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Abstract

In-situ stress measurement is an important prerequisite for underground engineering excavation design and surrounding
rock stability analysis. However, it is still a difficult problem to complete in-situ stress measurement quickly and accurately,
especially in deep vertical borehole with more complex environment. Aiming at the existing problems, a new in-situ stress
measurement method is proposed in this study. The principle of in-situ stress calculation based on the borehole diametrical
deformation analysis is established, and a borehole diametrical deformation measurement equipment which can realize
the directional measurement of multi-directional borehole wall displacement is developed according to this principle. The
traditional single action double-tube drilling tool is optimized, and the corresponding in-situ stress measurement process
is formulated, forming a rapid in-situ stress measurement method with the cooperation of drilling tools. The measurement
method has been applied to the in-situ stress measurement at — 410 m and — 500 m levels in Zhangfushan deposit of Jinshan-
dian Iron Mine, and effective diametrical deformation data of 6 measuring points were obtained. The measurement results
show that the optimized single action double-tube drilling tool has the ability of accurate drilling and complete coring, and
can assist in the rapid measurement of in-situ stress. The principal stress at the 6 measuring points basically increases with
the increase of depth, and the direction of the maximum horizontal principal stress is about SN, which is basically consist-
ent with the existing in-situ stress data. The results show that the method proposed in this paper can realize the rapid and
accurate measurement of in-situ stress in vertical borehole.

Highlights

e A principle for calculating in-situ stress based on the analysis of diametrical deformation characteristics of boreholes has
been established.

e A device has been developed that can measure diametrical displacement of borehole in multiple directions.

e The method was used for in-situ measurement and the accuracy of the measurement results was verified through historical
data.

Keywords In-situ stress measurement - Borehole diametrical deformation - Borehole cross-sectional shape - Diametrical
deformation measurement equipment - Double-tube drilling tool

1 Introduction

In-situ stress is the natural stress existing in the stratum
without engineering disturbance, and it is one of the most
important parameters in rock mass engineering (Vazaios
et al. 2019; Li 2021; Layer 1997). With the economic devel-
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kilometers (Pang et al. 2015; Zhang et al. 2016; Xie et al.
2019). In deep engineering, high in-situ stress exists widely,
which seriously threatens the safety of engineering con-
struction projects (Oreste 2005; Li et al. 2014; Ptacek et al.
2015; Feng et al. 2019). Therefore, accurate in-situ stress
measurement is a prerequisite for underground engineering
construction.

The in-situ stress measurement methods mainly include
stress relief method (Sjoberg et al. 2003; Mukai et al.
2007), hydraulic fracturing method (Haimson and Cornet
2003; Liu et al. 2014; Xu et al. 2016), borehole breakout
method (Zhang et al. 2018; Han et al. 2020a), flat jack
method (He and Hatzor 2015; Mckenney and Corkum
2020), strain recovery method (Byrne et al. 2009; Sun et al.
2014; Nagano et al. 2015), and acoustic emission method
(Lehtonen et al. 2012; Bai et al. 2018). Among them, the
stress relief method is widely recognized, and is also one
of the in-situ stress measurement methods suggested by
ISRM (Sjoberg et al. 2003). The typical measurement
techniques include USBM diametrical deformation gauge
developed by the U.S. Bureau of mines (Merrill 1967),
CSIR triaxial strain gauge developed by the scientific and
Industrial Research Commission of South Africa (Leeman
1971), CSIRO hollow inclusion triaxial strain gauge made
by the federal scientific and industrial research organiza-
tion of Australia (Sjoberg and Klasson 2003). However,
the traditional stress relief measurement technology is
mainly used in shallow boreholes, but there are many limi-
tations in the application of deep vertical boreholes. The
main reasons are: (1) the possible high temperature and
high water pressure environment seriously affects the reli-
ability of electronic strain gauges (Cai et al. 1995, 2000);
(2) the strain gauge data are usually transmitted to the
ground through the wire, and the wire layout in the deep
borehole is more difficult and unreliable; (3) the harden-
ing of epoxy resin takes a long time (Sjoberg and Klasson
2003; Lahaie et al. 2010; Li et al. 2019). In order to meet
the needs of deep borehole measurement, many scholars
have carried out fruitful research. Ge and Hou (2012) pro-
posed the three-dimensional in-situ stress measurement
method of borehole wall stress relief method (BWSRM)
and applied it to the in-situ stress measurement at the bur-
ied depth of 2430 m of Jinping II hydropower station. Bai
et al. (2013) developed a deep hole hollow inclusion in-
situ stress measuring instrument, which integrates strain
gauge, stress gauge, electronic compass, pressure sensor
and thermometer, and overcomes the difficulties caused by
wires in deep boreholes. Li et al. (2019) developed CSIRO
cell with the compromised application of instantaneous
data-logging, no-power data-connection and twin tempera-
ture compensation techniques, it has good test accuracy
and acquisition system stability. However, these studies
do not completely solve the problem of rapid and accurate
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measurement of in-situ stress in complex deep borehole
environment.

