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1. Introduction

This research was conceived from
the experience of the author when work-
ing in a small-scale mining company.
The business, a quarry, is a typical
small-scale family-run business, being
responsible for the employment and
livelihood of around 40 families and
providing minerals for construction to
the local market. Like many companies
of the same size, the quarry presents
cost management problems, especially
the cost of the ore hauling due to the
difficulty in the implementation of
computerized tools.

The following paragraphs present
the result of the research conducted on
the importance of small businesses in the
economy of a country, and their diffi-
culty in implementing new technologies.
Then the importance of the ore transpor-
tation in the overall cost of mining and
its impact on the environment are stated.
Thus, the article leads to an attempt to
provide a solution to the problem raised:

Mineragao

Development of a low-cost
alternative for the monitoring
of the ore hauling production
indicators in small-scale mining

Abstract

Small and medium-sized mining represent an important part of a country's min-
eral economy. These companies, although substantial and numerous, have low invest-
ment potential in their development through new technologies. One of the problems
small and medium mining companies face is the ore hauling production monitoring.
This operation alone can constitute as much as 60% of the mining operating cost,
due to intense fuel and tires consumption, and represents more than a half of the
greenhouse gas emission in a quarry. Aiming at this problem, this article purposes
to answer the following question: Is it possible to monitor the production of the ore
hauling in small mining with a low-cost system? The results showed that yes, it is pos-
sible, using off-the-shelf solutions, regular office software and low use of labor. The
results were validated in a quarry located in the State of Sao Paulo, where a US$ 490
system presented consistent results, improvements in fuel consumption and benefits

to the environment.
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a low-cost alternative for monitoring of
the ore hauling production indicators in
small-scale mining.

Small and medium-sized enterpris-
es (SMEs) are responsible for most of a
country's economy and jobs generation
(Hillary, 2017). Enterprises classified
as SME are estimated to account for at
least 95% of registered firms worldwide.
In Europe, for example, this number
is well over 99% (World Bank Group,
2009). According to Ayyagari, Beck and
Demirguc-Kunt (2003), a research from
a 55-country sample showed that SMEs
(formal and informal) generate about
65-70% of the gross domestic product
(GDP) across all country income levels.
Brazilian SMEs participate with about
20% of GDP and contribute with ap-
proximately 40% of the work income
(SEBRAE, 2012). Similarly, small-scale
mining companies are as important as
large-scale mining, mainly in terms
of the number of people employed

(Hentshel; Hruschka; Priester, 2002).
In Brazil, small and medium-sized min-
ing corresponds to 95% of the mines
(DNPM, 2010).

The United Nations defines small
mining as "any mining operation with
annual production of raw material of
50,000 t or less" (Bugnosen, 2006). In
Brazil, the National Mining Agency
(ANM) classifies mining companies
according to their annual gross Run of
Mine (ROM) production. According to
this classification, it is possible to define
a small mining operation as the one
with a gross annual production of up
to 100,000 t and medium mining as the
one with a gross annual production of
up to 1,000,000 t (DNPM, 2010). This
definition will be adopted in this study.

Although companies of this size
are numerous, it is not easy for them to
access new technologies. According to
Silva (1998), small and medium-sized en-
terprises face difficulties investing in their
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development, since their investment poten-
tial is low compared to large companies.

Other authors (Dewan; Riggins,
2005; Bach; Zoroja; Vuksi¢, 2013)
argue that small and medium-sized
enterprises have the least access to
Information and Communication Tech-
nologies - ICT. In the contemporary
business world, the companies rely on
technology to support strategic thinking
(Carr, 2003). Investments in this kind
of technology are a competitive neces-
sity if firms are willing to compete in
the globalized world (Barclay; Duggan,
2008; World Economic Forum, 2010).
Knowing that the use of technology
brings many benefits to the company, a
question should be answered: Is mining
a high-tech industry?

There are examples of the state-
of-the-art technology being used in
large mining companies. Rio Tinto
has implemented innovative systems
in its mines to increase the efficiency
of processes, such as autonomous ore
transport equipment and new sort-
ing systems, capable of separating the
gangue even before the material reaches
the beneficiation plant (Rio Tinto,
2014). Newmont Mining Corporation
has presented very satisfactory results
integrating the geology and geostatis-
tics systems with the operation (Schutz
et al., 2006). Vale started the test with
autonomous trucks in the Brucutu mine
(municipality of Sdo Gongalo do Rio
Abaixo in Brazil) in January 2018 with
positive results (Vale, 2018).

