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Abstract

The long and large diameter uncharged hole boring (LLB) method is a cut blasting method that minimizes blast-induced vibrations by
creating long and large diameter uncharged holes at the excavation face of tunnels prior to tunnel excavation. Drilling in this method
typically uses a 50 m long with a 382 mm diameter hammer bit in the horizontal direction at the tunnel face. However, the significant
weight and uni-directional rotation of the rod head, as well as variables such as geological characteristics, machine conditions, and inex-
perienced operators result in significant deviation from the target borehole alignment that hinders the vibration-dampening effect of the
uncharged holes. Furthermore, since there is no method to verify the alignment of the boreholes until main tunnel construction, borehole
misalignment is often not discovered until weeks after construction, which requires tunnel construction to cease until the equipment can
be remobilized and an additional borehole be created, causing significant delays and increased costs for the entire tunnel project. In this
study, the borehole alignment tracking and ground exploration system (BGS) is developed to predict and monitor the quality and align-
ment of boreholes for cut blasting methods such as the LLB methods immediately after boring. The BGS was subsequently tested at a
subway construction site to evaluate its performance in the field. The measurements yielded by the BGS were compared with manually
measured boring positions at every 5 m along the borehole. Although the BGS showed a maximum deviation of approximately 12% at a
local point where the hole surface was relatively rough, the accuracy for the final boring position was approximately 97%, demonstrating
excellent precision of the alignment tracking system. The BGS demonstrates excellent performance in predicting ground conditions and
the boring quality of a cut hole immediately after drilling, and shows promise in various other applications for monitoring borehole
alignment.

Keywords: Tunnel blasting; LLB method; Drilling deviation; Vertical sagging; Horizontal alignment tracking; BGS

1 Introduction 2018). In particular, the long and large-diameter uncharged

hole boring (LLB) method, referred as multi-setting and

Blasting is used to excavate a rock mass for construction
of tunnel structures because of its cost-effectiveness. How-
ever, this method has several drawbacks, including blast-
induced vibrations and noise (Singh et al.,, 2016; Gu
et al., 2017; Aygar, 2020; Bhagade et al., 2021; Hong
et al., 2022). Cut blasting methods have been proven to
reduce blast-induced vibrations in tunneling (Xie et al.,
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smart-investigation of the ground and pre-large hole bor-
ing (MSP) method in previous works (Kim & Lee, 2021a,
2022; Kim et al., 2021b), is a cut blasting method that
reduces blast-induced vibrations using long and large-
diameter uncharged holes. In this method, large-diameter
uncharged holes with the diameter of 382 mm are drilled
at a tunnel excavation face, and typically drilled at least
50 m in the horizontal direction at a time, considering
the mobilization/demobilization time of the LLB machine,
which includes many large accessories.
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The hammer bit that crushes the rocks weighs 1.7 t, and
the 5 m rods used to extend the boring length weigh 0.8 t
each. In this regard, unintentional vertical sagging from
the target borehole alignment is occurred due to the heavy
weight of boring parts and it increases with the increase of
the entire boring length. Furthermore, due to the one-
directional rotation of the hammer bit and rods for chang-
ing the impact position and discharging the crushed rocks,
unexpected horizontal deviations also occurred. Smaller
deviations can be accommodated through appropriate
adjustment of the variable control settings of the boring
machine based on previous construction records and expe-
riences. However, unexpected geological characteristics,
machine conditions, and inexperienced operators have
resulted in severe deviations which inhibit their function
as a cut hole (Blake & Clarke, 1992; Oslen, 2009). Boring
results for lengths greater than 50 m are difficult to confirm
immediately after the completion of boring. Thus, the bor-
ing results may be checked once the main tunnel excavation
has progressed, a few weeks after boring. If deviation
exceeds the maximum allowable range set by the blast engi-
neer or limits the function of a cut hole, re-boring may be
required. When the boring machine and operators have to
return later to bore additional cut holes to replace inade-
quate and misaligned cut holes, delays in the construction
schedule and economic losses occur (Kangwa, 2001;
Adebayo & Akande, 2015). Thus, a method for monitoring
the boring alignment over the entire section throughout the
blasting excavation phase is critical (Kim et al., 2020; Choi
et al., 2022).