Aiming at the existing problems, a rapid in-situ stress
measurement method suitable for vertical deep borehole
is developed in this paper. The relationship between bore-
hole diametrical deformation analysis and in-situ stress
calculation is established, and the borehole diametrical
deformation measurement equipment is developed. The
equipment solves the problems of deep vertical hole meas-
urement such as great influence of high temperature and
high pressure, difficult data transmission and inconvenient
equipment installation, and realizes multi-directional dia-
metrical deformation measurement. In addition, the single
acting double-tube drilling tool is optimized to complete
the downhole tasks of accurate borehole forming and com-
plete coring, and assist in the rapid measurement of in-situ
stress; The measurement method has been applied to the
in-situ stress measurement at — 410 m and — 500 m levels
in Jinshandian Iron Mine, and reliable in-situ stress meas-
urement data have been obtained.

2 Concept and Theory

2.1 Borehole Diametrical Deformation Under
In-Situ Stress

The analysis of borehole diametrical deformation is based
on the theory of elasticity, assuming that the rock mass is an
infinite elastic body, and the borehole is elastically deformed
under the action of far-field stress. Taking the center of the
borehole as the origin of the coordinate and the direction of
the far-field principal stress as x-axis and y-axis, the xoy coor-
dinate system was established. The stress state of borehole is
shown in Fig. 1, o, and ¢, are the maximum and minimum
principal stresses in the plane, respectively. A, B and C are

Fig.1 Schematic diagram of diametrical deformation and stress state
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the three points on the borehole wall, while A, B;, and C,
are the symmetrical points of A, B and C about the center of
the borehole. 6, is the angle between AA, and the x-axis, 6, is
the angle between BB, and AA,, and 6, is the angle between
CC,and AA,.

According to the theory of elasticity, the relationship
between diametrical displacement and stress of any point A on
the hole wall can be expressed as Eq. (1), and the relationship
between tangential displacement and stress can be expressed
as Eq. (2) (Han et al. 2020b):

. 2
u = %(1 + 2c0s26,) 0
2
Uy, = #(1 - 2c0s290)

{ v, = —#si;ﬂ&o
o'zd(l—yz) . (2)
y =~ sin26,
where u; and u, are the diametrical displacement of point A
on hole wall under the action of o, and o,, respectively. v,
and v, are the tangential displacement of point A, respec-
tively. d is the diameter of hole. y is Poisson’s ratio. E is the
elastic modulus.

According to the superposition principle, the diametri-
cal displacement u and tangential displacement v of point
A under the combined action of ¢, and ¢, can be expressed
as Eqgs. (3) and (4):

d(l —/42)

T [0'1 +0,+ 2(0'] - 62)005200] 3)

Uu=u +uy=

d(l —yz)

5 [2(c) — 0,)sin26,| )
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The displacement of points on the wall of a circular
hole is symmetric, so the diametrical deformation U of the
circular hole under the combined action of ¢, and ¢, can
be expressed as Eq. (5):

d(l —;42)
E

U=2u= [61 +o0,+ 2(0’1 - 62)603200] ®)

Assuming that AA,, BB, and CC, are any three aperture
directions, U,, U, and U; are the diametrical deforma-
tion in these three directions, respectively. The relation-
ship between the amount of diametrical deformation in
any three directions and the in-situ stress is established,
which can be expressed as Eq. (6):

d(I;;ﬂ) [(01 + 02) + 2(01 - 62)c0s290]
d(l—yz)

- [(01 + (72) + 2(61 - az)cos(ZHO + 291)]
U; = @ [(0'1 + 02) + 2(01 - az)cos(ZHO + 292)]
(6)
According to Eq. (5), a group of maximum principal
stress value, minimum principal stress value and principal
stress direction can be calculated by the combination of

diametrical deformation in any three directions and angle
relation.

U, =

2.2 Cross-sectional Shape After Borehole Deformed

According to the analysis of the cross-sectional shape after
borehole deformation in Fig. 1, under the xoy coordinate
system, the coordinates of any point A(x,y) on the borehole
wall can be expressed as Eq. (7):

X = gcose + ucos@ — vsin
@)

y= gsine + usin + vcos

Substituting Eqs. (3) and (4) into Eq. (7), the following
can be obtained:

1— 12
x= g[l + ( E”) . (30’1 —02)]c0s0

‘ : ®)
y= g[l + % . (3(‘72 - 01)]sin9

A0=§[1+@-(3al—az)]

9 2 ©)]
3025[14-%'(30'2—0'1)]

Then, Eq. (8) can be expressed as

x = Aycosf
y = Bysinf (10)

Satisfy the standard ellipse equation:

x? y2 2 .2
E+E=COSH+SMQ=1 (11)
0 0
where A, and B, are the semimajor and semiminor axis of
the ellipse, respectively. It is proved that under the plane
stress state, the borehole deforms from circle to ellipse,
and the direction of ellipse axis coincides with the direc-
tion of far-field principal stress. Therefore, o, and o, can be
expressed as
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Fig.2 Relationship between
cross-section shape and princi-
pal stress of borehole and core
before and after stress relief

Before stress relief

_ 3A+B-2d _E

1= 4d 1—p2
o = Aut3By2d ) (12)
2= 4d (1-2)

In addition, the differential stress S can be expressed as

A—-By E
2 (1-p2) (13)

S=0,—-0,=

According to Eqs. (12) and (13), the maximum principal
stress, minimum principal stress and differential stress in
the plane can be calculated by obtaining the ellipse shape
parameters (including semimajor axis, semiminor axis and
axis direction) after borehole deformation, and the ellipse
axis direction is the principal stress direction.

