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ABSTRACT: Blast results are directly associated to drilling accuracy and, because it affects fly rocks, frag-
mentation and floor level, it must be controlled to improve the production and minimize safety impacts. Safety
control is one of the most important procedures in blasting since it can affect not only the working personal but
also surround communities. With the easy access to technology on the present days, the authors decided to
investigate the possibility to use a personal device to measure the blasthole (less complex, easy to use and
cheap). This case of study presents the comparison of hole deviation results, made by traditional equipment, in
comparison with the phone’s. For the validation of this new methodology 8 holes were measured (123 measured
points) via the normal procedure and by the phone deviation unit. Was made a statistic analysis for the validation
of the data from two different sources. From the performed analysis, to prove the validity of this new method-
ology, the normality tests for statistics residues analysis proves that it is possible to infer that the model has null
residual mean and a small residual error. With the results achieved, showing the accuracy of these devices (less
than 8cm for a hole with length up to 10m/32,80 feet, compared with the traditional device), the authors pretend
to show to potentiality of this technology, the next improvements and open a completely new door for holes
deviation analysis.



1 INTRODUCTION AND LITERATURE STUDY

As defined by Giraudi, Cardu, & Kecojevic (2009),
the main objective of a blasting process is rock frag-
mentation. One of the most important actors in this
process is the drilling procedure which, when
properly planned can generate important economies
for a mining operation (Martin, 2004). It also can
minimize risks such as fly-rock which, when not re-
ceive the proper consideration can cause serious prob-
lems to a mining operation (Giles & Roller, 2012).
Some efforts, as the proposal made by Orive, Laredo,
Domingo, & Sadek (2017), have been made to de-
velop new solutions for drilling and blast control.
Some of it use technology available in modern
smartphones such as the one mentioned by
Carvalhinha Alves Sobral (2017) or the one revealed
by Miranda & Leite (2018) that uses smartphones
sensors to estimate the attenuation law. Following
this trend, the authors of this work created an applica-
tion that uses smartphones to measure hole devia-
tions. This article presents the potentialities of this
new solution.

1.1 Drilling

When discussing about economics on rock blasting,
there is no way to put aside the drilling process. In
one hand, there are several factors affecting econom-
ically the drilling process, such as diameter, borehole
length and type of rock, in the other is the explosive
selection that best fit hole and operation characteris-
tics (Holmberg, Lee, & Person , 1994).

The purpose of this methodology is to open holes
in the rock mass, with the adequate geometry in order
to generate the optimum distribution of explosive en-
ergy (Jimeno, 2017).
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Figure 1 — Drilling machine

There are two main drilling methods: rotary-per-
cussion (most widely used — top or down-the-hole
hammer) and rotary method. In general, a drill rig is
composed by a drilling bit attached to a single, or

multiple steel rods and a pressurized air system that
allows the extraction of the drilling cuts — Figure 1.

1.2 Drilling Deviation

The drilling process is laden with human errors and is
common to see holes being drilled quite differently
from the plan. Among several reasons, to explain
these events, the authors quote the article Drill Accu-
racy (1999) that mentioned that production demands
or timing schedules are one of the main causes affect-
ing drilling accuracy. When a hole suffers an uninten-
tional deviation of the drill bit from a planned bore-
hole trajectory, it’s called borehole deviation or
drilling deviation. The deviation of the bit from the
desired path can induce to serious problems like
higher drilling costs, fragmentation issues, floor ir-
regularities, safety issues (fly rocks) or serious dam-
age to the instrument (Harris, 1999).

There are two main errors when the subject is holes
deviation: collar position errors and angular or bend-
ing deviations (Figure 2). The first case happens when
the drill bit is positioned in a different location than
the plan and the other is related with the error in terms
of drilling angle and also the tendency of the steel rod
to bend while the bit is progressing inside the rock
mass (Leite, 2013).

Figure 2 - Typical drilling errors

To many authors, like Orpen (2007), drilling deva-
tions can be caused due to several reasons like:

e Heterogeneous nature of formation and dip
angle;
Type of rods and tooling;
Set-up of the drill rig and its location;
Drill string characteristics;
Stabilizers (location, number, and clear-
ances);
Applied weight on bit;
Hole-inclination angle:
Drill-bit type and its basic mechanical de-
sign;



Hydraulics at the bit;

Hole diameter;

Improper hole cleaning;

The experience of the driller;
The quality of the equipment.

