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The horizontal directional drilling technology combined with the borehole TV imaging technology can be used to obtain most of
the geological information in conventional adit exploration. This combination has little impact on the environment and is free
from topographic constraints, thus contributing to green exploration. However, conventional algorithms for structural planes fail
to accurately extract information on the attitudes of incomplete structural planes in boreholes of any azimuth. Moreover, existing
borehole TV devices are mostly cable-based and, thus, difficult to put in place in horizontal drilling. They are prone to get stuck in
the collapse section of boreholes, thus damaging the devices. Given these challenges, this study develops an optimization algorithm
for structural planes: (1) first, information on multiple points in the 2D unfolded view is fitted using a sinusoidal function curve,
three arbitrary points are constructed using the fitted curve, and the normal vector of the plane determined by the three points is
calculated; (2) the normal vector in the geodetic coordinate system is obtained after two rotations of the spatial coordinate system
based on the theory of transformation of Cartesian coordinate system; (3) finally, the dip angle and dip direction of a structural
plane are calculated using the normal vector in the geodetic coordinate system. By making the best use of the information on
multiple points in the 2D unfolded view, the optimization algorithm can overcome the defect that is difficult for conventional two-
point methods to locate the highest and lowest points of discontinuous structural planes. Therefore, the optimization algorithm
applies to calculating the attitudes of structural planes in boreholes of any azimuth. Based on this optimization algorithm, this
study successfully develops a cable-free, storage-based TV device for boreholes of any azimuth. This device was employed for
laboratory experiments on 20 complete structural planes and 32 incomplete structural planes. As indicated by the experiment
results, the optimization algorithm proposed in this study is applicable to many types of structural planes, with a dip direction error
of less than 10° and a dip angle error of less than 5°, thus meeting the production requirements.

1. Introduction

To ascertain the properties of deep strata and use adits for in
situ testing, it is always necessary to deploy adit explorations
at the tunnel inlets and outlets of major engineering and in
areas subjected to major geological problems. However, adit
construction suffers serious safety hazards and low efficiency
(tunneling for 3—4 m/day) and is environmentally unfriendly.
For tunnels with a burial depth of more than 1,000 m, vertical
drilling is often difficult or impossible due to topographic and
traffic conditions. In recent years, horizontal directional dril-
ling has rapidly developed. This technology is characterized

by high construction efficiency (daily drilling depth: about
15-30 m) and low environmental impact. In addition, it is
free from topographic influence, thus the drilling construc-
tion can be arranged directly along the tunnel axis [1-3].
This technology, combined with integrated logs and the
images and videos of the cores and panoramic views of
boreholes, allows for acquiring most of the geological infor-
mation required for conventional adit explorations, pre-
cisely investigating the lithological changes of surrounding
rocks, the density of joint fissures, and the distribution of
fault fracture zone, and accurately classifying tunnels’ sur-
rounding rocks [4-6].
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Borehole TV devices have developed for decades from
the early literally rotating and front-view panoramic bore-
hole TV devices into the widely used panoramic borehole
camera systems [7, 8]. With the progress in camera technol-
ogy in recent years, some higher-definition and more intelli-
gent borehole TV devices have been developed [9-11]. Some
specific interpretation software has also been developed, such
as the AutoLISP program for the construction of geological
cross-sections [12] and the Borehole and Ice Feature Anno-
tation Tool [13]. The borehole TV imaging technology has
been widely applied to in situ measurements in the fields of
tunnel surveying [4-6], hydropower engineering [14], hydro-
logical exploration [15-17], hydrocarbon storage [18-21],
and sedimentary structures [22]. The borehole TV imaging
technology, which is independent of the core drilling process,
can directly obtain the borehole rock images and the occur-
rence of the in situ structural planes on the borehole wall. It
allows for more types of in situ tests if combined with other
sensors or devices [23, 24].

Despite numerous advantages, the borehole TV imaging
technology still faces two major burning challenges when
applied to horizontal directional drilling. One challenge is
that present TV devices are mostly cable-based devices
[9-11], which enable logging while descending under the
action of dead weight in vertical boreholes but can only be
pushed forward using a drill rod in horizontal boreholes. The
presence of signal cables makes it difficult to push forward
the TV devices, which are prone to be stuck in the fractured
sections of boreholes. Moreover, signal cables are easily
worn, and the devices are prone to be damaged, causing
logging failure.