Bartos (2007) tried to answer
that question in his study. The author
concluded that this sector is a great
user of sophisticated technologies, as

2. Material and method

To answer the question posed in
the previous item, the idea is to keep
the solution simple, using off-the-shelf
equipment whenever possible, together
with regular software normally used in
offices and minimizing the need for the
use of labor. For validation, the proposed
method was tested in a quarry located in
Sdo Paulo State in the form of an applica-
tion example.

The quarry is a typical medium
sized family managed company in Brazil
that employs around 40 workers, and has
a 600,000 t annual ROM production,
with no production control system. The
only firm information that is recorded
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presented in the previous paragraph.
And that, excluding industries focused
on the development of high technology,
mining has the same level of innovation
as other industries. However, he also
concludes that the use of sophisticated
technologies is more restricted to large
mining companies.

Knowing that mining is not a less
technological sector than other industrial
sectors, one must then investigate why the
adoption of new technologies is so compli-
cated in SMEs. Taylor (2015) selected the
key factors influencing the ICT adoption
by SME, dividing them into internal and
external factors. The internal factors are
entrepreneur characteristics, organiza-
tional culture, structure and resources,
relational complexities (e.g. family in-
volvement in the SMEs operation), ICT
awareness, knowledge and know-how of
staff. The external factors are business net-
works, trading partners, industrial type,
service providers, ICT consultants and
vendors, government support and policies,
economic and competitive pressures, and
types of ICT products in the marketplace.

Giotopoulos et al (2017) conduct-
ed a similar study using a large database
of Greek SMEs. The data revealed that
it is hard to convince the owners of
SMEs of the advantages of long-term
adoption of new technologies, since the
adoption requires investment in training
and deployments. Another important
point is the level of education of work-
ers, the higher the skills, the easier it is
to assimilate new technologies.

Therefore, a large gap emerges: the
thousands of small and medium-sized
mining companies have similar or even
greater problems than large companies,

is the mass of rock that is sold. This is
because all mining operations in Brazil
are obliged to issue the invoices through
the measurement via truck scale, which
must be calibrated periodically. All other
production information is estimated from
manual annotations.

The process begins with the rock
drilling using a hydraulic drill. The
holes are loaded with explosives for
rock fragmentation. The fragmented
rocks are then loaded onto the trucks
by hydraulic excavators. The hauling
trucks travel an average distance of
1,000 meters to the dumping location,
and the difference between loading and
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but do not have the financial and human
resources to implement solutions.

One of the problems small and
medium mining companies face is the
ore hauling production monitoring,
since this operation alone can make up
as much as 60% of the mining operat-
ing cost (May, M. A., 2012). Haulage
operating costs are considerable due
to intense fuel and tire consumption
(Rodovalho; Lima; De Tomi, 2016). In
addition, this operation contributes to
more than half of the emission of green-
house gases in a quarry (Kittipongvises;
Chavalparit; Sutthirat, 2016).

Rodovalho, Lima and De Tomi
(2016) studied the variables related to
fuel consumption of mining trucks,
using statistical analysis and math-
ematical modeling tools, and reached a
10% reduction of diesel consumption.
According to the article, the study was
carried out in a large iron mining opera-
tion in Brazil.

Haulage performance indicators
monitoring is nothing new for large
mines, but in a small or medium mine
with no or low operational monitoring,
starting to track the most representative
cost driver — hauling operation — should
bring a huge impact both economically
and environmentally. Monitoring such a
supply demanding operation is the key to
the reduction of greenhouse gas emissions
(Levesque; Millar; Paraszczac, 2014).

However, as stated before, it is dif-
ficult for a small or medium mining opera-
tion to invest in this kind of technology.
This study aims to answer the question: Is
it possible to monitor the production of the
ore hauling in a small mining operation
with a low-cost system?

unloading altitudes is approximately
80 m.

The ROM processing to produce
civil construction material is basically
composed of 3 stages of crushing and
screening to separate the crushed stone
by granulometric fraction. The quarry
produces gravel according to the granu-
lometric distributions required by the
construction industry for each type
of use, as presented in Table 1. This
final product is loaded onto the cli-
ent’s trucks through wheel loader, and
the weight of each truck is measured
at the entrance and exit for issuing
the invoice.
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Table 1 - Quarry products and their respective uses.