—
«—
«—
o,
«—
«—
«—

After stress relief

In plane strain state, the geometry of borehole section and
core section will change from circle to ellipse after stress
relief, and the morphological characteristics of ellipse are
related to the direction of principal stress (Han et al. 2020b).
The minor axis of borehole section ellipse before stress
relief and the major axis of core section ellipse after stress
relief represent the direction of maximum principal stress,
as shown in Fig. 2. Therefore, the direction of the principal
stress can be quickly determined by measuring the elliptical
axis direction of the borehole or core section after stress
relief, and the physical parameters of the rock are not used
in this process. However, if it is necessary to determine the
magnitude of the principal stress, the physical parameters of
the rock are still required.

measurement equipment

3 12

(]

“wwgg / op

854mm

Fig.3 Structural diagram of contact type micro-optical borehole dia-
metrical deformation measurement equipment. 1 Diametrical defor-
mation sensing part for transmitting diametrical deformation of hole
walls. 2 Azimuth measurement part for measuring the azimuth of
rigid contact pins. 3 Optical microscopic imaging part for capturing
rigid contact pins displacement. 4 Data processing module for over-
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laying and storing video and azimuth data. 5 Power supply for provid-
ing energy to internal electronic components. 6 Spear for installing
measurement equipment in the hole. The measurement equipment is
854 mm long and has two diameters of 40 mm and 50 mm to meet
different measurement requirements
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No. 1
contact pin

Hole wall

Shell of
measuring equipment

Spring

Inner shell of
measuring equipment

Fig.4 Schematic diagram of diametrical deformation sensing part. This part mainly consists of 16 rigid contact pins arranged evenly in the same
plane. Under the action of the spring, the pins adheres tightly to the hole wall and moves synchronously

3 Development of Measurement Equipment

3.1 Borehole Diametrical Deformation
Measurement Equipment

Based on diametrical deformation sensing, micro-optical
imaging and azimuth measurement technology, a contact
micro-optical borehole diametrical deformation measure-
ment equipment is developed (Wang et al. 2018). This
equipment can continuously obtain and visualize the bore-
hole diameter change during stress relief process, and the
main parts of the equipment include diametrical deformation
sensing, azimuth measurement, optical microscopic imag-
ing, data processing module, power supply and spear. The
equipment structure is shown in Fig. 3.

(1) The diametrical deformation sensing part adopts multi-
ple groups of rigid contact pins symmetrically arranged
to reflect the change of diameter. The length of each
rigid contact pins is 24.75 mm, and the angle between
adjacent pins is 22.5°, as shown in Fig. 4. The rigid
contact pins are installed between the outer shell and
inner shell of the measurement equipment. When the
spring is in its natural state, the contact end protrudes
1.25 mm from the outer shell, which means the dia-
metrical deformation measurement range is 2.5 mm.
Assuming the diameter of the measurement equipment
is 40 mm, the suitable measuring hole diameter range
is 40-42.5 mm. After the measurement equipment is
installed in the measuring hole, the spring is in a com-

2)

3

pressed state. Under the action of the spring, the con-
tact end is tightly attached to the hole wall and moves
synchronously with the hole wall. There is no need to
inject glue between the contact end and the hole wall,
greatly reducing the measurement time of in-situ stress.
The design of multiple sets of contact pins enables the
equipment to obtain rich data of hole diametrical defor-
mation, which guarantees the screening and optimiza-
tion of in-situ stress calculation results. Similar to other
stress relief equipment, this measurement equipment
can only be applied in intact rocks. In addition, it is
best to ensure that the hole wall is smooth and com-
plete, but when the small defects on the hole wall are
still within the measurement range of the contact pins,
the measurement data are also reliable. This may affect
the fitting accuracy of the cross-sectional shape of the
measuring hole, but the stress state can still be calcu-
lated through the diametrical deformation and angle
relationship of the hole in any three directions.

The azimuth measurement part adopts an electronic
compass with an accuracy of 0.1°. In addition, adjust
the electronic compass 0° and No. 1 contact pin to the
true north direction, that is, the reading of the elec-
tronic compass indicates the clockwise rotation angle
of No. 1 contact pin from the north. The azimuth of
other pins can be calculated based on the angle rela-
tionship.

The optical micro-imaging part adopts Charge Coupled
Device (CCD) camera. CCD is a semiconductor chip
that can convert optical images into digital signals. The
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cameras made with CCD chips have the characteristics
of small size and light weight (Segawa et al. 1995).
During the stress relief process, the CCD camera cap-
tures the rigid needle tip and forms a video file, which
records the displacement information of the hole wall
transmitted by the needle tip. The physical resolution
of the collected image can reach 0.003 mm, which
greatly ensures the accuracy of in-situ stress measure-
ment results.

(4) The data processing module is responsible for in-situ
processing and storing video images and azimuth data.
To ensure the time synchronization between azimuth
data and video data, azimuth data are superimposed
onto the video image. Each frame of the superimposed
image contains the displacement and azimuth informa-
tion of the hole wall at that time. The measurement data
are processed and stored inside the equipment, avoid-
ing the trouble caused by long-distance transmission
cables.