The other challenge is a lack of precise analysis of the
attitudes of structural planes obtained based on the pan-
oramic imaging of horizontal directional drilling. Presently,
the automatic identification of structural plane characteris-
tics based on the image processing technology has been
widely applied and developed [25-28]. The intersections
between the structural planes in a borehole and the borehole
wall are present as approximate ellipses in the 3D space and
as sinusoidal curves in 2D images [29-31]. For the images of
vertical boreholes, the sinusoidal functions of the intersected
structural planes can be determined using the coordinates of
the highest and lowest points on the sinusoidal curves, and
then the dip angles and directions of structural planes can be
calculated [31]. However, in some cases, it is difficult to
locate the highest and lowest points of a discontinuous struc-
tural plane, making this two-point-based method unwork-
able. Moreover, the analytical solution is the attitude of a
structural plane under local coordinates of the working
face and, thus, cannot be directly used for horizontal or
inclined boreholes. A method for calculating the attitudes
of structural planes in boreholes of any azimuth was pre-
sented [32]. This method converts the coordinates of three
arbitrary points in the 2D unfolded views into spatial coor-
dinates to calculate the attitudes of the structural planes.
However, this method suffers low calculation precision due
to the few and untypical selected points. This will be dis-
cussed in detail in the following section.
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To meet the two major challenges in the borehole TV
imaging technology when applied in horizontal directional
drilling, this study proposes an optimization algorithm for
extracting the attitudes of structural planes based on bore-
hole TV images in order to expand the application scope and
improve the calculation precision of the technology. More-
over, this study develops a cable-free, storage-based TV
device for boreholes of any azimuth. The effective combina-
tion of the optimization algorithm and the borehole TV
device forms a new borehole TV imaging technology suitable
for horizontal directional drilling. This new technology was
used to test the attitudes of complete and incomplete struc-
tural planes. The test results show that the new technology
proposed in this study can yield the attitudes of structural
planes with required accuracy and can effectively meet the
production requirements.

2. Borehole TV-Based Algorithm for Structural
Plane Attitudes

2.1. Mathematical Model. The structural planes of rock masses
are not always regular. Quite complex structural planes may
be encountered in engineering practice. This study presents
some structural planes in horizontal borehole 6# for the diver-
sion project from the Dadu River to the Minjiang River. As
shown in Figure 1(a), structural planes L1 and L2 do not
intersect with other structural planes, so the 2D unfolded
view exhibits regular sine curves. As shown in Figure 1(b),
structural planes L3, L4, and L5 have missing parts in the
2D unfolded view due to the drop of blocks (see the shadow
part in the figure). Structural planes L6 and L7 are cut by the
structural plane L8, leaving only a little information on the 2D
unfolded view. The structural plane penetration cannot be
effectively analyzed if the information is ignored completely.
However, current algorithms fail to locate the highest and
lowest points, which are difficult to determine in these
situations.

Figure 2 shows the schematic of the mathematical model
of an incomplete structural plane. According to this figure,
the borehole azimuth has a dip direction of a, and a dip
angle of f,. A coordinate system was set according to the
right-hand rule. It is a local coordinate system rather than a
geodetic coordinate system. The 2D unfolded view took the
highest edge of gravity as its coordinate origin, the rotation
angle of the borehole TV probe as its horizontal axis, and the
current depth of the borehole as its vertical axis. The struc-
tural plane is present as a sinusoidal curve in the 2D unfolded
view. Points P1-P6 are selected points on the structural
plane. The mathematical problem discussed in this study is
to calculate the dip direction and dip angle of the structural
plane in the geodetic coordinate system based on the multi-
point coordinate information on the 2D unfolded view
through coordinate transformation and vector calculation.

