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Abstract: Deep borehole cores are an important material basis for understanding deep stress condi-
tions and rockburst risk; however, the complex environment of deep boreholes poses many challenges
to traditional core orientation techniques, thus limiting the application of cores in fields such as in
situ stress measurement. A technical method of restoring the original spatial attitude of nonoriented
geological cores on the ground was proposed based on the inherent “trajectory projection consis-
tency” relationship between the borehole and the corresponding core. A prototype machine of core
ground reorientation was developed. Using this method and machine, ground reorientation was
performed on cores drilled from the deepest shaft in China. Subsequently, the reoriented core acoustic
emission (AE) method was conducted to identify the in situ stress within the project area. Meanwhile,
measurement accuracy was verified by the stress relief method. The results show that the in situ
stress distributions, including the azimuth and the trends in principal stresses by the two methods,
are in good agreement and indicate that the historical maximum principal stress in the case of the
mine has little abrupt variability with that of the present day. The research results can be used as the
design basis for the safe construction of the deepest shaft.

Keywords: core orientation; in situ stress measurement; acoustic emission; stress relief; deep borehole

1. Introduction

In recent years, the exploitation of mineral resources in most countries has gradually
moved to greater depths (from 1 to 5 km) [1,2]. With the increase in mining depth, high in
situ stress generates an increased risk of rockburst and seismicity [3] and brings significant
challenges to the excavation and support of engineering structures [4–9]. To understand
the distribution of stress conditions and the possibility of rockburst in the crust for the
scientific design and excavation of deep engineering structures, it is necessary to conduct
deep in situ stress measurement [10–14].

In the process of in situ stress measurement, deep geological drilling is a necessary
tool to obtain measurement space and rock cores to understand information about the
deep strata [15,16]. In particular, the drilled rock core is the material basis that must
be collected for geological research and mineral exploration. In the past, only sufficient
sampling rate and representativeness of the core were required, regardless of its true
orientation, so the cores extracted were mostly nonoriented [17,18]. However, in modern
refined underground engineering research, it is sometimes required to collect oriented
cores or reorient the cores on the ground [19,20]. The so-called oriented core is extracted
from the bottom of the borehole and can be restored to its original underground spatial
orientation. After the original orientation of the core is determined, not only can the
occurrence information of geological structures (including faults, joints, schisms, crevices,
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and other planar structures) be acquired [21], but geological characteristics such as tectonic
stress fields can also be obtained.

Core orientation is difficult. For many years, many scientific and technical personnel
have been exploring precise, simple, convenient, and economical orientation techniques.
The main methods at present are: (1) Oriented core barrel technology uses a scoring tool to
cut three V-shaped grooves in the core, and a camera on the scoring tool cooperates with
a magnetic compass to read the direction of the grooves [21,22]. A basic requirement of
this method is that a nonmagnetic drill bit must be used (to avoid interference with the
magnetic compass). In addition, the orientation accuracy of this method also depends on
the curvature of the groove [23]. (2) The dipmeter orientation method is oriented by the
direction of the maximum inclination of the strata appearing within the core [22]. The
prerequisite for the application of this technique is that there must be an identifiable struc-
tural surface on the core, and its dip angle must be steep enough. If the dip angle of the
structure is horizontal or close to horizontal and the borehole is vertical, the original spatial
orientation of the core cannot be determined. (3) The borehole imaging orientation method
refers to the use of special instruments to obtain features on the borehole wall [24–29], and
compare the feature with the drilled core, to achieve core reorientation [30,31]. However,
this technique requires a set of specialized, expensive instruments and warrants profes-
sionals to perform operations in the borehole. Its orientation accuracy depends on the
cleanliness of the borehole wall and the clarity of the image obtained by the instrument.
(4) The paleomagnetic orientation method is aimed at obtaining the viscous remanence
component before and after demagnetization by thermal demagnetization or alternating-
current demagnetization [32–35]. The coordinates of the core are converted to geographic
coordinates, and the direction of the viscous remnant magnetic component is compared
with the direction of the magnetic field in the geographic coordinate system to complete
core orientation [36]. The particular advantage of the paleomagnetic orientation method is
that reorientation can be achieved using only the core itself [32].

