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Konvencionalne metode merjenja geostaticnih napetosti
so omejene zaradi pomanjkljivosti, vkljucno z izmerljivo
globino, kompleksnostjo in dolgim trajanjem izvedbe.

Da bi resili te probleme in dosegli merjenje geostaticnih
napetosti v globokih vodnjakih v pogojih kompleksnih
visokih tlakov in visokih temperatur, je predlagana nova
merilna metoda za geostaticne napetosti na osnovi inte-
griranega sistema vrtanja in opticnega mikroskopa. Njena
inovativna integrirana konstrukcija odpravlja probleme,
povezane s kompleksnimi postopki in globinskimi omeji-
tvami, ter se izogiba lezenju kamnin zaradi dolgotrajnosti
postopka, kar bistveno izboljSa natancnost in obseg
meritev. Deluje s pomocjo mikroskopskega slikanja in
neposrednimi sondami, da zajame spremembe zunanje
povrsine prereza vrtine pred in po zmanjsanju napetosti.
Rezultirajoce slike se analizirajo z iskalnimi krogi, da se
pridobijo poloZaji vrhov sond, ki so lahko vstavljeni v
elipse, ki opisujejo obrise, in izracunajo stanje napetosti.
Veljavnost in natanénost metode sta bili preverjeni z labo-
ratorijskimi preizkusi in aplikacijami na terenu v vrtini
ZK1. Rezultati kazejo, da: (1) se integrirani sistem lahko
uporablja za merjenje mikrometerskih deformacij; (2)
pristop iskalnega kroga lahko natancno pridobi polozaje
vrhov sond; (3) metoda merjenja napetosti, ki temelji na
tem sistemu, je tocna in izvedljiva.
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Abstract

Conventional geostress measurement methods are limited
by deficiencies including the measurable depth, the complex-
ity, and the long duration of operation. To address these
problems and achieve the measurement of geostress in deep
wells under conditions of complex high pressures and high
temperatures, we propose a new measurement method

for geostress based on an integrated drilling and optical
microscopy system. Its innovative integrated structure
eliminates the problems associated with complex procedures
and depth limits, and avoids rock creep caused by long
delays, significantly improving the accuracy and range of the
measurements. It works by using microscopic imaging and
direct contact probes to capture the changes of a borehole’s
cross-sectional outlines before and after stress relief. The
resulting images are analyzed with search circles to obtain
the positions of probe apices, which can be fitted into ellipses
that describe the outlines, and calculate the state of the
stress. The validity and accuracy of the method was verified
by in-door tests and field applications in the ZK1 borehole.
The results show that: (1) the integrated system can be used
to measure micrometer-grade deformations; (2) the search-
circle approach can accurately obtain the positions of probe
apices; and (3) the stress measurement method based on the
system is accurate and feasible.

1 INTRODUCTION

Geostress, while a universal phenomenon, has been
difficult to assess and measure. As we continue our
exploration into the deeper crusts, their stresses will play
an increasingly greater role in the design and decision-
making of our deep engineering projects. Work on the
theory and practice of stress measurements has led to
the creation of new techniques and instruments. The
most typical such device was the USBM gauge, devel-
oped by the U.S. Bureau of Mines in the 1950s, and the
stress-relief method it represents has remained the most
commonly used approach [1,2,3].

The stress-relief method is based on the theory of
elasticity. It assumes a homogeneous and continuous
rock mass, and the same stress-strain function when
both loading and unloading stress. It also considers the
rock elements being removed as having negligible weight
(gravity stress) compared to their load. The measure-
ments are usually made with the following steps:

1) A large borehole is drilled to a predetermined depth
close to the measurement position;

2) A smaller hole concentric with the borehole is drilled
into the bottom, and three-axis strain gauges (for
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measuring wall strains) or deformation transducers
(for diameter deformations) are installed into the hole;

3) The larger borehole is then extended down, sepa-
rating the now pipe-like core from the base rock to
relieve the stress.