1.3 Drilling deviation measurements

1.4 Borehole deviation measurement devices

As remarked by Sandhaus & McClure (2012), an ac-
curate measurement of a borehole plays an important
role on the identification of deviations and potential
problems. There are several instruments in the market
that allows the modeling of holes profiles which pro-
vide important information for blast engineers, in or-
der to prevent safety and production issues. Too small
burdens can enable the identification of fly-rocks risk
which is a major concern in terms of safety. It is also
a production issue because by controlling them is pos-
sible to minimize safety zones and reduce machinery
movement in blasting time, optimizing the min-
ing/quarries personal shifts — Figure 3.

S

Figure 3 — Borehole profile

Besides the mentioned issues, borehole profile sur-
vey allows the control of:

- Toe generation

- Over excavation

- Wall stability

- Powder factor distribution

- Drilling operation follow up

Renishaw Boretrak® is a commercial and common
instrument to measure blasthole deviations in quarries
and open pits according to two different measurement
principles non magnetic or magnetic minerals. There
are two principal types of borehole deviation meas-
urement units: supported with rods or a cable — Figure
4.

The first one is applied to survey holes in metal
operations since it is based in inclinometers (free of
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any kind of magnetic interference). They are also
used for upholes control in underground operations.

In general, these devices had accuracy of 0,1° and
can measure holes with inclination up to 45°.

A cabled borehole analysis unit is based on a digi-
tal compass and a dual axis tilt sensor so that is lim-
ited to non-ferromagnetic operations. However, is a
more portable system and very effective (Renishaw,
2017).

2 MOBILE PHONE SENSORS

This investigation was based on two technologies pre-
sent on Samsung Galaxy S8 (an accelerometer and a
magnetic sensor).

Some of the characteristics of the smartphone
(Galaxy S8) are presented in Table 1.

For this study the phone accelerometer was used
as a resource to measure the deviation. In this case,
the sensor present in the mobile phone was a
LSM6DSL produced by STMicroelectronics®. This
electronic element is a system-in-package performing
at 0.65 mA in high-performance mode and enabling
always-on low-power features for an optimal motion
experience for the consumer. This accelerometer can
register accelerations between +2g and +16g with an
output data rate of 1.6Hz to 6.6kHz and operates on
the temperature range from -40°C to +85°C
(STMicroelectronics, 2017). It was also used a mag-
netic field sensor produced by Asahi Kasei Microde-
vices Corporation (AKM). The model present in the
Galaxy S8 is AK8963 that is defined as: “a 3-axis
electronic compass IC with high sensitive Hall sensor
technology”. This device includes a 3-axis magne-
tometer, an output data resolution of 0.15uT/LSB typ
and a measurement rang of + 4900 uT. This model
operates on temperature ranges from -30°C to +85°C
(AKM, 2017).



Table 1 - Galaxy S8 characteristics

Galaxy S8 Characteristics

Dimensions 148.9 x 68.1 x 8.0 mm
Body .
Weight 1559
Quad HD + Super AMOLED
Type 570 ppi
Display Size 5.8 inches
Resolution 2960x1440 pixels
oS Android 7.0
Platform
Octa-core (2.3GHz Quad + 1.7GHz
CPU
Quad)
Memory Internal 4GB RAM (LPDDR4)
Iris sensor; Pressure sensor; Accel-
erometer, Barometer; Fingerprint
Sensors sensor; Gyro sensor; Geomagnetic
sensor; Hall sensor; HR sensor;
Proximity sensor; RGB Light sensor
Battery Capacity 3000mAh

3 METHODOLOGY

3.1 Phone app

To build the prototype two mobile applications where
developed using Android Studio 3. The first one was
developed to periodically read the sensors (once
every second) from the phone, treat the data to obtain
an azimuth and an inclination of each measurement
and save it on the phone’s internal storage.

The second application receives inputs from the
user such as the hole number, offset and step infor-
mation.