Oriented cores play many roles in geological engineering practice and become an
important support for in situ stress measurement [37,38]. Therefore, many scholars have
suggested core-based methods to estimate the magnitude and orientation of in situ stress,
one of which is the acoustic emission (AE) method [37,39–44]. The AE method has the
advantages of low cost, strong controllability, and less restrictive conditions [41,45,46].
Provided that a core from a certain depth can be obtained, in situ stress testing can be
conducted; however, the AE method requires a known spatial orientation of the core to per-
form in situ stress measurement. The existing core orientation technique has disadvantages
such as high cost and complex operation, which results in many deep cores that cannot
be oriented, thus limiting the widespread application of core-based methods such as the
AE method.

In this study, based on the inherent essential relationship between geological drilling
and cores, a new core orientation method combining drilling trajectory projection and rota-
tion calibration was proposed. Using this method and the developed prototype machine,
ground reorientation was performed on cores drilled from −950 to −1550 m in the deepest
shaft in China. Furthermore, in situ stress measurement was carried out by combining the
reoriented cores with the AE method, and the measurement results were verified by the
stress relief method. This research innovation could provide a solution for measuring in
situ stress based on deep nonoriented cores.

2. Drilling Trajectory Projection and Core Orientation Technology
2.1. Theoretical Basis

(1) Absolute bending principle of drilling trajectory

In the process of conventional core drilling construction, the drilling process of the
bit will be affected by geological and technological factors, and the drilling trajectory
often deviates from the pre-set trajectory. In the traditional sense, the straightness of
straight boreholes is only a relative straightness that ignores the influences of the inclination
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accuracy error and the measurement density, while the bending of the drilling trajectory
curve is absolute. That is, provided the accuracy of the measuring instrument (borehole
inclinometer) is sufficient, the small change values of the apex and azimuth angles on the
borehole trajectory can be measured, and the bending change of the borehole in space
is determined.

(2) Consistent bending principle of drilling trajectory and core axis

The current core drilling generally uses diamond or cemented carbide annular drilling
tools, which are rotated in the rock formation to obtain the core. In this way, the borehole
and the corresponding core are always concentric cylinders with a common axis, and the
drilling trajectory and core axis are coincident in spatial coordinates. Due to the drilling
trajectory showing a gradual and continuous change from the upper end to the lower end,
the deformations of the borehole and the core exhibit consistent bending characteristics.

(3) Uniqueness principle of matching the spatial attitude of the borehole and the core

The axis of the borehole coincides with the axis of the core, and the trajectory of its
axis is a changing spatial curve. Even for a short section of the core, the tilt or bending
parameters (including depth, apex angle, and azimuth angle) of each point on the axis
trajectory are different in space. If the core is restored to the original posture in the borehole,
the apex and azimuth angles of each point on the borehole axis and the corresponding core
axis must be the same, which means that the borehole axis and its corresponding core axis
match uniquely in three-dimensional space.

2.2. Establishment of Drill-Core Spatial Attitude Model

Based on the above principles, a physical model of borehole-core bending space
attitude is established (Figure 1). The model is described thus: a borehole is drilled from
top to bottom in the rock formation, and at the same time concentric core pillars with
overlapping axis trajectories (due to rock structure, joints, cracks, and recurrences, the
core pillars will break and decompose into several small core sections) are obtained. The
borehole is affected by some external factors during the drilling process, and its actual
trajectory deviates slightly from the pre-set trajectory. The space curve CD in Figure 1 is
the characteristic trajectory of the axis that characterizes the bending of the borehole. The
changing values of apex angle and azimuth angle can be determined by a high-precision
borehole inclinometer. Two points O and O′ on the spatial curve CD are taken, and their
tangents are drawn through these two points. In this way, the angle between the tangent
and the vertical is the apex angle, and the angle between the tangent and the north line
after being projected on the horizontal plane is the azimuth angle, so the azimuth and apex
angles of points O and O′ are (α1, θ1) and (α2, θ2). The apex and azimuth angles of the two
points on the axis track change; that is, the borehole is bent.

The core axis trajectory coincides with the drilling trajectory, so the core is bent in line
with the borehole. The bending parameters of the borehole axis trajectory can be measured
using a dedicated borehole inclinometer, but because the axis of the core is hidden within
the core, it is not easy to use the instrument directly to measure the bending accurately and
make obvious direction markings. Therefore, how to elucidate the bending feature of the
core axis on the surface of the core will be discussed below.