This conventional method involves a series of compli-
cated tasks: drilling the large well, leveling the bottom,
shaping the pilot hole, drilling the measurement hole,
installing transducers, and drilling the relief well. In
this process, the drilling rod must be lifted several times
from the well, have the drill replaced, and lower back

to the bottom. The usefulness of the method in deeper
wells is further impeded by the lengths of the transducer
cables. For these reasons the utilization of the stress-
relief method has often been restricted to the testing of
shallow wells [4,5].

Another problem stems from the time delays in
measurements. The duration from the installation of the
transducers to the end of the stress relief lasts a few days
at least, and the test process lasts several tens of minutes
by itself. The delays are long enough for rock creep to
significantly alter the body’s mechanical parameters,
deviating from the assumed elastic relationships [6,7].
The resulting stress data are seldom very accurate for
this reason [8].

To address these common issues, this paper introduces an
integrated drilling and optical microscopic measurement
system. It incorporates an outer drill and an inner drill,
respectively, for relief and measurement holes. A control
module connects and disconnects the drills as needed,
replacing the complicated traditional approach. An
optical module is used to directly acquire deformation
data from the walls. This system can be utilized in deep
wells, mitigates the delay-induced errors by real-time
measurements, and effectively solves the major technical
issues encountered in stress relief. A stress-measurement
method based on the system is also introduced.

2 INTEGRATED DRILLING AND OPTICAL
MICROSCOPIC MEASUREMENT SYSTEM

The system can be divided into the drilling and acquisi-
tion sub-systems, the former for drilling the measure-
ment and relief holes, and the latter for acquiring and
recording the borehole’s diameter deformations.

2.1 Theory

The integrated system is still based on the principles of
stress relief. It measures the deformations of the rock
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body before and after the stress relief, and extrapolates
the initial stress from them in the following steps:

1) The integrated system drills the measurement hole,
and lowers the optical module to the measurement
position (see Fig. 1(a));

2) After the optical module arrives at the position, the
control module separates the inner and outer drills,
the inner drill stays at rest, while the outer drill resu-
mes drilling (see Fig. 1(b));

3) The outer drill overtakes the measurement hole,
separating the pipe-like core from the rock mass (see
Fig. 1(c)), which relieves the stress around the optical
module;

4) The optical module detects the minuscule diameter
changes, which is used to compute the deformation
of the cross-section and its horizontal stress;

5) Measurements are made in three intersecting bore-
holes to determine the three-dimensional state of
stress [9,10,11,12].

a) b)

Figure 1.

Measurement process:

(a) drilling the measurement
hole;

(b) drilling the relief hole;

(c) stress relief.

<)

2.2 Structure of the drilling system

The drilling system consists of the outer drill, the
control module, and the inner drill, shown in Fig. 2.
The inner drill is used to create the measurement hole,
and lower the optical microscopic component to the
measurement position. After the preset bottom of

the measurement hole is reached, the control module
will decouple the two drills, and the inner drill will

be stationary relative to the surrounding rock body,
allowing the acquisition system inside to perform its
measurements, while the outer drill continues drilling
downwards to create the relief well. As the relief well
takes shape, stress can be completely relieved from the
core, which is detected by the optical module. At the
end of the entire operation, all the system components
can be retrieved together.
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(a) Outer drill (relief)

(b) Control module (decoupling)

(c) Inner drill (measurement)

Figure 2. Structure of the drilling system.

2.3 Structure of the acquisition system

The acquisition system consists of a number of probes, a
camera, and an electronic compass, shown in Fig. 3. As
the surrounding rock core becomes separated from the
larger rock mass, it is relieved of the rock mass’ stresses,
causing the measurement hole to deform. Each probe

is in direct contact with the walls of the hole via a prod
protruding from the drill, allowing the deformation to
be recorded in real time.

Compass

Camera

Figure 3. Structure of the acquisition system.