There are several studies investigating the alignment of
various types of holes. Wang and Song (2012) have studied
to survey the underground pipelines using a 3-axes
accelerometer. Many types of researches have been con-
ducted to achieve directional drilling using position-
tracking techniques during drilling (Cloutier, 2009; Ji &
Liu, 2021). However, it is impossible to ensure their dura-
bility under the impact load of the LLB machine
(Kondratenko et al., 2016). Navarro et al. (2019) have
researched to quantify the error between the monitoring
data of the drilling machine and the actual end position
of the blast hole logged. Laguillo et al. (2022) have studied
to investigate the path of blast holes using the developed
surveying probe in underground mining. However, there
is no research on trying to predict the horizontal alignment
of the long and large-diameter uncharged holes in tunnel-
ing. Focusing on the LLB method, Kim et al. (2020) con-
ducted research using machine learning techniques to
optimize the initial settings of the LLB machine, depending
on the conditions of the construction site. Choi et al. (2022)
have studied to predict the borehole alignment based on an
artificial neural network using several parameters of
machine settings, geological conditions, and borehole loca-
tions for each boring depth. However, these methods have
limitations that require advanced computational skills, and
the prediction of borehole alignment could not be guaran-
teed due to unexpected geological conditions. Therefore,

there is a need for a prediction method that can expect
higher reliability based on actual measurement data.

In this study, a borehole alignment tracking system was
developed to predict boring quality right after the boring of
a long and large-diameter uncharged hole. To evaluate the
performance of the alignment tracking system for the hor-
izontally drilled uncharged hole, the proposed system was
applied in a subway tunnel construction site that used the
LLB method of 18 m depth in South Korea. In addition,
the alignment tracking performance was verified through
manually mapped boring positions for each depth.

2 LLB method
2.1 Introduction of the LLB method

The LLB method is a cut blasting technique that mini-
mizes blast-induced vibrations during tunnel blasting by
boring a long and large-diameter uncharged hole, as shown
in Fig. 1. The LLB machine generally drills 50 m at a time
with a 382 mm diameter hammer bit to create a large-
diameter uncharged hole. It can drill up to about 65 m
depending on the construction site. The large-diameter
uncharged hole provides a larger initial space for moving
crushed rocks compared with traditional cut methods. In
addition, this uncharged hole plays an important role in
releasing the confining stress of the rocks before main
blasting and residual energy after rock breaking.

Figure 2 shows a recently developed high-performance
LLB machine that can drill in the horizontal direction for
tunnel structures as well as in the vertical direction for shaft
structures. A long and large-diameter uncharged hole is
created by boring a tunnel face using a hammer bit and sev-
eral rods of 5 m in length.

Figure 3 shows the field application of the LLB method
in transportation tunnel construction site in South Korea.
Generally, three large-diameter uncharged holes are cre-
ated in the tunnel, although more than three holes can be
created depending on the need to reduce blast-induced
vibrations at the construction site. The LLB method can
be used for both soft and hard rock masses, and there
are no restrictions on short or long hole blasting compared
to the traditional V-cut and cylinder-cut methods (Kim &
Lee, 2022).

2.2 Characteristics of the LLB method

As mentioned previously, deviations in the vertical and
horizontal directions occur because the LLB method gener-
ally drills 50 m at a time. If deviations in the boring align-
ment exceed the allowable range for a center-cut, re-
construction is necessary. In general, the horizontal devia-
tion has a relatively large allowable range compared to ver-
tical deviation because the width of transportation tunnels
is larger than the height; however, a large horizontal devi-
ation brings difficulty in blasting design or use as a cutting
hole. To adjust for an inevitable deviation, modified set-
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Fig. 2. High-performance LLB machine.