According to the actual drilling conditions, the three-dimensional drilling trajectory
can be considered as the connection of two-dimensional line segments in the countless
azimuth planes (α1 ≈ α2). Taking the core drilling at a certain depth and azimuth as an exam-
ple, the drill bit at the bottom of the hole is mainly subject to the combined effect of drilling
force (along the axial direction FA) and increasing-inclination (or decreasing-inclination)
force (along the radial direction FR)) during the drilling process without considering the
rotating state [47]. The combined active force leads to the bending of the drilling trajectory,
and the actual drilling trajectory of the borehole can be divided into increasing-inclination
or decreasing-inclination states, as shown in Figure 2. Further, as the bit is drilled from
axis sections A-A′ to B-B′ of a borehole, the borehole axis (core axis) is bent within the 2D



Minerals 2022, 12, 521 4 of 17

intersection plane of forces FR and FA. The shortest drilling arc (Lmin) and a longest drilling
arc (Lmax) are formed on the core surface in the moving paths of the combined active force,
and the direction of arcs Lmin and Lmax is consistent with the drilling direction.
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As shown in Figure 2, the normal lines l and l′, passing through points O and O′

respectively, are perpendicular to the tangent of the drilling direction in the 2D intersection
plane of forces FR and FA. The normal line and the outer surface of the core produce two
intersection points, which are the intersection of the cutting circle of bit and the combined
active force plane. Similarly, the same method is used to cross each point on the CD to
make the normal line, and the intersection point is produced with the outer surface of the
core. Then, the two sets of intersection points on both sides of the core are connected into
bending curves. The bending curves on the core surface are parallel to the drilling trajectory
and are located on the same spatial surface, which can represent the bending characteristics
of the core, as does the drilling trajectory (herein, they are referred to as the datum curve of
the orientation). According to the changing trend of the apex angle of each point on the
datum curve, it can be defined: from top to bottom, if the apex angle changes from small to
large, the core bending feature is defined as concave; if the apex angle changes from large
to small, then the core bending feature is defined as convex. According to the definition
of the spatial azimuth, regardless of the concave or convex type, the upper datum curve
of the orientation rotates its own azimuth value counterclockwise and coincides with the
north line (the azimuth value of the lower datum curve is different from that of the upper
datum curve by 180◦).

The method for determining this directional reference generatrix on the surface of the
core is described below. As shown in Figure 3, passing through points O and O′ on the
core axis trajectory, two normal cross-section circles are cut from the core, namely circles
O and O′. Their dip angles are equal to the apex angles (θ1, θ2) of the center points, and
the azimuth angles are α1 and α2, respectively. We project the circle O’ onto the plane
where circle O is located, and the center of the two circles will deviate with an offset angle
(α1 − α2 ≈ 0). At this time, the concentricity correction rotation method is used to rotate
the projection of circle O′ projection around O. The displacement detection point N is
set on the outside, and the displacement data of each point on the surface of the core
are synchronously recorded when the core is rotating. According to the displacement
data, the maximum displacement point E and the minimum displacement point F can be
determined (the intersection of the extension line of points O and O′ and the projection
of circle O′ projection can draw the largest and smallest radius circles, respectively), the
corresponding rotation angle is recorded, and points E and F on the core are marked.
Then, the position of the displacement detection point N is changed along the core drilling
direction, and the core is rotated and measured multiple times to attain multiple sets of
maximum displacement points and minimum displacement points on the outer surface
of the core. Two datum curves of the orientation can be identified by connecting all the
points with the maximum displacement and the points with the minimum displacement.
According to the principle of plane projection, the azimuth angle of the upper datum
curve is the same as the azimuth angle of the core section. The core is rotated to rotate
the upper datum curve counterclockwise by an azimuth angle. Then, the line on the core
corresponding to the rotated upper datum curve is the north line. This orientation (north
line) is marked to complete the ground reorientation of the core.
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3. Implementation of Drilling Trajectory Projection and Core Orientation Technology
3.1. Development of the Core Orientation System

A ground orientation test system was established according to the theory of drilling
trajectory projection and core orientation technology, as shown in Figure 4. This system
mainly consists of a rotary chuck, core clamping jaws, metal base, displacement sensor,
laser indicator light, monitoring device, and test computer. After the test system was
established, its angle was calibrated to ensure that the rotation angle of the rotary chuck
was synchronized with the displacement monitoring software (YXW-0, Central South
University, Changsha, China).
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3.2. Method and Process of Core Orientation

Using the core orientation system to orient geological cores, the steps are described
as follows:
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(1) We connected the test system, screwed the claw on the rotary chuck, and clamped the
core so that the axis of the upper-end face of the core coincided with the axis of the
chuck. Then, the displacement sensor was closed to the core surface, the displacement
and rotation angle monitoring software was opened, and the rotary chuck handle
was shaken to drive the core to rotate from the initial position. The displacement
measuring device synchronously measured the displacement data of each point on
the core surface relative to the chuck axis during the rotation of the core.