The changing positions of the probes are captured by
the camera, consisting of a fixed-focus lens and a micro-
scopic CCD component (see Fig. 4). Since the target
area is small, a lens with a small FOV is chosen. Since
the CCD image has a greater width than its height, the
shorter side is used to determine its physical resolution,
which is the physical length of the side divided by its
number of pixels, e.g., 576px for a standard capturing
component with a resolution of 768*576. The device
used in this study captures a 500px-tall image from

a 3.5mm-tall area, meaning the image has a physical
resolution of 0.007mm.

Figure 4. Image data from the probes.

The directional data of the deformation are an important
parameters that cannot be accurately recorded by the
images. Hence, an electronic compass is used, with its
north set to be the same direction as one of the probes.
The direction of each probe can then be derived.

2.4 Advantages of the system

The proposed system has the following standout
features. Firstly, its deployment is vastly simpler than
the conventional method. This is accomplished by
using a control module to coordinate the movements
of the outer and inner drills, integrating the functions
of downward drilling, borehole shaping, and measure-
ment in one device. Additionally, the measurement
module can start working as soon as the measurement
hole is formed, and continue its recording throughout
the relief operation, generating more valid data. By
eliminating the long delay that comes from replacing
drills, the influence of rock creep can be minimized, and
the resulting errors can be avoided. This means that the
system is more efficient, and less vulnerable to external
disturbances than conventional devices.

Secondly, the system uses probes in direct contact with
the walls, captures their deformation with microscopic
imaging, calculates the borehole’s deformation after
relief from the images, and determines the stress from
the deformation. The microscopic imaging allows accu-
racy at the micrometer level; the probes are made with
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materials resistant to abrasion, ensuring the system can

be operational under unusually harsh conditions. These
features give the system high accuracy and adaptability,

and present a solution to the limited reach and accuracy
in conventional stress-relief methods.

3 ACQUISITION OF DEFORMATION DATA

From the image data, it is possible to directly identify
the positions of the probes’ sharp apices by computer.
However, for our required accuracy, this is a process
prone to errors. In this study, the images are pre-
processed, allowing the probe edges to be detected. The
precise coordinates of the apices are then determined as
the intersections of these edge lines.

3.1 Pre-processing

The inside of a borehole is not a homogeneous environ-
ment. The image data can be affected by the noises from
external signals and a minor turbidity in the liquid
between the camera and the probes, as seen in Fig. 5(a).
Since the adaptive median filter (AMF) algorithm can
preserve the edges in an image, it is chosen for the de-noise
operation. AMF functions by adjusting the filter window
based on noise density, using different methods to process
noise and signal pixels, maintaining the gray-scale values
of the signals, while applying a median filter to the noises.

Let the grayscale of the pixel (x,y) be f,, , the current
work window be A, , and the preset largest window
permitted be A, in which the minimum, median and

e

' (a) Raw image (b) Image post-adaptive median

filter

(c) Image after erosion
and dilation

Figure 5. Pre-processing of image data.
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maximum gray scales are respectively f,,.i. > fined and fryax-
When fin<fimed<fmax> fmed is DOt a noise, and whether f,,
is a noise can also be determined by f,,in<f,,<fimax- When
neither fmed nor f,, is a pulse noise, f,, is preferred as
the result (see Fig. 5(b)).

Since some hollow spots and rough edges are present in
the image post-AME, the erosion and dilation processes
[13] are used to eliminate them. The rough edges are
cleaned up by erosion, and the hollow spots are filled
with dilation. The final result is shown in Fig. 5(c).

3.2 Acquiring probe edges

Even with the pre-processing, the silhouettes of the
probes are still not smooth or straight as they should
be. In this section, the probe edges are acquired by first
drawing circles to find points on the edges, then fitting
the points to straight lines.

Based on the image center, multiple circles can be
drawn, each intersecting with all the probes. We define
such a search circle as ¢;, with j denoting the j-th circle
starting from the inside. The probe in the top-center is
denoted probe 1, and the rest are numbered clockwise.
Along a circle, the entry and exit points of a probe

can be identified by the color values of the pixels. An
entry point is denoted dny; (i.e., the entry point for the
overlapping section between the n-th probe and thej-th
circle), and an exit point is dn,;. All the probes can then
be identified as seen in Fig. 6(a). Since all the probes are
standard cones with straight edges, a line can be fitted
from each edge, denoted In;, with i representing either
the entry into or the exit from the circles.