3.1.1 Deviation Measuring Application
Although the Android code of the application is com-
patible with phones from Android 4.1 and up, the ap-
plication was developed with the Galaxy S8 in mind.
The interface has action buttons, “Start” and “Stop”
(Figure 1). Once pressed “start”, the phone initializes
the sensors using “SensorManager” and starts regis-
tering the information every second using a timer. The
sensor manager refreshes a variable every time a
change in inclination or heading is detected. Due to
the high precision of the sensors, several small
changes are detected during every second. At the end
of every second, an average is made with all the values
in order to attenuate measuring spikes. The data is then
converted into real world units (Heading Azimuth and
Angle of Inclination) in addition to the time of the
measurement.

When pressed the “Stop” button, the phone disa-
bles the sensors and the timer and saves all the values
measured into the phone’s internal storage.

! Both phones clocks are synced with the same NTP (Net-
work Time Protocol) server so the error in time registering is not
significant.

3.1.2 Control Application
This application does not have any phone require-
ments since it does not use any specific hardware.
The operation principle is similar to the Rodded
Boretrak® control unit. The user is able to define the
hole offset, hole number and stepping size. There are
four buttons on the phone screen. “Start”, “Register”,
“End” and “Sync Data”.
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Figure 1 - Smartphone app for borehole control

After defining the hole number, stepping and off-
set, the user clicks “Start” to initiate the borehole
measuring. Every time the button “Register” is
pressed, the application saves the current phone time.
When the measuring is done, the user presses the but-
ton “End”. A file is created with the borehole number,
stepping, offset and the time each measurement took
place. This process is repeated for every borehole
measurement.

3.1.3 Matching the Data of the Two Applications
At this point, the user has the deviation information
for every second the Deviation Measuring Applica-
tion was activated, as well as the information of each
hole and the times with meaningful data inside Con-
trol Application.

To mix the information an algorithm was created
that loops trough the data captured with Control Ap-
plication matching the inclination and heading infor-
mation captured by the Deviation Measuring Appli-
cation!. The end result is a file that contains the
borehole data (borehole number, stepping and offset
as well as all the measured steps with inclination,
heading and time of measuring). The file can then be
imported to a blast design software.



3.2 Phone Casing

In order to establish a protocol to introduce a phone
inside a drilled hole, a waterproof case was designed
- Figure 2. This prototype capsule allowed to keep the
phone intact and slide it along the borehole. The cable
attached to the case was marked every meter to set up
the interval for measurements.
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Figure 2 - Down the hole case

3.3 Field procedure

The field test was carried out in a Portuguese quarry
explored by DST Group — Tagregados. The field tests
included:
- Scan of the free face (Figure 3);
- Register holes position;
- Measurement of hole’s profile with Rodded
Boretrak®;
- Measurement of hole’s profile with the
smartphone app;

Figure 3 - Laser 3D scan

On the table Table 2 are presented the blast geo-
metrical parameters. In Figure 4 the drilling plan is
shown.

Table 2 - Blast design parameters

Parameters Value
Bench High 10,0 m
Diameter 89,0 mm
Burden 32m
Spacing 3.2m
Subdrilling 10m
Stemming 27m
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Figure 4 — Design blast

3.4 Data analysis

Several data was recorded, inside of the borehole,
at different positions (see jError! No se encuentra
el origen de la referencia.). First, the interval be-
tween measurements (usually 1 meter, but can as-
sume any natural value greater than 1) is defined. It

will be necessary [(Hole Length)/interval] meas-
urements. In case of the hole having a size that is not
multiple of the interval, the difference between the
position of the first measurement and the remaining
will be different. This difference is usually called
off-set, while the other measures will have a differ-

ence that is equal to the interval adopted.

Figure 9 — Position the equipment along the hole



Table 3 reports to a set of data record in one borehole.

Table 3 - Borehole measurements

Position (Z2) Inclination (°) Azimuth (°) (fnz)
10,5 2 23 1
9,5 2 24 1
8,5 3 24 1
7.5 4 23 1
6,5 4 24 1
55 3,5 22 1
4,5 7 19 1
3,5 5 23 1
2,5 8 24 1
15 6 24 1
0,5 6 23 0,5

It is assumed that the coordinate (0,0,0) is the local
collar position of each hole.
Then, the vector u is defined as:

u= (00,-1)x 4Z

To the vector u are applied two rotations?: one ro-
tation in the X axis to get the hole inclination and an-
other one in the Z axis to get the azimuth (an illustra-
tion can be seen in jError! No se encuentra el origen
de la referencia..