(2) The software was employed to solve the displacement peak point and valley point,
and the corresponding rotation angle of the peak point and valley point on the rotary
chuck (the angle scale was engraved on the rotary chuck) was recorded. When the
displacement reached the peak point and valley point, the contact point between the
spherical probe of the displacement sensor and the core surface was marked.

(3) Multiple displacement peak points and displacement valley points can be obtained
by changing the position of the displacement sensor relative to the core and making
multiple measurements. Connecting these points can obtain two marking lines: one is
the upper datum curve of the orientation, and the other is the lower datum curve of
the orientation.

(4) The laser indicator can shoot a vertical beam of light; we aimed it at the core and
illuminated the corresponding datum curve. Then, we rotated the upper datum curve
to the counterclockwise direction by an azimuth angle. Thus, the light shining on the
core by the laser indicator is the north (N) line. This line was marked, and the core
was oriented.

4. In Situ Stress Measurement by Reoriented Cores AE Method

The essence of AE is the closure or expansion of microdefects in the rock under
the action of external load. When the rock is stressed, microcracks corresponding to the
magnitude and direction of the applied load are generated. When the force on the rock
again is less than the force that caused the crack earlier, the crack or defect will not develop
further, and fewer AE events will be stimulated. Once the stress on the rock reaches or
exceeds the earlier stress, the crack or defect will expand, and a large number of AE events
will occur (the Kaiser effect [48]). The turning point from low AE to high AE is called the
Kaiser effect point, and the stress corresponding thereto is the maximum stress previously
experienced by the rock. Using this feature, test specimens are processed in multiple
directions to determine the stress corresponding to the sudden increase in AE, which is
then combined with the calculation formula to obtain the three-dimensional in situ stress.

4.1. Sample Preparation and Experimental Equipment

The core samples for the in situ stress test were taken from the JCK-1 deep geological
borehole (−1550 m) near the new main shaft of Xincheng Gold Mine in Shandong, China.
The design depth of the new main shaft is 1527 m, and the diameter of the shaft is 7.5 m.
After completion, it will become the deepest shaft in China. At present, there are still a series
of technical bottlenecks in the construction of deep shafts below 1500 m. The rockburst
induced by high in situ stress is one of the most prominent problems. To measure the in situ
stress of the deepest shaft, seven measurement points at different depths such as −950 m,
−1050 m, −1150 m, −1250 m, −1350 m, −1450 m, and −1550 m were selected, and deep
nonoriented cores were collected, as shown in Figure 5. In order to ensure the accuracy
of the orientation, we carried out the following work during the core preparation process.
First, during operation in the field, a wireless digital compass inclinometer was usually
used to measure the borehole inclination per 10 cm, enabling an accurate description of
the drilling trajectory. Then, only the cores with homogeneous lithology and integrity
structure were selected as test specimens, which usually suffer from small local variations
of stress and normal deformation recovery. In addition, during the reorientation process,
the accuracy of the core feature data was judged by checking the azimuth deviation between
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the upper datum curve of the orientation and the lower datum curve of the orientation,
and only the cores that met the deviation requirements were selected for reorientation.
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After the reorientation of the core according to Section 3, the suitability of the geological
setting and the core properties were evaluated, and the circumferential P-wave velocity
measurements were carried out on cores at different depths using the AST function of
the AE instrument. Based on the above results, it was roughly determined that the main
direction of the regional historical in situ stress is the east–west direction, which is used
to guide the sampling direction of the AE specimens. Then, we drilled three or four
small cylindrical specimens measuring 25 mm in diameter × 50 mm in height, oriented
at V, 0◦, 45◦, and 90◦, as shown in Figure 6. Each specimen was finely polished to the
required flatness.
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The MTS815 rock material testing machine that can provide a maximum axial load
of 2600 kN was used. In addition, it was also equipped with the American PCI-2 AE test
system. The load and displacement data of the MTS815 testing machine were introduced
into the AE test system as external parameter signals. After debugging the two data streams,
the load and AE data were acquired simultaneously, which is convenient when identifying
the Kaiser point, as shown in Figure 7.
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4.2. Test Scheme