(a) Intersections of probes and
search circles

(b) Establishing Cartesian
coordinates

Figure 6. Search circles.

Let the image center be the origin O, the width be the
x-axis, and the height be the y-axis, a Cartesian coordi-
nates system can be created as Fig. 6(b). The point dn;;
has coordinates (xn;;, yn;;), which have the following
relationships:
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where ] is the total number of search circles. Equation
(3) is the equation of the line In;.

3.3 Determining the positions of the apices

With the edges obtained, the apex of each probe can be
pinpointed through their intersection, as seen in Fig.
7(a); the coordinates of these intersections are taken to
be their accurate positions (see Fig. 7(b)). The apex of
the n-th probe is denoted Dn (xn,yn).

§\Wé

—_——

N
YRR

(a) Intersections of probe edges (b) Locations of probe apices

Figure 7. Locations of probe apices.

The coordinates xn and yn can be solved from the equa-
tions of the edges, as the following:

bn, —bn,
xn=—02—1
kn, —kn, (4)
= kn,bn, —knbn,
kn, —kn,

4 DETERMINING THE STRESS

Using the integrated system, the stress along a borehole’s
cross-section can be determined. By measuring three
intersecting boreholes, the three-dimensional stress at
their intersection can then be calculated.

4.1 Conversion between the borehole and the
ground coordinates

Determining three-dimensional stress requires know-
ing the angles between the boreholes and the ground.
We begin by establishing a ground coordinate system
oxyz, with the x-axis pointing east, the y-axis pointing
north, the z-axis pointing up, and the origin o as the
center of the borehole cross-section at the measure-
ment position. A borehole coordinate system oxy'z" is
also established, with x"in the xy plane, z’ pointing in
the same direction as the axis of the borehole, and '
determined by the right-hand rule [14,15], shown in
Fig. 8.

Figure 8. Ground and borehole coordinate systems.

Suppose both oxyz and ox'y’z' are two Cartesian coordi-
nate systems in an infinite space, the six 3-dimensional
stress components oy, 0y , 0; , Tyy » Tyz»> Tox 0 0XY'Z' can
be converted into their counterparts o, , 0y, 0, Ty, Ty, T,
in oxyz with the following equations:

o.=0l’+ O'yml2 +o.n+ 2z 0ym, +27, mn, +27 0l
o, =0l +om +o.n +2r Lm,+ 2z myn, +2t_m)l,
o.=0l+ O’ym32 +o.ni+ 2z lymy + 27 myny + 27 nsly
T, = oll,+ o, mm, +o.mn,+ z'xy(ll my +1,m )+

+z'yz(ml ny +myn ) +7_ (nl, +n,l;) (5)
7. =0 Ll +o,mm; +o.nn, +7,,(L,my +lm,)+

+7,. (myny +myny )+ 7, (n,ly +nyl,)
. =0.bLl + o, mum, +0.mn, +7, m, +1,my)+

+7,. (myn, +mny)+ r. (ml, +mly)

where [, I, and I3 are, respectively, the cosines from x', y’
and z'to x; m;, m, and mj3 are similar cosines from x/, y’
and z'to y; and n;, n, and n3 are cosines from x', y"and

)
z toz.
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4.2 Relationship between the deformations and the
3-dimensional stress components

When determining stresses we can base the global
coordinate system on the earth, and establish a local
system for each borehole. As long as we know the angles
between the local systems and the global system, all

the results from the local systems can be converted to
the global system using Equation (5). Now we know

the diameter of the borehole cross-section is deformed
under stress, as shown in Fig. 9.

Figure 9. Deformation in the borehole coordinate system.