Fig. 3. Field application of the LLB machine.

tings should be used for the boring machine in both vertical
and horizontal directions, as shown in Fig. 4. These mod-
ified initial settings rely on previous construction records
and operators’ experiences.

Figure 5 shows vertical sagging in the boring alignment
when the LLB method was used for 50 m depth in the hor-

izontal direction. When 50 m was drilled in the horizontal
direction, vertical sagging began as the drilling passed
through the middle depth and generally occurred at 30—
35 m of a total of 50 m. The boring section shown in
Fig. 4 consisted of moderately hard rock. If the rock qual-
ity is poor, the deviation can change significantly.
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Fig. 4. Adjustment of boring alignment in the vertical and horizontal directions using modified initial settings. (a) Modified setting in the vertical

direction, and (b) modified setting in the horizontal direction.

Fig. 5. Sagging point in boring alignment.

Even when modified settings are used for the boring
machine at 50 m, boring alignment differs depending on
the geological conditions such as rock qualities, faults,
and joint sets. In addition, a deviation can be caused by
a setting error when inaccurate decisions are made by the
operators of boring machine. Figure 6 shows boring errors
for a tunnel construction site at 45 and 50 m, respectively
(Kim et al., 2020).

The availability of the large-diameter uncharged hole
for each tunnel face can be determined after blasting exca-
vation based on the advance per round. However, the need
for re-construction is not recognized until two to three

weeks after construction with the LLB method. Therefore,
unpredicted huge economic losses can occur due to
increases in the overall construction time and costs caused
by re-entry of the machines and labor for additional
boring.

3 Development of a borehole alignment tracking system

3.1 Investigation of obstructive factors in measurement of
borehole alignment

A prototype, shown in Fig. 7, was first developed to
investigate the factors that interfere with measurement of
borehole alignment. This vehicle-type trial machine con-
tains a tilt sensor to measure the alignment of the borehole
as well as a camera to observe the environment inside the
uncharged hole. This prototype was applied at several tun-
nel construction sites where the LLB method was applied.

Several restrictions have been identified during field
application as shown in Fig. 8§ (Kim et al., 2021b). Most
of these cases occurred in the soft rocks and fractured
zones rather than in hard rocks. Figure 8(a) shows a good
condition for measuring the borehole alignment, and it was
mainly observed in the area where the hard rock exists. In
this case, it was expected that the borehole alignment of the
large-diameter uncharged hole could be traced without any
problem. However, if there were fragmented rocks on the
floor, there would be cases that the measured slope abnor-
mally increased because the vehicle climbed on the frac-
tured rocks; thus, a completely incorrect boring
alignment may be formed as the data accumulated. Figure 8
(b) shows a case where the surface of the uncharged hole
was significantly rough. Due to the rough floor surface
inside the hole, the vehicle shook so much that the slope
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measurement was not smooth. Figure 8(c) shows a case of
collapse due to the presence of soft rocks in the uncharged
hole. If the amount of fractured falling rocks is small, the
alignment tracking system can move forward by pushing
the crushed rocks. However, as shown in Fig. §(c), not only
is it difficult to move forward, but errors in borehole align-
ment can occur due to cavities generated by fractured fall-
ing rocks. Furthermore, when large rocks fall as in Fig. 8
(d), it is impossible to measure the borehole alignment
because the system can no longer enter the uncharged hole.
Figure 8(e) shows a case in which the uncharged hole is
filled with groundwater. Although this did not directly
affect the movement of the equipment and measurement
of borehole alignment, it was difficult to observe images

(e)

Fig. 8. Factors that interfere with measurements (Kim et al., 2021b). (a) Good condition, (b) very rough surface, (c) collapse, (d) falling rock, and (e) filled

with groundwater.
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to verify the measured data. Therefore, although the
vehicle-type machine can be used to observe geological
conditions using a camera, it was investigated that it is
not suitable for measuring the alignment of a horizontal
borehole.