The loading and unloading tests on the specimens were conducted based on the
incomplete erasion phenomenon of AE activities [49]. When loading, the displacement
control mode was adopted; the displacement rate was set to 0.12 mm/min, and that
during unloading was set to 0.35 mm/min. The maximum stress imposed by the first
loading regime was higher than the estimated value of the original stress on the rock. Two
AE probes were used, which were fixed on the axisymmetric sides of the specimen for
dual-channel AE signal acquisition. The contact surface between the probe and the rock
specimen was coated with petroleum jelly. The contact surface of the loading head was
also coated with petroleum jelly to reduce the noise generated by the end effect. The noise
threshold of the AE test system was set to 45 dB, and the AE data acquisition frequency
was set to 1 MHz.

4.3. Test Results

According to the test method above, a comprehensive analysis for determining the
Kaiser stress was performed with the tangent method [50,51], and the corresponding Kaiser
effect point of the rock specimen was obtained, as shown in Table 1 after sorting.

The stress applied at the Kaiser point in the vertical direction is regarded as the in situ
stress in the vertical direction of the point. The magnitude and direction of the maximum
horizontal principal stress and the minimum horizontal principal stress are calculated
based on the analysis of plane stress state [52]. It is assumed that the normal and shear
stresses on a core section are σβ and τβ. The angle between the direction of σβ and the north
direction is β. The direction of normal compressive stress is positive. Thus, the following
equilibrium equations can be established:{

σβdS + (τENdS sin β) cos β− (σEdS sin β) sin β + (τNEdS cos β) sin β− (σNdS cos β) cos β = 0
τβdS− (τENdS sin β) sin β− (σEdS sin β) cos β + (τNEdS cos β) cos β + (σNdS cos β) sin β = 0

(1)

where σN is the Kaiser point stress in the north direction (0◦), σE is the Kaiser point stress
in the east direction (90◦), τEN is the shear stress in the east–north direction, and τNE is the
shear stress in the north–east direction.
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Table 1. Kaiser effect point result.

Drilling
Depth

(m)

Kaiser Point Stress in the
Vertical Direction (Mpa)

Kaiser Point Stress in the Horizontal Direction (MPa)

σN (0◦) σNE (45◦) σE (90◦)

Actual
Value

Average
Value

Actual
Value

Average
Value

Actual
Value

Average
Value

Actual
Value

Average
Value

−950

26.61

26.41

14.91

15.52

19.45

19.48

32.95

31.78
26.45 15.51 18.19 29.93
26.18 16.11 20.87 29.27
—— 15.55 19.43 34.96

−1050

28.01

29.22

17.76

18.56

24.41

23.83

40.32

40.45
30.66 17.68 24.36 41.65
29.00 19.74 23.65 40.06
—— 19.07 22.89 39.75

−1150

32.49

33.33

16.32

16.82

24.25

24.15

36.71

35.19
33.13 18.91 23.74 37.73
34.36 17.44 24.58 34.45
—— 14.63 24.01 31.85

−1250

34.21

34.25

19.28

19.49

20.03

20.73

37.61

36.30
35.19 17.99 23.30 36.44
33.36 19.36 18.93 36.89
—— 21.34 20.66 34.28

−1350

36.84

35.98

18.71

18.20

23.43

22.47

37.33

39.48
35.43 19.86 21.55 38.82
35.68 16.31 20.79 40.68
—— 17.91 24.14 41.09

−1450

40.51

40.01

17.96

17.54

17.38

18.31

34.88

37.11
40.05 20.30 16.62 35.07
39.46 16.19 20.85 39.24
—— 15.72 18.39 39.24

−1550

42.01

40.95

23.91

19.16

21.09

22.72

37.61

43.17
40.84 20.05 22.62 45.65
40.02 15.30 19.38 43.84
—— 17.37 27.79 45.57

According to the equality theorem of shear stress, the values of τEN and τNE are equal,
and Equation (1) can be simplified to Equation (2) as follows:{