Assuming the borehole exists in a 3-dimensional,
infinite frame, the following relationship can be found
between the deformation U’ and the 3-dimensional
stress components:

U :o;(%[(u2cos29)(1-v2)+dvz])+ ©

o;(%[(l—zcos20)(1-v2)+dv2])+a;(—i;)+f;y(%4(1—v)sin 20)

where d is the borehole diameter; 0 is the angle between
the direction of the deformed diameter and x’; rotating
counterclockwise (CCW) from x' to the direction of the
said diameter is positive; E and v are, respectively, the elas-
tic modulus and Poisson’s ratio of the rock at the measure-
ment position; and oy, 0 , 07 , T, can be converted to the
global coordinate system via Equation (5).

4.3 Equation of deformed cross-section

After the stress is completed relieved, the borehole
cross-section becomes elliptic in shape [16]. Under
ideal conditions, the probe apices should also fall onto
points on an ellipse, but since the borehole walls are
not perfectly smooth, deviations and errors can still be
present. Here, we approximate the ellipse with the least-
squares method.

Now the apices have coordinates (xn,yn) with n=1,2,...,
N, N being the total number of probes. The target func-
tion can be constructed:
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N
F(A,B,C,D,E) = Z:(xn2 + Axn- yn+ Byn® + Cxn+ Dyn+ E)*(7)
n=1
We need to find the parameters (A,B,C,D,E) that allow
the apices (xn,yn) to fall onto an ellipse as much as
possible. This problem can be represented as obtaining
the minimum value of F(A,B,C,D,E). Based on the least-
squares theory, this implies the following relationships:

OF_OF_OF_OF _F_ o
0A 0B oC oD OE

The following can be derived from Equation (8):

M=

N N N N
xn® oy Y xn-yn’ D xn’oyn Y xn-yn’ Y xn-yn
n=1 n=1 n=1 n=1
N N N
doxn-yn® Yoyn’ D yn’
n=1 n=1 n=1
N N N N
xn’yn Y xn-yn’ Y xn’ Dixn-yn Y xn
n=1 n=1 n=1 n=1
N N N
Dxn-yn Y yn D yn
n=1 n=1 n=1

N N N
xn-yn Z:yn2 an Zyn N
n=1 n=1

n=1

n=1

M=

N
3 4
Xn-yn 2 yn
n=1

3
I

M=

3
L

M=

N
xn-yn* Y yn’
n=1

3
A

M=

E

. -
> xn’ - yn
i=1
A D xn® - yn’
B i;l 9)
A C == D’
D i=1
E xn’ - yn
i=1
xn’
L= i

Solving the five-order linear system results in A, B, C, D
and E, which are the parameters of an elliptical equation.
For the ellipse, the center (xy,y,), major axis a, minor
axis b, and angle 6 between the major axis and x can
then be determined as the following:

2BC—-AD 2D—AD)

A*—4B ~ A*-4B
. 2(ACD - BC* —D* +4BE — A’E)
(A> —4B)(B—+/A> +(1-B) +1)
b 2(ACD-BC* —-D* +4BE - A’E)
(A> —4B)(B++JA? +(1-B) +1)

6 = tan71 ﬂ
\a’B-b’

(xo’yo):(

(10)
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4.4 QObtaining the stress data

The system can measure the stress in a cross-section
perpendicular to the borehole axis. But only three
equations can be obtained from one borehole, which

is not enough to solve for the six components in a
3-dimensional system. To obtain the 3-dimensional
stress data, the measurements must be made in three
intersecting boreholes. The following uses one borehole
as an example to show the process.

As in Fig. 10(a), the outline of the cross-section has
changed from the circle before the stress relief to

an ellipse. The deformation can be represented and
compared using the outline’s elliptical equation. From
the origin o, three rays are drawn: the first along the
positive x-axis, the second rotated CCW 60 degrees,
and the third rotated CCW 120 degrees. The three rays,
respectively, intersect with the pre-relief circle at Ny, N,
and N3, and with the post-relief ellipse at M;, M, and
M, with the coordinates N;(x,,;,,,;) and Mi(X,,Y i)
i=1,2,3. Therefore, the distance between each pair of
points | M;Nj| is:

IMN, =G~ %, + 0~y (=123 (1)

(a) Intersections of rays and the outline pre- and post-deformation

(b) Directions of deformation and stress

Figure 10. Deformation and state of stress in a cross-section
perpendicular to the borehole.