2.2. Algorithm Flow. The algorithm flow in this study is
shown in Figure 3. First, the coordinates of key points are
selected in the 2D unfolded view for sinusoidal function
fitting. Three spatial points are generated if the fitting results
are acceptable. Otherwise, the key points are reselected.
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Figure 1: The structural planes of rock masses. (a) Complete structural planes. (b) Incomplete structural planes.
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FiGure 2: Mathematical model sketch. (a) Structural plane in a 3D digital core. (b) Structural plane in the 2D unfolded view.
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FiGure 3: Algorithm flowchart.

Then, the normal vector is calculated using the coordinates
of the generated space points. Subsequently, the coordinate
axes are rotated. Finally, the attitude of the structural plane is
calculated using the normal vector after rotation.

(1) Information of multiple points is used for sinusoidal
curve fitting. The coordinates of the key points are set at:

9:[91702,...0,',...,9”], (1)

Z=12.29,.... 24 ... 2], (2)

where 8, and Z; are the horizontal and vertical coordinates of
the ith point in the 2D unfolded view of the borehole.

The following function fitting is performed for the
selected multipoint coordinates:

Z(0)=a X sin(0 + b) + c, (3)

where Z(0) is the current borehole depth, and a, b, and ¢ are
fitting constants.

The fitting can be transformed into an extremum prob-
lem, that is, the undetermined coefficients a, b, and c are
calculated to minimize the following equation:

S=Y(a xsin(6; + b) + ¢ — Z;)* (4)
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(2) Three arbitrary points are constructed based on the
fitted function:

A(R*cos(0), R*sin(0), Z(0))
B(R*cos(0;), R*sin(6;), Z(6;)) , (5)
C(R*cos(#;), R*sin(6;), Z(65))

where R is the borehole radius, and 61’ and 62’ are any
nonzero and unequal angle values.

(3) The normal vector of the plane determined by points
A, B, and C can be determined from the constructed
spatial coordinates through the cross-product calcu-
lation between vectors:

N

N, = BA x CA, (6)

where 1\70 is the normal vector of plane ABC, BA is the vector
from point B to point A, and CA is the vector from point C to
point A.

(4) Transformation of coordinate axes: The normal vec-
tor calculated from Equation (7) is the dip direction
and angle of the structural plane under the working
face. To obtain the actual attitude of the structural
plane, the coordinate system, as shown in Figure 1,
must be rotated to the geodetic coordinate system.
The dip direction and angle of the borehole are set
at ay and f, respectively. First, the Y-axis is fixed
and the coordinate system, as shown in Figure 1, is
rotated by (z/2 — f,) around the Y-axis to make the
Z-axis vertical. Then, the Z-axis is fixed and the coor-
dinate system is rotated by (a, + 180) around the
Z-axis to make the X-axis coincide with due north.

According to the equation for the rotation of the axes in
the Cartesian coordinate system, rotating N, by (z/2 — f3;)

around the Y-axis yields the normal vector N after rotation:

cos (Ry) 0 sin (Ry)
N=| o 1 0o |\, (7)
-sin(R,) 0 cos(Ry)

where R, =7/2 - .
Rotating N; by (@, + 180) around the Z-axis yields the

N

normal vector after rotation N,:

cosR, —sinR, 0
N,=|sinR, cosR, O [=*N], (8)
0 0 1

where R, = a, + 180.
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FiGure 4: Borehole TV device. (a) Storage-based borehole TV for horizontal drilling. (b) Borehole TV device developed. (c) Camera probe

section coupled with other geophysical sensors.

(5) The normal vector N, is used to calculate the dip
angle a of the structural plane, which is the dihedral
angle between the structural plane and the horizontal
plane. The normal vector of the horizontal plane is
set at D=[001]. The dihedral angle is calculated as

follows:
). )

<‘ DX N,
a = arccos | [—————
DX [N, |

According to the definition of the dip direction of the
structural plane, the dip direction is always calculated using
the upward normal vector. That is, the third component of
the normal vector must be positive.

Setting N, = [x,, ¥, 2,](2,>0), then:

ey = arctan(abs(y,/x,)) X 180/, (10)

where x,, y,,z, are the three coordinate components of the
normal vector, respectively, and e, is the calculated value of
the dip direction of the structural plane.