3.2 Wall support-type borehole alignment tracking system

Based on the several field tests using a vehicle-type
tracking machine, a wall support-type alignment tracking
machine was finally developed as shown in Fig. 9 (Kim
et al., 2021b). The borehole alignment tracking system
was designed to optimize a horizontal uncharged hole of
382 mm, and the diameter can be adjusted from 260 to
400 mm. The system can be divided into parts for observa-
tion, measurement, and operation. The measurement parts
consist of an inertial measurement unit (IMU) sensor,
machine vision camera, flat ring light, and other acces-
sories. The nine-axis IMU sensor is used to measure the
alignment of the large-diameter uncharged hole. This sen-
sor was also designed to adjust the uncontrolled one-
directional rotation of the borehole alignment tracking sys-
tem during movement in the hole. The IMU sensor has an
integrated multi-axis gyroscope, accelerometer, and mag-
netometer to provide highly accurate attitude and inertial
measurements. The observation parts consist of a machine
vision camera or a wireless 360° camera, which can assess
the geological conditions inside the uncharged hole ahead
of the excavation face. The operation part consists of a
power supply unit to provide electricity to the motors,
which are connected to all nine wheels.

The wheels were mounted around a circular main body
at regular intervals. The motors supplied power to all nine
wheels, and the wheels were designed to serve as a suspen-
sion that can move independently to overcome unexpected
obstacles, such as falling rocks (Fig. 10). Each of the nine
wheels supports the uncharged hole surface at a constant
force to obtain mobility, playing an important role in
maintaining the uncharged hole center of the main body.
The specifications of the alignment tracking system are
summarized in Table 1.

4 Field application of the borehole alignment tracking system

4.1 Measuring alignment of the long and large-diameter
uncharged hole

The boring alignment tracking system was applied at a
subway tunnel construction site in Seoul, Korea, to evalu-
ate the alignment tracking performance. This site is com-
posed of granite gneiss with moderately hard rock.
Figure 11 shows the initial setting of the borehole align-
ment tracking system for entering the uncharged hole, as
well as the operation of the alignment tracking system
through the software. The window-based BGS integrated
software was developed to control, operate, and monitor
the BGS and its attachments, including the power supply
unit as shown in Fig. 11(c). This software can calculate
the speed ratios for each part, including the operating
speed of the wire distributor and wire drum based on the
moving speed of the BGS. In addition, it provides real-
time video inside the large-diameter uncharged hole cap-

IMU sensor

Machine vision camera

Lens Flat ring light

Fig. 9. Borehole alignment tracking and ground exploration system (BGS).
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Fig. 10. Design of equipment to overcome unexpected obstacles.

Table 1
Specifications of the borehole alignment tracking and geological exploration system (Kim et al., 2021b).
Category Specifications
Measurement Device Nine-axis IMU sensor
Measurement range Accelerometer: & 8g, Gyroscope: 300°/s, Magnetometer:+ 2.5 Gauss
Resolution Accelerometer: <0.1mg, Gyroscope: 0.003°/s, Magnetometer: —
Sampling rate Accelerometer: 1 kHz, Gyroscope: 4 kHz, Magnetometer: 50 Hz
Operation Total length 117 cm (Total length of the equipment)
Survey length Maximum 70 m
Survey diameter 260—400 mm (suitable for 382 mm)
Survey time 30 min per hole (50 m)
Movement method Electric movement system
Controller Windows-based specialized software (BGS integrated software)
Monitoring Real-time monitoring software

Borehole alignment
tracking system

Fig. 11. Initial setting/operation of the BGS and interface of the BGS integrated software. (a) Initial setting of the borehole alignment tracking system, (b)
operation through software, and (c) interface of the BGS integrated software.