Along the directions of the three rays, three diameter
deformations Uj, U, and Us are defined as 2| M| N;|,
2|M,N,| and 2|M;N3|, rotated 60 degrees from each
other, as shown in Fig. 10(b). Let 5 be the angle between

the first deformation Uj and the maximum principal
stress o7, and a CCW rotation from Uj to o as positive,
the state of stress, i.e., the amounts and directions of
the stresses ¢; and ¢, can be computed from the three
deformations:

o =LZ[(U' +U +U;)+£]><
ed-n®) 2
xJU —U Y +(U -U Y +(U,-U )
o =L2[(U' +U +U'3)—£]x
*ed(1-n®) 1 2
x U -U Y +(U -U )y +(U,-U )’
_ i
ﬁ—0+3 (12)

where v is the rock’s Poisson’s ratio and E is its elastic
modulus.

If we attach an axial strain gauge to the core obtained
from the borehole, and apply a confining pressure to it,
the ratio of its axial and radial strain is its Poisson’s ratio.
The elastic modulus can be obtained by using a borehole
deformation gauge to measure its confining pressure-
deformation curve, using the following equation:

4PrR*

Rk P

where Py is the confining pressure; U is the average fine
deformation caused by the confining pressure; R and r
are, respectively, the outer and inner radii of the core.

If the axis of the borehole is along the same direction

as a principal stress, the amount of which is already
known, e.g., the gravity stress in a perfectly vertical well,
measuring one borehole will be enough to determine
the 3-dimensional state of stress at the measurement
point.

5 CASE STUDY

We used the system to measure the stresses in the
bottom outlets of a certain hydropower station. For

the borehole ZK1 with diameter 168 mm, the system
performed the measurement operation along a depth of
150 m, using a 91-mm outer drill, and a 40-mm inner
drill. The cross-sectional stress data were obtained at 15
points, each separated by a depth interval of 10 m. As
an example, data from the first three points are analyzed
below.
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5.1 Solving for stress

First, the system conducted data acquisition from depths
10, 20 and 30 m, generating images of probes before

and after the stress relief. The images were processed

by computer and stored as image data with directional
information. The data then went under pre-processing,
edge detection, and determination of probe apices.

With the positions of the probe apices known, they

were fitted using least squares into circles and ellipses
representing the statuses of the borehole before and after
the stress relief. The circles or ellipses were described by
equations, as shown in Fig. 11, Cartesian systems were
established, and rays were drawn to calculate the three
deformations Uj, U, and U; in each instance.

(a) Cross-section at 10m (b) Cross-section at 20m

Figure 11.
Cross-sections at depths
10, 20 and 30m, pre- and

post-stress relief.
(c) Cross-section at 30m

Since the calculation requires knowing the rocks’ Pois-
son ratios and elastic moduli, a RMT-150C rock testing
machine was used to measure these parameters, with
results shown in Table 1.

Table 1. Poisson’s ratios and elastic moduli for cores at depths
10, 20 and 30 m.

Core location 10m 20 m 30 m
Elastic modulus E/GPa 25.1 37.5 34.0
Poisson’s ratio v 0.27 0.27 0.27

The deformations Uj, U, and U; can then be used to
determine the stresses in each cross-section using Equa-
tion (12), while the elliptical equation in each instance
can be used to determine the angle 0 between the major
axis and the x-axis, thus obtaining the directions of

two principal stresses for each measurement point. The
results are shown in Table 2.

5.2 Analyses of the result

We conducted tests to validate the feasibility and reli-
ability of the integrated system and the method. First, a
three-axis compressor was used to perform a series of
compression tests. For each core, confining pressures
were applied that have the same amount and direction
as the cross-sectional principal stresses above. Standard
instruments were then used to measure the diameters
of each hole before and after applying the pressures. The
instrument is an inside micrometer with a precision

of 0.001mm. The deformations caused by applying the
known stresses were compared with the integrated
system’s results (see Fig. 12).