(5) The power supply is built into the measurement equip-
ment and can be cycled for charging. The fully charged
state ensures that the measurement equipment can work
continuously for at least 6 h.

(6) The spear can be connected with the conventional fish-
ing tools in the geological drilling industry, and the
measurement equipment can be installed into the crus-
tal stress measuring hole through the fishing tools.

All parts of the equipment are made of non-magnetic
materials. The equipment shell is made of stainless steel
with a wall thickness of 4 mm, which can withstand
15 MPa water pressure without structural damage. The
maximum heat-resistant temperature of internal electronic
components can reach 100 °C, and thermal insulation tiles
are also equipped to further ensure the normal operation
of internal components in high-temperature environment.

3.2 Auxiliary Equipment for In-Situ Stress
Measurement

In-situ stress measurement by stress relief method must
be carried out in intact rock, so the core should not be
damaged by external forces during coring. In addition, the
measuring range of the contact type micro-optical diamet-
rical deformation measurement equipment is 2.5 mm. If
the diameter error of the measuring hole is too large, the
measurement equipment cannot be successfully installed.
Therefore, complete rock cores and high-quality measure-
ment holes are crucial. Double-tube drilling tools (Tang
et al. 2009; Talalay 2014) are commonly used in the geo-
logical drilling industry to improve the coring rate, espe-
cially single acting double-tube drilling tools that do not
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Fig.5 Bit design. a Guide hole drilling tool. Used to grind the bot-
tom of the hole into a conical shape with upper and lower diameters
of 85 mm and 50 mm. b Measuring hole drilling tool. Used to con-
tinue drilling a measuring hole that meets the requirements at the bot-
tom of the conical hole. In addition, there are two diameter specifica-
tions, 40 mm and 50 mm, with a maximum drilling depth of 600 mm

rotate the inner tube and cut rocks during the drilling
process with the outer tube. Further reduce the destructive
effect of mechanical force (longitudinal and transverse
vibration produced by drilling tools) on the core. Accord-
ing to the characteristics of double-tube drilling tool and
the requirements of downhole operation in the process
of in-situ stress measurement. Different drill bits match-
ing with the operation task are designed, and double-tube
guide hole drilling tool, double-tube measuring hole drill-
ing tool and double-tube stress relief hole drilling tool are
formed. In addition, the flow passage and coring mode
are also optimized. The optimized drilling tool has the
advantages of accurate hole forming and stable coring,
and assists in the rapid measurement of in-situ stress.

3.2.1 Design of High-Quality Hole Forming

Before drilling the measuring hole, it is necessary to grind a
guide hole with conical surface at the hole bottom, and then
the measuring hole bit enters the hole bottom along the coni-
cal surface. The guide hole can centralize the measuring hole
bit and locate the drilling direction. As shown in Fig. 5a, the
included angle between the inclined lip of the guide hole
bit and the vertical direction of drilling is A°, the included
angle between the inclined edge of the clamping jaw and
the drilling direction is B°, and A°+B°=90°. This design
avoids the severe collision between the clamping jaw and
the hole wall and damaging the ring breaking conical hole
bottom. In addition, the pump pressure rise after the clamp-
ing jaw contacts the conical surface can be used as the judg-
ment basis for the completion of guide hole drilling. The lip
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Fig.6 Single acting double-tube drilling tool for stress relief hole.
The outer tube of the drilling tool drives the drill bit to cut rocks,
while the inner tube does not rotate, ensuring that the rock core and
measurement equipment entering the inner tube are not disturbed
by drilling. The total length of the drilling tool is 1500 mm, and the
maximum core drilling depth is 1200 mm

surface of the measuring hole bit adopts the annular groove
diamond design, and the middle of the lip surface is concave
inward, as shown in Fig. 5b. During the drilling process, the
raised annular groove drilling teeth mesh with the annular
groove formed by cutting the rock at the bottom of the hole
to ensure that the measuring hole bit always drills in a stable
direction. Moreover, the concave bit lip and convex core
further limit the swing of the bit. In addition, the concave
design of the bit lip and raised core further limited bit swing.

3.2.2 Design of Flow Passage

Since the measuring hole bit is concave design, it is easy to
cause rock debris accumulation in the middle of the bit and
affect the drilling effect. As shown in Fig. 5, a water outlet is
arranged near the center of the measuring hole bit. The water
outlet can effectively flush away the accumulated rock cut-
tings to ensure smooth drilling. At the same time, it can also
cool the bit to avoid overheating, which will affect the hole
forming accuracy. During the coring drilling of stress relief
hole, the drilling fluid flows through the thrust ball bearing
from the drill pipe, and then flows to the stress relief hole bit
from the channel between the outer tube and the inner tube
of the drill tool. It does not directly flow through the inner
tube of the drill tool, so as to avoid the measurement error
caused by the direct scouring of the measurement equipment
by the drilling fluid.