tured by the camera to enable the appropriate operation of 4.2 Results of borehole alignment tracking

the BGS and observation of the geological conditions. A

multi-LLB method, by which more than two holes were Figure 12 shows the measurement results for alignment
drilled to maximize the reduction of blast-induced vibra- of the LLB hole using the borehole alignment tracking sys-
tions, was used in this site. Both uncharged holes were tem. Figure 12(a) and (b) shows the measured borehole
drilled to 18 m at the request of the contractor based on  alignment in the horizontal and vertical directions from
the site conditions. the top and side views, respectively. These data were
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obtained from an alignment tracking system that had an
IMU sensor for measurement of the device and digital
encoders for measurement of forward distance. With this
configuration, the position vector p, =[x ¥, z]" of
the device at the discrete time k& could be calculated recur-
sively as follows:

Peot =P+ dR(O)[1 0 0], (1)

where d; is the difference in forward distance of the align-
ment tracking system at discrete time £ recorded by the
encoder. R(6;) € SO(3) (three-dimensional orthogonal
group) is the rotation metric of the Z-Y-X Euler angle at
discrete time k, which can be defined as follows:

cosf, —sinf, 0] [ cos, 0 sin0,
R(0) = | sinf, cosf, O 0 1 0
1 0 ; 0 . 1 | sinf, 0 cos0, 2)
0 cosf, —sinb,
0 sinf, cosf, |

The accumulated depth #4; at which the alignment track-
ing system moves up to the discrete time &£ can be computed
as follows:

=Dl 3)

Based on the above computations, the position p of the
tracking system for each depth can be obtained. Figure 12
shows the obtained alignment data for the horizontal (floor
plan view) and vertical (side view) direction, respectively.
The measured borehole alignment tracking data showed
some slightly irregular data in two sections, 2.5 to 5.0 m sec-
tion at the horizontal alignment and 7 to 9 m section at the
vertical alignment. It is estimated to be due to the unexpected
obstacles in the uncharged hole. However, it is considered
that these obtained data represent reasonable results.

5 Discussion
5.1 Field investigation of the boring positions

Figure 13 shows the tunnel faces after manually map-
ping the boring positions for 0, 5, 10, and 15 m through
field investigation for verifying the measured results using
the alignment tracking system. The red lines on each tunnel
face represent the tunnel contour. The separation distances
at each tunnel depth from the initial boring positions were
measured using a total station which is an optical surveying
instrument.

The measurement results for the separation distance
from the initial boring position through manually mapping
and the borehole alignment tracking system are summa-
rized in Table 2. The error rates at each depth between
the alignment tracking data and manually mapped bore-
hole positions were calculated using Eq. (4):

Pmanual - Ptrackin
Error rate = | g|

x 100%, (4)

Pmanual

where Panual and Piraeking are the manually mapped boring
positions and alignment tracking data, respectively.

The accuracies for the alignment tracking system con-
sidering the boring depths are summarized in Table 2.
The measured alignment results up to 5 m showed a rela-
tively high accuracy of 98.04%. However, the error rate
rapidly increased to 11.81%, corresponding to a separation
distance of 0.015 m, in the 5 to 10 m section. This was likely
a temporary increase associated with disruption of the
equipment operation due to rough surfaces or crushed fall-
ing rocks in the area. The error rate converged to 2.70% in
the 15 m section. Overall, the average measurement accu-
racy for the borehole alignment tracking system was
93.73% up to 18 m. It is investigated that the borehole
alignment tracking system measured the alignment of the
LLB hole with relatively high accuracy.
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Fig. 13. Images of boring position for each depth.

Table 2

Measurement accuracy for the proposed BGS system by comparing with the actual measured boring position through field investigation.

Measurement technique Depth Separation distance (m) Accuracy (%)
(m) Horizontal direction* Vertical direction” Straight direction

Tracking system 0 0 0 0 -

Manual measurement 0 0 0

Tracking system 5 —0.017 +0.047 +0.050 98.04

Manual measurement —0.021 +0.047 +0.051

Tracking system 10 —0.044 +0.103 +0.112 88.19

Manual measurement —0.042 +0.120 +0.127

Tracking system 15 —0.034 +0.187 +0.190 97.30

Manual measurement —0.041 +0.180 +0.185

* Positive and negative values denote deviation in the rightward and leftward direction, respectively.
™ Positive and negative values denote deviation in the upward and downward direction, respectively.