(a) Deformations of the 10 m core

(b) Deformations of the 20 m core

(c) Deformations of the 30 m core
(Blue: borehole measurements; Red: compression test results)

Figure 12. Comparison of deformations in borehole measure-
ments and compression tests.

Table 2. Deformations and principal stresses along the cross-sections.

Deformation Principal stresses along the cross-section
Location
U /um Uy /um Us /um 0; amount o] direction 0 amount o direction
10 m 282 318 282 9.1MPa N29.88°E 1.0MPa $60.12°E
20m 264 328 284 14.3MPa N55.34°E 1.5MPa $44.66°E
30 m 287 280 326 10.7MPa N39.67°W 1.3MPa $50.33°W
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(a) 20m depth

(b) 49m depth

(c) 58m depth

Figure 13. Partial borehole images.

The greatest variance between the two is 1.06% at Us in
Fig. 12(a), 2.44% at U} in Fig. 12(b), and 2.44% at Uy in
Fig. 12(c). It can be seen that the general tendencies of
the deformations are similar between the two groups of
results, with errors below 2.5%. Therefore, the system’s
measurements can be deemed valid.

The inner surfaces of a borehole might crack or peel off
when the stress reaches a certain level. Such occurrences
can also be used to determine the direction of the stress
[17,18,19]. In our validation of the system, we used it to
observe this borehole, and found the existence of cracks
at 20 m (see Fig. 13(a)), and peeled off surfaces at 49 m
and 58 m (see Figs. 13(b) and (c)). Their directions were
consistent with calculations of the system, which were,
respectively, along the west-east and north-south axes.

For the measurements of ZK1, the borehole was along
the vertical direction. If we consider the geostress to

be a principal stress, one measurement is enough to
determine a point’s 3-dimensional state of stress. Hence,
the measurements over the full lengths of the borehole
can be used to describe the vertical distribution of the
stresses, which is depicted as rose diagrams in Table 3.
The circumferential direction represents the directions
of the stresses, and rotates clockwise from true north.
The radial direction represents the amount of stress, with
weaker stresses closer to the center, and stronger ones
farther away from the center.

It can be seen in Table 3 that ZK1’s maximum principal
stress largely falls in the 10 MPa range, existing along
the west-east direction, while the minimum principal

Table 3. Summary of stress distribution in ZKI.

Principal
Stress o1

Rose Diagram

Principal
Stress o2

Rose Diagram

Principal
stress-depth
correlations
Blue: o1;
Red: o>
(Ver.: MPa;
Hor.: 10m)
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stress is around 1.3 MPa along the north-south direc-
tion. There is no linear correlation between the stress
and depth; the stresses are affected by multiple factors,
and vary greatly between the depths. The distribution
of stress is at least partially stochastic. It can only be
described using a unified equation when the distribution
is normal or log-normal [20]. For this survey, linear
interpolation is used to describe the stress within each
10 m segment between measurement points, and reduce
the complexity of stochasticity. The stress at each depth
value is assumed to be a linear function of the two
measurement points before and after it.

The results show that the stress varies considerably with
depth. We chose the maximum values as an intuitive
way to describe the borehole’s stress characteristics. The
maximum values of the principal stresses ¢; and o, are
used as the reference values of the stress in this borehole,
while the reference directions are obtained by observing
the rose diagram.

The measurements of ZK1 indicate the system can effec-
tively acquire the borehole deformations along the well,
avoiding changes caused by rock creep during the long
periods of waiting, which leads to more accurate results.
The system also enables more efficient measurements

of greater depths. The method of stress determination
based on the system is a good approach to describe the
movements of the probes, which can be used to calculate
the deformations and principal stresses. The resulting
cross-sectional stresses from the depths can be used to
provide an intuitive depiction of the borehole’s stress
variations using rose and contoured diagrams.

6 CONCLUSION
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