3.2.3 Design of Coring

In-situ stress measurement should be carried out in the
complete rock core. If the core is cut off due to rotation,
it will cause the failure of in-situ stress measurement. Fig-
ure 6 shows a single acting double-tube stress relief hole
drilling tool. A thrust ball bearing is set at the connection
between the inner and outer tube. One end of the inner tube
is connected with the thrust ball bearing and the other end

Fig.7 Schematic diagram of downhole operation. a Drilling guide
hole with conical surfaces. b Drilling measuring hole for installing
measurement equipment. ¢ Installing the measurement equipment
into the measuring hole through the coordination of conventional
fishing tools and spear. d Drilling and recovering the core and meas-
urement equipment

is connected with the circlip. In the process of stress relief
hole drilling, the diametrical deformation measurement
equipment and core enter the inner tube of the drilling tool
through the circlip. The drill pipe drives the outer tube of
the drilling tool to rotate and drives the stress relief hole bit
to cut rock. The thrust ball bearing limits the rotation of the
inner tube, realizes the separation of the power system and
the measurement system, and protects the core and diametri-
cal deformation measurement equipment.

3.3 In-Situ Stress Measurement Process

In order to complete the downhole operation tasks shown
in Fig. 7, a set of scientific and standardized in-situ stress
measurement process is developed:

(1) Lower the double-tube guide hole drilling tool to the
hole bottom, clean the residual core and grind it to form
a conical hole bottom;

(2) Recover the double-tube guide hole drilling tool,
replace and lower the double-tube measuring hole drill-
ing tool to the hole bottom, drill the measuring hole,
and the designed drilling footage is 50 cm;

(3) Recover the double-tube measuring hole drilling tool,
lower and install the diametrical deformation measure-
ment equipment into the measuring hole;

(4) Replace and lower the double-tube stress relief hole
drilling tool to the hole bottom, and conduct coring
drilling for the measuring hole. The designed drilling
footage shall not be less than 60 cm;
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~ J‘iﬂs_;handian Iron Mine

Fig.8 Location and geological profile of the mine area

(5) Recover the double-tube stress relief hole drilling tool,
take out the core and diametrical deformation meas-
urement equipment, and observe whether the core is
complete. If the core is complete, the measurement is
completed. If it is incomplete, repeat steps (1) to (5)
until the complete core is taken out.

Fig.9 Auxiliary measurement
equipment and diametrical
deformation measurement
equipment
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Q,:Quaternary overburden IFe, lIFe: 1 and I ore deposit
A-D:Rock mass classification code ~ A:Hornfels

B:Marble C:Magmatite

D:Ore deposit F:Fault

4 In-Situ Measurement and Results

4.1 Test Project Overview

Zhangfushan deposit of Jinshandian Iron Mine is an
important ore production base of Wuhan Iron and steel
group company, the location and geological profile of the
mine area are shown in Fig. 8. It is 3500 m long from east
to west, 1000 m wide from north to South and covers an
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Table 1 Basic information of in-situ stress measurement

Borehole Buried depth (m) Measuring point Measurement time Measurement result
depth (m)
7ZK720-1 480.78 26 1 h 24 min Core breaks during drilling
ZK720-1 488.78 34 1h Rock fragmentation
ZK720-1 491.78 37 - Rock fragmentation
ZK720-1 507.38 52.6 1 h 52 min Rock fragmentation
7ZK720-1 508.38 53.6 1 h 17 min Obtain deformation data
ZK816-1 566.47 23.7 1 h 54 min Measuring point is close to the structural plane
ZK816-1 567.37 24.6 1 h 23 min Measuring point is close to the structural plane
ZK816-1 568.07 253 54 min Fracture zone
ZK816-1 569.27 26.5 1 h 15 min Fracture zone
7XK816-1 57517 324 1 h 30 min Core breaks during drilling
ZK816-1 575.97 33.2 1 h 18 min Obtain deformation data
7ZK816-1 576.67 339 1h Obtain deformation data
7ZK816-1 577.37 34.6 1h 1 min Obtain deformation data

area of about 3.5 km?. The eastern part of the deposit is
greatly affected by fault tectonic movement and the lithol-
ogy distribution is complex. The surrounding rock proper-
ties of roadway mainly include magmatite, fault fracture
zone and hornfels. Magmatite exists in hornfels in the form
of rock branch and vein, which is relatively complete, with
high rock mass strength, and the rock mass quality rating
result is grade II (Yang et al. 2020). Hornfels is relatively
broken, the rock mass strength is low, and the rock mass
quality rating is grade III; The fault runs through the whole
area, with an attitude of about 183°£55° ~85°, steep at the
top and gentle at the bottom, with a width of about 35 m.
The typical geological profile model is shown in Fig. 8.
In this paper, two test boreholes zk720-1 and zk816-1
are arranged at — 410 m and — 500 m levels in the east area
of Zhangfushan deposit. In-situ stress measurement tests
are carried out while drilling. Figure 9 shows the auxiliary
measurement equipment and diametrical deformation meas-
urement equipment used in this paper. Boreholes zk720-1
and zk816-1 are far away from the fault, the depth of the
measuring point (the depth from the in-situ stress measur-
ing point to the orifice) is more than 3 times larger than the
roadway span, and the measuring point is more than 30 m
away from the adjacent roadway and other excavation works.
In this paper, in-situ stress measurements were carried
out at 13 points in the two boreholes, as shown in Table 1.
There are 5 measuring points in borehole zk720-1, and the
depth of measuring points is between 26 and 53.6 m, of
which the rock strata at 34 m, 37 m and 52.6 m are broken
and the core is incomplete; There are 8 measuring points
in borehole zk816-1, and the depth of measuring points is
between 23.7 and 34.6 m. At 23.7 m and 24.6 m, the contact