The azimuth rotation needs to be done in clock-
wise due to the reverse direction of the azimuth pro-
gressing compared with a normal rotation matrix bi-
dimentional. The process is described below.

It’s assumed that:

0 = inclination
a = —azimuth

The first rotation:

1 0 0
R'=0 cosf —sin6
0 sinf@ cos@
The second rotation:
cosa —sina 0
R2=sina cosa O
0 0 1

A point will be found in space and added to our list
of points:

New point = last point inside list +
R? X R x u'

2 For more details on linear transformation and rotations see
chap 5 of Boldrini, Rodrigues Costa, Figueiredo, & Wetzler
(1980)

A “new point” is added to the list of real points and
this task is repeated until the lines of the table are
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Figure 10 - Example of data with two rotations, extracted
from O-Pitblast ®

4 RESULTS DISCUSSION

4.1 Comparison

After measurement of the holes in the field using both
devices (rodded boretrak® and the smartphone de-
vice) the first step was plot both information in a soft-
ware with the capability to read the data. Was selected
the O-Pitblast®? and after the treatment of the data
two reports were generated to compare it - Figure 5.
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Figure 5 - Visual comparison between both systems (in
the left side the Boretrak® system).

It is possible to observe that the two profiles, in a
first view, are identical. The main idea behind this
comparison is to check that both profiles are equal
(different results on the measurement would generate
different profiles) and have the same (or closer
enough) burden across all the length of the borehole.

Table 4 - Numerical results of the burdens were taken,
and the residue was calculated

Boretrak  Boretrak Phone Phone Resi-
depth (m) burden depth burden due
(m) (m) (m) (m)

0 1,72 0 1,72 0
1,89 2,17 1,89 2,18 -0,01
2,39 2,18 2,39 2,2 -0,02
2,88 2,36 2,88 2,42 -0,06
3,38 2,29 3,38 2,33 -0,04
3,88 2,29 3,87 2,32 -0,03
4,37 2,32 4,37 2,35 -0,03
4,87 2,34 4,87 2,37 -0,03
5,36 2,51 5,36 2,55 -0,04
5,86 2,52 5,86 2,56 -0,04
6,36 2,49 6,35 2,53 -0,04
6,85 2,49 6,85 2,52 -0,03

7,35 2,7 7,35 2,7 0
7,85 2,95 7,84 3,06 -0,11

Is possible to check it by analyzing the Table 4 us-
ing the burden calculated in different positions on the
borehole.

Is reasonable conclude that the smartphone system
generated results as good as the captured by tradi-
tional devices. Only with this comparison it is not
possible (at least not strictly) to qualify the result, and
therefore is necessary (at least) to do a residue analy-
sis (Miranda, Leite, Jesus, & Sobral, 2017).

4.2 Statistical analysis

The first step was to do a descriptive analysis of
the data. The result is shown on Figure 12:

Descriptives

Statistic Std. Error

Residue  Mean 0ovT7 ,04200
95% Confidence Interval Lower Bound -, 0754
for Mean Upper Bound 0909
5% Trimmed Mean -,0242
Median -,.0z200
Yariance 217
Std. Deviation A6580
Minimum -2,07
Maximum 2,69
Range 4,76
Interquartile Range 05

Skewness 3,035 218

Kurtosis 24333 433

Figure 12 - Descriptive analysis of the residue

A first analysis could indicate that the results ap-
parently are good due to the zero inside the confi-
dence interval for the mean and the histogram con-
centrated around the zero (Miranda, 2016). Plus, it’s
possible to conclude that both data comes from the
same sample (i.e. they are identical). But following
the analysis the graph present in Figure 8 was gener-
ated.
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Figure 7- Histogram of the residue concen-
trated around the zero.

Kolmogorav-Smirnov® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Residue 3480 123 ,000 350 123 ,000
a. Lilliefors Significance Correction
Figure 64 - Normality test
Case Processing Summary
Cases
Walid Missing Total

M Fercent M Fercent M Fercent

Residue 123 100,0% 0 0,0% 123 100,0%

Figure 15 - Case Processing Summary

Normal Q-Q Plot of Residue

Expected Normal

Observed Value

Figure 8 - Normal Q-Q Plot of the residue indicating
that residue doesn’t follow a normal distribution



Is possible to verify that the data has a different
behavior not expected by Miranda (2016) and also by
Guijarati (2010)“. Furthermore, it goes in the opposite
direction of the central limit theorem.