σβ = σN+σE
2 + σN−σE

2 cos 2β− τEN sin 2β

τβ = σE−σN
2 sin 2β− τEN cos 2β

(2)

According to the definition of the maximum and minimum principal stress, the shear
stress τβ on the principal plane is 0. Therefore, the angle of the principal stress can be
determined according to Equation (3) as follows:

tan 2β =
2τEN

σE − σN
(3)

After substituting the three-directional Kaiser point stress, Equation (2) can be simpli-
fied as follows:

τEN =
σN − 2σNE + σE

2
(4)

where σNE is the Kaiser point stress in the north–east direction (45◦).
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By combining Equation (3) with Equation (4), the following can be obtained:

tan 2β =
σN − 2σNE + σE

σE − σN
(5)

The solutions of Equation (5) are the directions of the maximum and minimum princi-
pal stresses as follows:

β =


arctan( σN−2σNE+σE

σE−σN
)

2

90 +
arctan( σN−2σNE+σE

σE−σN
)

2

(6)

After substituting the above solutions into Equation (2), the specific values of the
maximum and minimum principal stress can be obtained.

σH
σh

}
=

σN + σE
2

+
σN − σE

2
cos 2β− σN − 2σNE + σE

2
sin 2β (7)

where σH is the maximum horizontal principal stress, σh is the minimum horizontal
principal stress, and β is the angle between the azimuth of the maximum horizontal
principal stress and the north direction.

The calculated results are summarized in Table 2.

Table 2. In situ stress test results.

Measuring Point
Depth (m)

Vertical Principal
Stress

σv (MPa)

Self-Weight Stress
σz (MPa)

Maximum
Horizontal

Principal Stress
σH (MPa)

Minimum
Horizontal

Principal Stress
σh

(MPa)

Azimuth Angle of
Maximum
Horizontal

Principal Stress
β (◦)

−950 26.41 26.46 32.78 14.52 283.57
−1050 29.22 29.16 41.83 17.18 283.70
−1150 33.33 31.86 35.37 16.64 275.72
−1250 34.25 34.56 38.95 16.85 290.22
−1350 35.98 37.26 41.23 16.44 285.43
−1450 40.01 39.96 40.63 14.02 291.33
−1550 40.95 42.66 45.84 17.56 287.55

4.4. Distribution of In Situ Stress

(1) The vertical principal stress increases nearly linearly with the increase in borehole
depth, which is consistent with the self-weight stress at that burial depth (Figure 8a).

(2) The directions of the maximum horizontal principal stress at different depths are
similar, ranging from 275.72◦ to 291.33◦ (Figure 8b).

(3) The in situ stress in the area in which the borehole is located is mainly horizontal
tectonic stress. In different soundings of the borehole, the maximum stress is the
maximum horizontal principal stress, and the intermediate principal stress is the
vertical stress. With the further increase in drilling depth, the dominant role of the
horizontal tectonic stress field decreases, and the self-weight stress field increases
(Figure 8c). The maximum horizontal principal stress generally shows an increasing
trend with the increase in borehole depth. It is worth noting that, at the depth of
−1050 m, the maximum horizontal principal stress shows a sudden increase, reaching
41.83 MPa. Under this high stress level, the core discing phenomenon occurs in the
borehole, as shown in Figure 9. This finding indicates that the maximum horizontal
principal stress undergoes unstable changes in this area and may have geological
structural reasons underpinning this.
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5. Comparison and Verification

To verify the accuracy of the in situ stress measurement by the core reorientation
technology and the AE method, six measuring points were selected from a burial depth of
−860 m to −1060 m in Xincheng Gold Mine, and the Swedish LUT in situ stress testing
system was used for in situ stress measurement by the stress relief method, as shown in
Figure 10. The results of in situ stress measurement are summarized in Figure 11.

The maximum horizontal principal stress, minimum horizontal principal stress, and
vertical principal stress at each measuring point were calculated using the linear function
fitting obtained from the AE method. The two sets of data were compared and analyzed,
as shown in Table 3.