T
80k | The drill bit diameter is 39mm
I

The drill bit diameter is 49mm

[ |
’é\ 50 + A
=] L [ structural plane
=
R Ll o
15}
g 2
& |
T 46 - ps
o orifice |
5}
g I
8
o 44
o
&)

42 - structural
plane vy
40
1 ‘ | 1 1 1
0 100 200 300 400 500
Core length (cm)

Fig. 10 Statistics of inner diameter of some cores

pins of diametrical deformation measurement equipment are
just near the structural plane, so the measurement data are
unreliable. At 25.3 m and 26.5 m, the rock is broken and
the core is incomplete. Therefore, the effective diametri-
cal deformation data at 6 measuring points were obtained,
which are shown in bold in Table 1. Among them, the core
at 26 m in borehole zk720-1 and 32.4 m in borehole zk816-1
was damaged during coring, but the diametrical deformation
data of the measuring hole before coring were obtained. The
measurement time at 6 measuring points is between 1 and 1
h 30 min, and the average measurement time is 1 h 15 min.
Compared with the conventional stress relief method, the
measurement time in this paper is greatly reduced.
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Table 2 Integrity analysis of core

Table 3 Physical parameters of rock

Borehole Measuring Coring Core Core RQD
point depth depth length recovery
(m) (cm) (cm) (%)
ZK720-1 26 60 59.1 98.5 100%
ZK720-1 53.6 60 58.5 97.5 100%
ZK816-1 324 60 58.2 97 100%
ZK816-1 33.2 60 48.9 81.5 75%
ZK816-1 339 60 58 96.7 100%
ZK816-1 34.6 60 57.7 96.2 100%

-

Diametrical deformationmeasuring equipment =

Fig. 11 Diametrical deformation measurement equipment and core

4.2 Analysis of Measurement Results
4.2.1 Analysis of Measuring Hole Accuracy

Although the centering design is considered in the drill bit,
it will inevitably cause slight shaking in the process of cut-
ting rock, so the borehole diameter will fluctuate in a cer-
tain range. Two different measuring drill bits with 49 mm
and 39 mm diameters were used in borehole ZK720-1 and
ZK816-1. The inner diameter of the core was measured with
an inner diameter dial indicator every 15 mm, and the inner
diameter distribution of each core was counted. Figure 10
shows the inner diameter distribution of core at 32.4 m of
borehole zk816-1 and 26 m of borehole zk720-1. It can
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Borehole  Lithology Elastic modulus  Poisson’s ratio
(x 10° MPa)

ZK720-1  Hornfels 52.8 0.31

ZK816-1  Diorite porphyrite ~ 41.1 0.26

Fig. 12 Micro-optical image of contact pins before drilling stress
relief hole at 26 m measuring point in borehole zk720-1

be seen from the figure that the inner diameter of annular
lithology changes greatly at the orifice and near the struc-
tural plane. In the complete rock core away from the orifice
and structural plane, the floating range of diameter is very
small, and the maximum floating range is only 0.425 mm.
The measuring range of the contact pins in each direction is
2.5 mm, and the floating range of the diameter is within the
requirements of the diametrical deformation measurement
equipment. Although the diameter of the measuring hole
may fluctuate within a range, it will only affect the instal-
lation of the diametrical deformation measurement equip-
ment and have a very small effect on the calculation results
of in-situ stress. The effect on in-situ stress results will be
explained later.

4.2.2 Analysis of Coring Integrity

In this paper, the drilling depth of the measuring hole is
50 cm, and the core drilling of the stress relief hole is 60 cm.
In order to investigate the coring quality of double-tube
stress relief hole drilling tool, the integrity of 6 groups of
cores obtained is measured and analyzed, and the results are
shown in Table 2. Figure 11 shows the core and diametrical
deformation measurement equipment.

The core recovery rate and RQD at 33.2 m of borehole
zk816-1 are lower due to rock fragmentation, and the core
recovery rate at the other five measuring points are more
than 96%, and the RQD is 100%. In addition, the core fail-
ure basically occurs near the existing structural plane. The
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Before stress relief

Fig. 13 Micro-optical images of contact pins before and after stress
relief at 53.6 m measuring point in borehole zk720-1

results show that the auxiliary measurement equipment has
good coring performance.

4.2.3 In-Situ Stress Calculation

For the measuring points that obtain the diametrical defor-
mation data of core after stress relief, the stress state can be
calculated by Eq. (6). In addition, for the measuring points
that only obtain the diametrical deformation data of the
measuring hole before coring, the stress state can be esti-
mated by Eqgs. (12) and (13). Taking the 26 m measuring
point and 53.6 m measuring point in borehole zk720-1 as
examples, the in-situ stress calculation processes are intro-
duced, respectively. The physical parameters of rock are
shown in Table 3.