Considering different quadrants, the dip direction $ should
be calculated as follows:

€0 (x,20,y,20)
_ 180 —¢ey (x,>0,y,<0) (1)
180+¢ (%<0,y,<0)’
360 —¢, (%220.7<0)

where /3 is the dip direction of the structural plane, and x,, ¥,
z, are the three coordinate components of the normal vector,
respectively.

3. Cable-Free, Storage-Based TV Device for
Boreholes of Any Azimuth

Based on the optimization algorithm for structural planes
proposed in this study, the authors of this study developed
a cable-free, storage-based TV device for boreholes of any
azimuth (see Figure 4(a)), which is directly connected to the
drill rod through a connector and is directly pushed forward
through a horizontal drilling rig. A depthometer is installed
at the borehole opening, and the depth is obtained based on
the friction between the drill rod and the depthometer. The
cable-free and storage-based device can work normally in the
temperature range of 0-125°C, and it can work normally for
more than 8 hr.
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FiGure 5: Experiment photos. (a) Complete structural plane tested. (b) Simulated incomplete structural plane. (c) Pushing forward of camera

probe.

Figure 4(b) shows an image of an actual borehole TV
device developed in this study, which is mainly composed
of a borehole TV probe, a depth acquisition instrument, a
depthometer, and an intelligent borehole TV analysis system.
Among them, the storage-based borehole TV probe includes
a high-definition 2-megapixel camera, an electronic com-
pass, and rechargeable batteries.

Compared with other existing devices, this device is
cable-free and is characterized by low cost, low probability
of damage caused by being stuck, and a deeper logging depth.
Through flexible connection, this device can be easily com-
bined with other geophysical methods, such as the acoustic,
borehole temperature, and natural gamma-ray logging (see
Figure 4(c)). A disadvantage of this device is that the
acquired data cannot be transmitted to the borehole opening
in real time but can only be read and analyzed after the probe
is taken out. Moreover, since the depthometer is installed at
the borehole opening, it is necessary to consider the precise
synchronization between the depth, attitude data, and image
data. This function is achieved using the self-developed
depth acquisition instrument.

4. Process and Result Analysis of
Laboratory Experiments

4.1. Laboratory Experiment Process. Laboratory experiments
were conducted using the aforementioned borehole TV
imaging device, and the main steps are as follows:

(1) The electronic compass in the borehole TV probe
was calibrated. As a result, the sensor azimuth had
an error of less than 1.5°.

(2) A laser azimuth instrument was developed to test the
attitudes of complete structural planes. This instru-
ment can emit lasers and project them into ellipses
on an acrylic tube to simulate the structural planes of
rock masses. The laser azimuth instrument was con-
nected to a computer via Bluetooth for the purpose of
real-time reading the attitudes of structural planes
(see Figure 5(a)).

(3) Incomplete structural planes were simulated by
forming fractures through cutting on an aluminum
tube with a length of 2.5m and an inner diameter of
66mm (see Figure 5(b)). The actual attitudes of
incomplete structural planes were recorded using
the compass.

(4) A push rod was connected to the borehole TV probe
with an outer diameter of 60 mm. A centralizer was
set around the probe, and a depthometer was
installed (see Figure 5(c)). The borehole TV probe
was pushed forward using the push rod, and the
depthometer was used to achieve the temporal syn-
chronization between depth and video, with millisec-
ond precision.

(5) The video and depth files were imported into an
intelligent borehole TV analysis system for structural
plane analysis. Moreover, the deviation between the
testing results and the true attitudes was compared.

4.2. Testing Results of Complete Structural Planes. The acrylic
tube used in laboratory experiments had an inner diameter
of 66 mm and a length of 3m. Two self-developed laser
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FIGURE 6: Testing results of complete structural planes. (a) Borehole TV images of complete structural planes. (b) Polar coordinate contour
map of dip direction errors. (c) Polar coordinate contour map of dip angle errors.

azimuth instruments were employed for each experiment,
during which information on two structural planes was
obtained. Twenty complete structural planes were tested in
the laboratory. The test samples included complete structural
planes with steep and gentle dip angles in various quadrants.