Probably it comes from the presence of outliers,
hidden by the histogram analysis but visible in the
boxplot (Figure 17Figure 9).

Figure 97: Boxplot indicating the presence of outliers.

We can clearly see points far out of the third quar-
tile, much more than 1.5 times the difference between
the third and first quartile (criteria stronger enough to
classify this data as outliers — (Gama, Carvalho,
Faceli, Lorena, & Oliveira, 2017)).

After removing the 9 worst cases (from a total of
123 records) — in agreement with the outlier detection
methodology proposed by Czaplicki (2014) - the data
was re-evaluated. The result is shown in Figure 18.

Case Processing Summary®

Cases
Walid Missing Total
M Percent M Percent M Percent
Residue 114 100,0% 0 0,0% 114 100,0%

a. OUTLIER = MORMAL

Figure 1810 — Case Processing Summary

Normal Q-Q Plot of Residue
OUTLIER= NORMAL

Expected Normal
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Observed Value

Figure 19 - Histogram of the residue after remove the
outliers.

4 Although the Gujarati statement is related to linear models,
the authors of this research expand the interpretation (with due
precaution) to generic models (Miranda & Leite, 2017)

Descriptives®

Statistic

Std. Error

Residue

Mean

-0225

00465

95% Confidence Interval
for Mean

Lower Bound
Upper Bound

-0317
- 0132

5% Trimmed Mean

-,0231

Median

-.0200

ariance

002

Std. Deviation

04965

Minimum

-14

Maximum

18

Range

iz

Interquartile Range

05

Skewness

485

Kurtosis

2103

a. OUTLIER = NORMAL

Figure 2011 - Descriptive analysis of the residue after
remove the outliers.

Tests of Normality®
Kolmogorov-Smirnov® Shapira-Wilk
Statistic | df ‘ Sig. Statistic ‘ df | Sig
Residug 124 | 114 [ 000 958 ] 114 [ 001

a. OUTLIER = NORMAL

b. Lilliefors Significance Correction

Figure 21 - Normality test (the null hypothesis was re-

jected)
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Figure 22 - Normal Q-Q Plot

Wlean = - 02
Std. Dev. = 05
N=114

Here, one more time, the statistical hypothesis test-

ing rejected the null hypothesis, but it’s possible to
reproduce the Moreira’s explanation® that defends the
use of all information available to decide or reject the
normality, and not only the statistical hypothesis.

OUTLIER: NORMAL

123
*

T
Residug

Figure 12 - Boxplot

5> Moreira, Macedo, Costa, & Moutinho, 2011, p. 57



Comparing the sampled quartiles with the Normal
distribution quartiles is possible to conclude that they
are similar. The histogram has the shape of a Normal
distribution and is symmetric enough around the
mean. Finally, it’s evaluated the boxplot in Figure 23.

Now, with the data treated, it’s possible to verify
that exists evidence enough to conclude that, using
the smartphone system, the mean of the residue (com-
paring with traditional methodology) will be (for 95%
of statistical confidence) lower than 3 cm and the
standard deviation lower than 5 cm. Based on this, it’s
possible to conclude that exist statistical evidence for
a maximum error of the new system under 8 cm.

5 LIMITATIONS

Although the positive results presented on the inves-
tigation is prudent refer some limitation identified
during the field test process. Diameters under 79,00
mm/ 3,11 inches can limit the entrance of the case
containing the smartphone. It is essential the usage of
a waterproof case to avoid water infiltration. In terms
of application, this methodology is limited to non-
magnetic mines since this element will clearly affect
the magnetic sensor. Though the number of analyzed
samples shown an indicative of a normal distribution
of the residue, and the authors defend the need to col-
lect more field data.

6 CONCLUSIONS

The use of new technology to support blast/drilling
operations is playing an important role in terms of
production and safety. This study proved that with a
simple smartphone it is possible to model a borehole
shape and treat that information immediately after the
analysis. The equipment is quite practical to use, and
the training required is minimum. The price (600,00€
aprox.) is more attractive to medium and small oper-
ations, however more tests and analyses are needed.
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