1) Calculation process of in-situ stress at 26 m measur-
ing point

The upper rock at 26 m measuring point in zk720-1 is
relatively complete, and the core is broken during coring
drilling. Figure 13 is the micro-optical image of the contact
pins before drilling the stress relief hole. The rock strata at
the measuring points in this paper are not magnetic, and the
electronic compass can work normally. The orientation of
No. 1 contact pin in the figure is 237°, and the orientation
of other contact pin can be determined according to the rule
of counterclockwise decreasing by 22.5°. Digital image pro-
cessing (DIP) is a very mature technology to remove noise,

enhance, restore, segment and extract features of images
through computers. The needle tip coordinates of each con-
tact pins can be accurately identified by DIP technology.
According to the basic principle of least square method,
the general equation of ellipse is fitted from the needle tip
coordinates, as shown in Fig. 12. The semimajor axis of the
ellipse A6 = 1.346mm, and the direction is 91.9°. The semi-
minor axis of the ellipse B(’) = 1.326mm, and the direction
is 1.9°. Therefore, the direction of the maximum horizontal
principal stress is @ = 1.9°.

Since the length of the contact pin is 24.750 mm, the
section ellipse semimajor axis is Ay = 26.096mm and
ellipse semiminor axis is By = 26.076mm after borehole
deformation. Although the ellipse shape parameters after
borehole deformation are obtained by contact pins dis-
placement, it is difficult to obtain the initial diameter of
borehole accurately. It can be seen from Eqgs. (12) and (13)
that the initial diameter of the borehole has a great influ-
ence on the calculation results of the principal stress, but
has little influence on the differential stress. For example,
when the initial diameter of the borehole is 52.140 mm, the
maximum horizontal principal stress is o, = 23.56MPa,
the minimum horizontal principal stress is ¢;, = 12.12MPa,
and the differential stress is S = 11.4385MPa. In addition,
when the initial diameter of the borehole is 52.141 mm, the
maximum horizontal principal stress is o = 23.00MPa,
the minimum horizontal principal stress is ¢, = 11.56MPa,
and the differential stress is S = 11.4383MPa. It shows that
the deviation of principal stress caused by borehole diame-
ter error at this measuring point is 0.56Mpa/um, while the
deviation of differential stress is only 0.0002Mpa/um. The
initial diameter of the borehole is affected by the drilling
procedure, as shown in Fig. 10. The maximum error of the
measuring hole diameter in this paper reaches 0.425 mm.
The principal stress deviation caused by this error is 238
Mpa, while the differential stress deviation is only 0.085
Mpa. Therefore, when the diameter of the measuring hole
cannot be accurately controlled, the magnitude of the prin-
cipal stress cannot be obtained, but the magnitude of the
differential stress is acceptable. In this paper, the section
ellipse minor axis is used to replace the initial diameter
in the calculation, and the differential stress is calculated
as S = 11.44Mpa.

2) Calculation process of in-situ stress at 53.6 m measur-
ing point

The deformation data of core in the whole process of
stress relief were obtained at the measuring point of 53.6 m
in borehole ZK720-1. The total length of the diametrical
deformation measurement equipment used in this paper is
854 mm. At the measuring point of 53.6 m, the insertion
depth of the contact pins is 205 mm. Using digital image
processing technology, analyze the micro-optical images
collected in the whole process of stress relief, identify and
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Fig. 15 Fitting of contact pins displacement

calculate the displacement of each contact pins. Figure 14
shows the micro-optical images of the contact pins before
and after stress relief. As shown in Fig. 13, the azimuth of
No. 1 contact pin is 266.5°, and the azimuth of other contact
pins can be determined according to the rule of decreasing
22.5° counterclockwise. Figure 14 shows the deformation
curve of borehole diameter in 8 directions. When the drilling
depth is greater than 205 mm, the borehole diameter defor-
mation is gradually stable. Except for No. 4-12 contact pins
(19°) and No. 5-13 contact pins (176.5°), the variation law
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Drilling depth (mm)

of most diametrical deformation curves is reasonable and
the measured data are reliable.

It can be seen from Eq. (6) that the maximum and mini-
mum principal stress values and principal stress directions
in the plane can be calculated by the combination of dia-
metrical deformation in any three directions. The error in
Fig. 10 is much smaller than the borehole diameter, and the
strain caused by the error is almost negligible, that is, it
will not affect the calculation of in-situ stress. After exclud-
ing some unreasonable deformation data, the displacement,
azimuth data and rock physical parameters of different com-
binations are brought into Eq. (6). It is calculated that the
average maximum horizontal principal stress at this point
is oy = 25.18MPa, the average minimum principal stress is
o), = 20.77MPa, and the direction of the maximum horizon-
tal principal stress is a = 48.8°.

The diametrical deformation in multiple directions can
accurately describe the morphological characteristics of the
core section after stress relief. By fitting the displacement
of 16 contact pins at 53.6 m in borehole zk720-1, the ellipti-
cal shape of the core section after deformation is obtained,
as shown in Fig. 15, and the direction of principal stress can
be quickly judged through the morphological characteristics
of the ellipse. The semimajor axis of the ellipse represents
the direction of maximum horizontal principal stress, and the
semimajor axis represents the direction of minimum horizontal
principal stress. It can be seen from Fig. 16 that the maximum
horizontal principal stress direction is about 45° and the mini-
mum principal stress direction is about 135°, which is consist-
ent with the calculated results. The in-situ stress measurement
results at the 6 measuring points in this paper are shown in
Table 4.
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Fig. 16 Magnitude and azimuth of in-situ stress with depth. a Magnitude. b Azimuth of the horizontal maximum principal stress