5.2 Review of alignment tracking performance using BGS

As summarized in Fig. 8, there were several restrictions
that could interfere with the measurement of horizontal
alignment tracking. The BGS was designed to minimize
the impact of geological changes, as shown in Fig. 10,
but some factors could still affect the BGS while tracking
the horizontal alignment. In the case of Fig. 8(a) and (e),
it is not considered to affect alignment tracking using
BGS, but rough hole surfaces, as shown in Fig. 8(b), could
affect the measurement using the BGS as shown in Fig. 12.

The cause of the irregular data identified in Fig. 11 was
investigated through images taken during borehole align-
ment tracking. Figure 14 presents the images inside the
uncharged hole, which showed some deviations corre-
sponding to 1.3 and 6.9 m sections. Images were extracted
0.3 m depth before the predicted irregular zones to observe
the geological conditions. According to the captured
images from 0 to 18 m depths, the rocks in front of the
excavation face were generally estimated to be moderately

hard rock. However, the borehole alignment tracking sys-
tem was observed to shake more than usual at 1.5 and
7.2 m sections in the video, which was likely because the
surface of the uncharged hole was relatively rough in these
sections, which had a slight effect on the measurement of
borehole alignment but would not significantly affect the
prediction of the overall alignment.

Unlike Fig. 8(c), if a large size of rock falls inside of an
uncharged hole as shown in Fig. 8(d), even the BGS is dif-
ficult to push the falling rock. Thus, it is impossible to trace
the horizontal borehole alignment. In this case, there is a
limitation that geological investigation is possible only
when the boring rod is pushed in to remove the block.

5.3 Comparison of the measured alignment data

Figure 15 shows the measured results from the proposed
alignment tracking system and manually measured boring
positions in three dimensions. The red balls indicate the
manually mapped boring positions at 0, 5, 10, and 15 m,
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as indicated by the red dotted line. The black balls repre-
sent measured results using the borehole alignment track-
ing system. Overall, the measured alignment data using
the borehole alignment tracking system and estimated field
data based on the manually mapped boring positions
showed similar trends. It is investigated that the borehole
alignment tracking system measured the alignment of the
LLB hole with relatively high accuracy. Although the pro-
posed borehole alignment tracking system was optimized
for the LLB method, it likely can be used to determine

the boring quality of other methods that require long hole
boring, such as the pipe roof method, by miniaturizing the
equipment.

6 Conclusions

In this study, the Borehole alignment tracking and
ground exploration system (BGS) was developed for the
LLB method to monitor the horizontal alignment of
large-diameter uncharged holes, and predict the boring
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quality immediately after boring. The measurement system
was applied at a subway tunnel construction site that used
the LLB method to 18 m in length. The measurement
results of the borehole alignment were verified by the man-
ually mapped borehole positions at each tunnel face. The
main conclusions drawn from this study are as follows.

(1) The borehole alignment tracking system showed an
error rate of about 12% compared with the manually
mapped boring positions at the location of the max-
imum separation distance. A relatively small separa-
tion distance corresponding to 0.015 m was
estimated. However, considering the entire boring
depth of 18 m, the system finally traced the alignment
of the LLB hole with a measurement accuracy of
about 97%, and the final separation distance at the
last position (18 m) showed only 0.024 m.

(2) Overall, the newly proposed borehole alignment
tracking system was able to measure the borehole
alignment of the LLB hole with relatively high preci-
sion. This system has the advantage of being able to
measure the quality of the uncharged hole immedi-
ately after drilling to determine whether reconstruc-
tion is necessary due to unexpected boring errors.
Therefore, the alignment tracking system is expected
to play a significant role in reducing the length of the
construction period and economic costs, when the
boring quality is poor.

(3) Although the proposed system has been optimized
for the LLB method, it is expected that miniaturiza-
tion of the machine could allow for safer and faster
tunnel construction by verifying the drilling quality
of other tunneling methods in advance, requiring
long drilling, such as the pipe roof method.
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