Commercial name | Size distribution Common use
Very fine gravel 0-4.8mm Asphalt plants, precast parts, mortar
Fine gravel 4.8-9.5mm Beams, pre-cast slabs, interlocking floors, pipes, bricks, slabs and finishes
Medium gravel 9.5-19 mm Most used gravel in construction. Manufacture of concrete, beams, slabs
Coarse gravel 19-25mm Manufacture of concrete with more strength. Foundations and floors of greater thickness;
Very coarse gravel 25-50 mm Track ballast for railroad ties
Cobble 50 -300 mm Drainage works, rockfill
Crusher run 0-50 mm Asphalt base

Auxiliary services such as road con-
servation are carried out by wheel loaders

and water truck. The supply of mobile
equipment is carried out by a maintenance

Table 2 - Main equipment list.

truck. Table 2 shows a list of the main
equipment of the quarry.

Description Quantity Power per unit (kw) Supply
Hydraulic rock drill 1 170 Diesel
Hydraulic excavator 3 240 Diesel

Haul truck 4 260 Diesel

Wheel loader 2 220 Diesel

Water truck 1 150 Diesel
Maintenance truck 1 150 Diesel

Jaw crusher 1 150 Electricity

Cone crusher 2 220 Electricity
Screen 2 45 Electricity

2.1 Data collection

Data collection is performed
through a GPS sensor installed in the
truck. This sensor should be able to cap-
ture the geographic coordinates during
the movement of the truck. This data
must be saved in a log file to be used on
a computer where this data is processed.

Thus, the sensor should only col-
lect the data. All processing will be
performed on a computer equipped with
a spreadsheet program. As there will

2.2 Data processing

As previously stated, the process-
ing of data generated from the GPS sen-
sor is applied to a spreadsheet program.
In the application example, Microsoft
Excel was used because it is one of the

be no data processing on the sensor,
a simple GPS sensor with little or no
customization is used.

With the advancement and popu-
larization of platforms for developers
like Raspberry, it would be possible to
integrate the sensor directly with the
computer through a wireless connection
and applications stored in a cloud server.
So, it would be possible to broadcast live
the positioning of the truck.

most popular in the world, being used
by more than 1 billion users (Arghire,
2012). However, the processing can be
performed in any program that accepts
logical data manipulation.

Table 3 - Track file.

To keep the solution simple and
at the lowest possible cost, in the ap-
plication example a Garmin Etrex 30X
portable GPS was used, and data was
transmitted manually to the computer
via USB cable.

In order to record the average die-
sel consumption, the daily supply of the
trucks was also monitored by checking
the volume of fuel that was fueled in
each truck.

In the application example, the
chosen GPS sensor generated a track
file during the truck data collection.
The relevant information recorded in
the track file is displayed in Table 3.

Poincip | Flewation | legdistance | g | Legspeed | g, | Xposifon | ¥ posion
P, E, LD, LT, V, T, X, Y,
P, E, LD, LT, Vv, T, X, Y,
P, E, LD, LT, V. T, X, Y,
P E LD, LT \A T X, Y
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Description of the data collected:

e Point ID [P |: Increasing number-
ing that identifies the point;

e Elevation [E |: Elevation ob-

Development of a low-cost alternative for the monitoring of the ore hauling production indicators in small-scale mining

tained from the barometric sensor
in meters;

* Leg distance [LD |: Geometric
distance between the points P_+ 1 and

LDn = \/( Yn+1 B Yn)2+ (Xn+1 - Xn )2

P_,. Since the distance between points
is always short, it can be calculated by
the Equation 1 in meters;

—~
—_
~

® Leg time [LT |: Time between the moment that P +1 and P_was collected (Equation 2);

Lr =1 -T

n+1

(2)

* Legspeed |V |: speed of the truck during the leg, given by the Leg distance [LD ] and the Leg time [LT ]| (Equation 3) in km/h;

e Time [T ]: Time that the point P_
was collected (including date informa-
tion — dd/mm/yyyy hh:mm:ss);

* X position [X |: Geographic UTM
longitude in meters;

* Y position [Y |: Geographic UTM

System elements

For the spreadsheet program to
be able to classify the legs, it is first
important to define some parameters:

e Loading point [LP]: geographic
point in UTM where the truck should
be loaded. This data is represented as
[LP] = (LP, LP), being LP_the longitude
in meters, and LPy the latitude in meters;

e Crusher point [CP]: geographic
point in UTM where the crusher is
installed. This data is represented as
[CP]=(CP,CP), being CP_ the longitude

Loading legs [LL ]

LD

= n

n LT

n

latitude in meters;

The spreadsheet program should
then automatically define the sections of
interest for data analysis: loading legs,
loaded transport legs, unloading on the
crusher legs, unloaded transport legs.

in meters, and CP, the latitude in meters;

¢ Proximity radius [R]: Radius in
meters which defines the area around
the loading point [LP];

