compared with fine
sandstone, gritstone, and limestone, the hardness of coal is
relatively soft and its strength is relatively low; in addition, its
swelling effect is not obvious when it is exposed to water.
However, the deformation of the coal seam borehole is mainly
due to the in situ stress. Consequently, more accurate in situ
stress data can be achieved by measuring the borehole shape
structure of the coal seam. Due to the large hardness of limestone
is very large, although the hydration expansion effect is very
weak, the limestone borehole will have obvious deformation
caused by the in situ stress in the deeper strata with great in
situ stress. Therefore, the prediction method of in situ stress
based on the borehole deformation proposed in this study is
applicable for deep coal measure strata.

5.2 Sensitivity analysis of coal seam
permeability to in situ stress

Permeability of the coal seam is sensitive to in situ stress. It
can be seen from Figure 15C that the permeability and maximum
principal stress of the coal seam decrease exponentially. The in
situ stress of the coal seam usually increases with the depth.
Affected by the in situ stress, the opening of pore fissure is
difficult and the connectivity is adversely affected, thereby
decreasing the permeability, which is not conducive to the
production of coalbed methane, resulting in reduction of gas
production.

Owing to the difference of regional in situ stress, the
permeability difference between the No. 3 coal seam and
No.
horizontal principal stress of the No. 15 coal seam is

15 coal seam in the study area is obvious. The
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generally greater than that of the No. 3 coal seam;
correspondingly, the corresponding permeability of the No.
15 coal seam is less than that of the No. 3 coal seam. The
higher the permeability, the more favorable the gas flow.
According to Figurel5A, it can be illustrated that the daily
gas flow of the No. 3 coal seam is greater than that of the No.
15 coal seam. The high in situ stress makes the pore structure
of the No. 15 coal seam worse, which is a factor causing the low
daily gas flow of the No. 15 coal seam.

Permeability affects the productivity of CBM of a single
well. The correlation analysis between the horizontal principal
stress difference (o — 05,) and the daily gas and water volume
of a single well exhibits that the daily gas volume is
negatively correlated with the horizontal principal stress
difference (o — 03), while the daily water volume is positively
correlated with the horizontal principal stress difference.
When the stress difference of the coal seam is small, the
stress in the rock is more uniform; moreover, the pore
space is easier to open. Adversely, the pore space, especially
the fissure, in the rock is easy to close. It can be exhibited
that the smaller the in situ stress difference is, the higher the
productivity of the coalbed methane well is, which is consistent
with Figures 13 and 14. It can be seen from Figurel5A that
when the horizontal principal stress difference (o —0y) is
less than 5MPa, the daily gas volume is more than 1000 m’
while when the horizontal principal stress difference ( oy — o)
is more than 5MPa, the daily gas volume is less than 1000 m”.
The horizontal principal stress difference (o — 0y) affects the
fracturing effect of coalbed methane. The larger the horizontal
principal stress difference (oy —o0y) is, the stronger the
longitudinal penetration capacity of pressure fracture is. The
horizontal principal stress difference of the No. 15 coal seam
is greater than that of the No. 3 coal seam. The fracture of
the No. 15 coal seam runs through the adjacent water layer,
increasing the hydraulic fracture height of upper and lower
seams, resulting in serious

escape loss of single-well
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gas production and sharp increase of water production.
Consequently, the daily gas production of the No. 3 coal seam
is greater than that of the No. 15 coal seam, while the
corresponding water production is lower than that of the No.
15 coal seam. In the coal seam area with a high principal
stress difference value, it is suggested to adopt small-scale
plugging to re-fracturing, namely, fracturing with small fluid
volume, small displacement, and low sand intensity.

6 Conclusion

1) Based on the theory of elasticity, this study deduces the
geometric morphology equation of a borehole under the
action of in situ stress. We verified that the borehole shape
under in situ stress is a quasi-elliptic structure through
numerical simulation and evaluated the feasibility of the
method of predicting in situ stress with quasi-elliptic
geometric parameters.

2) The DTS was sensitive to the DTC, GR, and DEN logging
parameters. Based on the sensitive logging parameters, the
predicted DTS with a multi-layer feedforward ANN is
significantly in line with the measured values, which
provides accurate rock mechanical parameters for in situ
stress prediction.

3) The comparison between the in situ stress prediction of the
coal measure strata by the new method and the acoustic
emission test shows that the average error of the maximum
and minimum horizontal principal stresses predicted by the
new method is less than 9.2%, which meets the production
demand. Compared with the prediction results of mudstone,
fine sandstone, gritstone, and limestone, the new prediction
method achieved the smallest average error in the coal seam,
whose value was 2.15%.

4) The gas production of CBM wells in the study area is
highly correlated with the distribution law of in situ stress.
The maximum horizontal principal stress and horizontal
principal stress difference were inversely proportional
to the When the
principal stress difference was less than 5 MPa, the daily

daily gas production. horizontal
gas production was more than 1,000 m* otherwise, it
was less than 1,000 m’. The No. 3 coal seam presents a
high-yield gas area west of the study area, while the No.
15 coal seam presents a high-yield gas area east of the

study area.
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