Figure 6(a) shows the 2D unfolded views of the structural
planes, which present clear images with high contrast. Some
interference projections were generated due to the mutual
interference of two laser azimuth instruments, but they did
not affect the calculation of structural planes. As shown in
Figures 6(b) and 6(c), the radial coordinate represents the
dip angle, the tangential coordinate represents the dip direc-
tion, and the black spots represent the test samples. The test

results show that the cable-free, storage-based TV device for
boreholes of any azimuth yielded high-precision analytical
results of complete structural planes, with dip direction
errors of less than 10° and dip angle errors of less than 5°.

4.3. Testing Results of Incomplete Structural Planes. Discon-
tinuous structural planes are widely present in actual logging
processes. Therefore, it is necessary to verify the applicability
of the algorithm proposed in this study to the calculation of
incomplete structural planes. An aluminum tube with a
length of 2.5m and an inner diameter of 66 mm was
employed in the laboratory experiment on discontinuous
structural planes. Several nonpenetrating fractures were
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formed on the tube through cutting to simulate incomplete
rock structural planes. The attitudes of 32 structural planes
were tested by changing the dip direction, dip angle, and
rotation angle of the aluminum tube in the experiment (see
Figure 7). The test samples included relatively complete and
incomplete structural planes with steep, gentle, and moder-
ate dip angles. As shown in Figures 7(b) and 7(c), the cable-
free, storage-based TV device for boreholes of any azimuth
yielded high-precision analytical results of the structural
planes, with dip direction errors of less than 10° and dip
angle errors of less than 5°. Therefore, this device applies
to various structural planes, including relatively complete
and incomplete structural planes with steep and gentle dip
angles, thus meeting the production requirements.

4.4. Comparative Analysis. To further illustrate the superior-
ity of the optimization algorithm proposed in this study, the
optimization algorithm was compared with existing algo-
rithms A and B. The results of the comparative analysis are
shown in Table 1, which lists the actual attitudes of structural
planes, the coordinates of key points involved in the algo-
rithms, and the calculation results of the algorithms.

In algorithm A, the highest and lowest points in the 2D
unfolded view were selected to calculate the attitudes of
structural planes under the coordinates of the working
face. This study supplemented algorithm A with coordinate
axis transformation [31]. In algorithm B [32], three arbitrary
points in the unfolded view were selected to construct the
spatial coordinate system, and then the normal vector of the
plane determined by the three points was calculated, fol-
lowed by the rotation of the spatial coordinate system. As
indicated by the results, (1) algorithm A failed to accurately
locate the highest and lowest points of incomplete structural
planes (e.g., structural plane No. 1), suffering high calcula-
tion errors, and this algorithm exhibited high calculation
precision for relatively complete structural planes; (2) the
calculation results of algorithm B largely depended on the
selected points, with high calculation errors of the attitude.
Compared with algorithms A and B, the optimization algo-
rithm proposed in this study can utilize information on mul-
tiple points in the 2D unfolded view and allows manual
adjustment of the selected points. As a result, the fitted curve
is closer to the original structural plane, and thus the optimi-
zation algorithm has higher calculation precision. In addi-
tion, it is unnecessary to select the highest and lowest points
of a structural plane in the optimization algorithm, which,
therefore, is applicable to incomplete structural planes.

5. Conclusions

This study proposed an optimization algorithm for extract-
ing structural plane characteristics based on borehole TV
imaging. Using this algorithm, the attitudes of structural
planes can be obtained through curve fitting using informa-
tion on multiple points in the 2D unfolded view followed by
spatial coordinate transformation. The optimization algo-
rithm is highly practical for incomplete structural planes
and structural planes with steep and gent dip angles.

Advances in Civil Engineering

Based on the optimization algorithm for structural planes,
this study successfully developed a cable-free, storage-based
TV device for boreholes of any azimuth. The optimization
algorithm is feasible as verified through the laboratory experi-
ments on 20 complete structural planes and 32 incomplete
structural planes. The attitudes of structural planes measured
using the device developed in this study have dip direction
errors of less than 10° and dip angle errors of less than 5°.
Therefore, the device can meet the production requirements.
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