* Speed tolerance [V_]: Minimum
velocity for a movement to be considered.
This is necessary because of the sensor
error. For instance, if the error of the
sensor is S m and 2 points were collected
within 1 second difference, the truck
even stopped can present in the collected
data a speed greater than zero due to the

©)

Following will be presented the
logic used in the spreadsheet program.
Simple type functions will be used
"IF, THEN, ELSE, AND, >, <, =" so that it
is not given preference for any programs
or sort of programming language.

error between the points collected;

* Movement [M ]: checks if the
truck is moving, following the logic:
@Y >V WWEEN (M ] -1, ARS8 (M | -
When [M ] = 1, the truck is moving,
when [M ] = 0, there is no movement;

e Distance between the point and
the loading point [DLP]: Distance given by
Equation 1 between points [P | and [LP];

e Distance between the point and
the loading point [DCP]: Distance given by
Equation 1 between points [P | and [CP];

With the data defined in the previous item, the following logic is used to define the loading leg [LL |:

. Dip] <

Unloading on the crusher legs [CL ]

[R] AR [M,] = 0,

When [LL | = 1, it is a loading leg. When [LL ]

BEN [LL.]=1,

= 0, it is not a loading leg;

ELSE [NE

To classify the leg as “unloading on the crusher leg” [CL | the spreadsheet program should follow the logic:

[Dep] <

[R] ENB) [M,]

- 0, IEENI [CL.]

Loaded/unloaded transport legs [LTL ]
To classify the leg as “loaded transport leg” the spreadsheet program should follow the logic:

[LL”ﬂi

Where [LTL ] is a string which will save when the leg is a Loaded Transport Leg. When [LTL | =
0, it is an Unloaded Transport Leg.

when [LTL | =
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- 1,@H [CL,] =

JANDJ[e IREN [LTL ] = [LTL ],
[LL.]=1, [LTL] 1, [LTL,]=0

1, it is a Loaded Transport Leg,
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Cycle count [CC ]
To identify each truck cycle the spreadsheet program should follow the logic:

DATE ([T,.11) = DATE ([T, 1),

[LTL o] = [LTL,] [ccn] =[CCp.1]
T

[LTL,]1=1, palsh\l [CC,]1=[CC, ]+ 1, AN [CC,]=[CC,]

2N [CC |=0

2.3 Data analysis

With the legs sorted and orga-  transport and unproductive times. to achieve the results. However, with
nized, it is then possible to determine the In the application example, basi- the data organized one can get the
average times for each activity: loading,  cally SUMIF and AVERAGEIF func-  same results regardless of the software
loaded transport, unloading, unloaded  tions were used in Microsoft Excel  or functions.

Cycle time [CT ]

To sum up each cycle time, the spreadsheet program should follow the logic:

[€T)= ) [T

[CCpl =i

That is, [CT] is the sum of the leg time [LT | if the cycle count [CC ] is equal to i.

Loading time [CLT ]

To sum up each cycle loading time, the spreadsheet program should follow the logic:

[CLT ] = Z [LT.]
& ([CCy] =i
[LLn)=1)

That is, [CLT ] is the sum of the leg time [LT ] if the cycle count [CC ] is equal to iFENNIB] [LL ]=1.

Unloading time [CUT ]

To sum up each cycle unloading time, the spreadsheet program should follow the logic:

[CUT ] = z [LT.]
([Tl - i
[CLal= 1)
That s, [CUT ] is the sum of the leg time [LT, ] if the cycle count [CC ] is equal to i ENNIB] [CL ] = 1.

Loaded transport time [CLTT]

To sum up each cycle loaded transport time, the spreadsheet program should follow the logic:

[CLTT ] = z [LT.]

([CCl =i
[LTL,] =1
[M] =1)

That s, [CLTT ] is the sum of the leg time [LT | if the cycle count [CC ] is equal to i XN [LTL ]=1EWNB [M ]=1.

Unloaded transport time [CUTT,]

To sum up each cycle unloaded tfansport time, the spreadsheet program should follow the logic:

[CUTT ] - Z [LT.]

([CCa) =i
[LTL,] =0
M]=1)

That s, [CUTT ] is the sum of the leg time [LT | if the cycle count [CC | is equal to i ENNIB [LTL ]=0 NI [M ]=1.
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Unproductive time [CUPT]
The time that the truck is not load-
ing, unloading or transporting, is an

[CUPT)

Average times
With all the information organized
and classified, the average times of each op-

Cycle classification

To avoid using collected data that
could disrupt the analysis, another
string was created. This variable com-
pares the cycle time with the average
cycle times collected, recording the
number 1 for cycles that should be

Diesel consumption
The consumption of diesel in liters
per hour (I/h) was calculated by dividing

3. Results

In order to evaluate the proposed
logic with the use of the materials
described the system was tested in the
application example. The data used in
this study were collected during the
period from January through February
of 2018. One GPS sensor was installed
in a truck, and the data were manu-
ally downloaded at the end of the day

00:20:10

00:17:17

00:14:24

00:11:31

00:08:38
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unproductive time of the cycle, which
can be defined as follow.

eration can be calculated using an AVER-
AGE function of the spreadsheet software.

considered and 0 for cycles that should
not be considered.