Figure 11 indicates that the inclination angle of the maximum principal stress σ1 at a
depth of −860 m is 4.56◦, which is a horizontal stress. As the depth increases to −1060 m,
its inclination angle reaches 13.75◦; it remains a quasi-horizontal stress, but its vertical stress
component increases significantly. It can be seen from the changing trend in σ1 that, as the
depth increases, the effect of the stress in the vertical direction gradually increases. This is
consistent with the data measured by the AE method. The azimuth angle of the maximum
principal stress σ1 at each depth is between 260.34◦ and 284.58◦, and the azimuth angle of
the maximum horizontal principal stress measured by the AE method is between 275.72◦

and 291.33◦. The azimuth angles of the maximum principal (or horizontal principal) stress
measured by the two methods are similar.
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Figure 10. Stress relief process: (a) drilling and cleaning; (b) installing strain gauge probe; (c) stress
relief and data acquisition; (d) obtaining core tube; (e) confining pressure calibration; (f) in situ
stress calculation.

Table 3. Data comparison between the two methods.

Depth
(m)

Maximum Horizontal Principal
Stress σH (MPa)

Minimum Horizontal Principal
Stress σh (MPa)

Vertical Principal Stress σv
(MPa)

AE Stress
Relief

Deviation
(%) AE Stress

Relief
Deviation

(%) AE Stress
Relief

Deviation
(%)

−860 27.815 33.110 −16.0 11.606 14.468 −19.8 23.713 21.345 +11.1
−860 27.815 32.374 −14.1 11.606 14.528 −20.1 23.713 21.688 +9.3
−925 29.687 35.292 −15.9 12.314 19.944 −38.3 25.479 25.079 +1.6
−970 30.983 36.788 −15.8 12.805 22.349 −42.7 26.690 26.919 −0.9
−1060 31.125 42.112 −26.1 13.786 16.856 −18.2 29.111 28.234 +3.1
−1060 31.125 41.803 −25.5 13.786 24.311 −43.3 29.111 29.128 −0.1

The three principal stresses measured by the stress relief method are listed in Table 3.
After comparison with the results measured by the AE method, the principal stresses
measured by the two methods are shown to be consistent, and the trends therein are in
good agreement. The vertical principal stress error is the smallest, and the error is almost
negligible. The average deviation of the maximum horizontal principal stress is −18.9%.
The minimum horizontal principal stress error is relatively large, and the average deviation
is −30.4%, which may be due to errors in the measurement process, complex geological
conditions, and that the AE method does not consider shear stress. Although there are
certain errors, the results measured using the two methods are acceptable.

In summary, the measured in situ stresses found using the combination of core ori-
entation and the AE method are in good agreement with those measured by the stress
relief method. In particular, the magnitude of the vertical principal stress, the azimuth
angle of the maximum principal stress, and the trends in the three principal stresses are in
good agreement.
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6. Conclusions

A nonoriented geological core reorientation technique based on the drilling trajectory
projection principle was proposed, and a core orientation system was established based
on this technique. The system was used to reorient cores taken from ultradeep geological
boreholes, and then the AE method was adopted to measure the in situ stress on these
cores. The in situ stress measurement by the stress relief method was also conducted in a
mining area where the ultradeep borehole was located, which could verify the reliability of
the new technique. The following conclusions can be drawn:

(1) The core in an ultradeep geological borehole was reoriented using the developed
nonoriented geological core reorientation technology and test system. This technical
method only requires the geological core as the test sample without redundant op-
eration in the process of drilling. The utility model has the advantages of low cost,
simple operation, and strong applicability.

(2) To obtain the in situ stress distribution of the deepest shaft of Xincheng Gold Mine, the
cores collected from a −1550 m ultradeep geological borehole in the mining area were
reoriented, and then the in situ AE stress measurement method was conducted. The
measured results show that, as the depth increases, the in situ stress field gradually
changes from one dominated by horizontal stress to one dominated by vertical stress;
the vertical principal stress and the maximum horizontal principal stress increase with
the increase in the burial depth. At a depth of −1550 m, all of them exceed 40 MPa,
reaching a high level of in situ stress; the azimuth angles of the maximum principal
stress are all around 283◦.

(3) To verify the accuracy of the in situ stress results measured by the combination of the
core orientation technology and the AE method, six measuring points were selected
for in situ stress measurement by the stress relief method in Xincheng Gold Mine.
The results imply that the three-dimensional in situ stress results measured by the
two methods are in good agreement. This proves that the core orientation technology
combined with the AE method is reliable in measuring the in situ stress in the area
of interest.
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