Table 4 In-situ stress

. Borehole Buried depth (m) Measuring point ¢ (MPa) o, (MPa) S (MPa) a(°)
calculation results depth (m)
7ZK720-1 480.78 26 / / 11.44 1.9
ZK720-1 508.38 53.6 25.18 20.77 441 48.8
7ZK816-1 575.17 324 / / 10.94 169.2
7ZK816-1 575.97 332 37.16 21.53 15.63 1.6
7ZK816-1 576.67 33.9 41.15 30.55 10.6 151.3
ZK816-1 577.37 34.6 36.08 19.09 16.99 8.8

In the table, o and ¢, are the maximum horizontal prin-
cipal stress and minimum horizontal principal stress perpen-
dicular to the drilling axis, respectively; S is differential stress;
a is the direction of maximum horizontal principal stress. The
measurement results indicate that, the magnitude of stress
basically increases with depth, as shown in Fig. 16a. The value
of oy increases with depth by approximately 0.19 MPa/m,
o, by approximately 0.043 MPa/m, and S by approximately
0.068 MPa/m. Due to the close burial depth of the measure-
ment points in borehole ZK816-1, the fitting curve uses the
measurement data from borehole ZK720-1 and the average of
the measurement data from borehole ZK816-1. The maximum
horizontal principal stress direction obtained from different
measurement points is not exactly the same, but fluctuates
near the SN direction, as shown in Fig. 16b. The reasons for
the differences may be measurement uncertainty or natural
changes in stress state. But the average value of the maximum

horizontal principal stress direction at the six measuring points
is very close to SN.

5 Discussion

The in-situ stress measurement method proposed in this
paper includes two forms. If the core is complete, the stress
state can be accurately calculated by borehole diametri-
cal deformation after coring. If the core is incomplete,
the stress state can be estimated by the cross-sectional
shape parameters of the borehole before coring. Limited
by the accurate acquisition of the initial diameter of the
borehole, the principal stress calculated by the borehole
cross-sectional shape analysis has a certain error, but the
differential stress and the direction of the principal stress
are accurate. The cross-sectional shape of the borehole
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before coring and diametrical deformation of the borehole
after coring can be obtained continuously in one measure-
ment process, and the appropriate in-situ stress calculation
method can be selected according to whether the core is
complete. Funato and Ito (2017) proposed a new method
of diametrical core deformation analysis (DCAD) for in-
situ stress measurements. This method calculates the dif-
ferential stress by measuring the shape of the core after
deformation, and the direction of the principal stress can
also be obtained if the core is oriented. In contrast, the
method proposed in this paper can realize the directional
measurement of borehole section in the field, and can
obtain the differential stress and the direction of principal
stress more quickly without relying on the core.

In the application case of this paper, there are few in-
situ stress measurement data in Zhangfushan deposit area.
Chen (2004) gives the in-situ stress measurement data of
this deposit at the buried depth of 60 m and 307 m. The
maximum principal stress at the buried depth of 307 m is
15.79 Mpa and the direction is 196.26°. According to the
geotectonic position and characteristics of the mining area,
as well as the existing structural traces and characteristics,
he speculated that the maximum principal stress direction
of the existing structural stress in the mining area is near SN
or NNE-SSW. The direction of maximum principal stress
at five of the six measurement points in this paper is nearly
SN, and the other one is slightly deflect, which is basically
consistent with the existing data, indicating that the meas-
urement results in this paper are reliable.

6 Conclusion

In this paper, an in-situ stress measurement method based
on borehole diametrical deformation analysis is proposed.
The calculation principle of in-situ stress is established and
the corresponding measurement equipment is developed. In
addition, the field measurement of in-situ stress has been
carried out. The main conclusions are as follows:

(1) The analysis of borehole diametrical deformation under
stress is deduced, and two methods to calculate in-situ
stress by measuring borehole diametrical deformation
and borehole cross-sectional shape are established.

(2) The borehole diametrical deformation measurement
equipment is developed, it realizes multi-directional
diametrical deformation measurement by using key
components such as rigid measuring contact pins,
CCD camera and electronic compass. The equipment
can withstand pressure of 15 MPa and temperature of
100 °C and can meet the measurement requirements of
complex environment in deep hole. Moreover, it is easy
to install and does not need to be bonded with the hole
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wall, which simplifies the operation process of in-situ
stress measurement.

(3) In order to complete the downhole operation task of
in-situ stress measurement, the traditional single action
double-tube drilling tool is optimized to meet the drill-
ing requirements of accurate hole forming and com-
plete coring. Thus, a set of rapid in-situ stress meas-
urement technology with the cooperation of aperture
deformation measurement device and drilling tool is
formed.

(4) The method proposed in this paper is applied to the
in-situ stress measurement at — 410 m and — 500 m
levels in Jinshandian Iron Mine, and the borehole dia-
metrical deformation data at 6 measuring points are
obtained. The core collected by the optimized drilling
tool has stable inner diameter and high coring integ-
rity, and the average time of each measuring point is
only 1 h 15 min. The value of principal stress basically
increases with the increase of depth, and the direction
of the maximum horizontal principal stress is about SN,
which is basically consistent with the existing in-situ
stress data.
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