Thus, the analysis will not con-
sider extremely short cycles, which may
have been due to some data collection
error, or extremely long cycles, which

the liters of fuel that were supplied for the
equipment by the number of hours worked.

and inserted into a Microsoft Excel
worksheet pre-programmed with the
proposed logic.

As the truck is always fueled with
diesel at the end of the work shift, it
always starts the day with a full tank.
Thus, the volume of diesel supplied is
the volume of fuel that was consumed
for operation during that day. This con-

00:05:46 [——————————

[CT] - ([CLTJ+[CUT ]+ [CLTT]+ [CUTT])

(4)

may have been caused due to lunch
stops or equipment breaks. The first and
last cycle of the day are also discarded
because they are the cycles in which
the truck is going or coming from the
parking place or diesel supply.

sumption data was recorded manually.
The Loading point [LP] was updated
according to the mining advance and the
Crusher Point [CP] was set. A Proximity
radius [R] of 30 m and a Speed tolerance
[V, ] of S km/h were adopted.

Figure 1 shows the boxplot graph
of the average times considering the data
collected in the application example.

00:02:53

00:00:00
CICLE TIME

The data obtained were consistent.
Cycle time, for example, has an aver-
age time of 14 minutes and 23 seconds
with a standard deviation of 3 minutes
and 55 seconds, and Unloaded Trans-
port time presented an average of 2

LOADING TIME

e

UNLOADING TIME

LOADED
TRANSPORT
TIME

Figure 1 - Boxplot graph of the average times.

minutes and 7 seconds with a standard
deviation of 18 seconds. Only 15%
of the data were discarded due to the
Cycle Classification.

In the application example the his-
torical fuel consumption of the trucks
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UNLOADED
TRANSPORT

UNPRODUCTIVE
TIME
TIME

was around 30 I/h. During the period
of application of the tool the average
consumption of diesel presented an
average of 27.8 1/h, lower than the his-
torical average.

The consistency of these results



shows that it is possible to obtain data
with the resources presented.

Table 4 shows the costs for perform-
ing the test in the application example.

Table 4 - Tests costs.

Jaime ljichi Machado et al.

Description Qty Unit cost (US$) Total cost (US$)
Garmin etrex 30X Portable GPS 1 380.00 380.00
Office 365 - Annual subscription 1 110.00 110.00
Total 490.00

4. Discussion

More important than the results
obtained in the application example, this
article aims to demonstrate that it is pos-
sible to monitor the production of the ore
transport with a low-cost system.

Through a GPS sensor, spreadsheet

software and simple logic programming it
was possible to have a tool that measures
the times of the main activities of the load-
ing and hauling process. Considering the
material used in the application example,
this tool would cost approximately US$

380 (Oct 2018 currency) for the GPS sen-
sor and about US$ 110 for annual subscrip-
tion to the spreadsheet software, totaling
US$ 490. If GPS sensors were installed on
all four quarry trucks, the solution would
cost US$ 1,630, as shown in Table 5.

Table 5 - Estimated cost for installation in all trucks of the Quarry.

Description Qty Unit cost (US$) Total cost (US$)
Garmin etrex 30X Portable GPS 4 380.00 1,520.00
Office 365 - Annual subscription 1 110.00 110.00
Total 1,630.00

Considering the application ex-
ample, each truck cycle carries about
25 t of ROM, 20 t being salable mate-
rial. If the average sale value is 10 US$/t,
each truck cycle generates a revenue of
US$ 200. Considering also a margin of
5% profit, each truck cycle would generate
a profit of US$ 10.

Since the system cost was estimated
at US$ 1,630, 163 truck cycles would
pay all the investment. In a quarry that

5. Conclusions

According to the data presented in
this article, one can confirm that yes, it is
possible to monitor the production of the
ore hauling in a small mining operation
with a low-cost system. Not only that,
with the implementation of the tool, it
is also possible to witness a reduction
in fuel costs and consequently, better
use of natural resources (minerals and
fossil fuels).

A more elaborate sensor and pro-
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