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A B S  T R A C T

a Sivas Cumhuriyet Üniversitesi Mühendislik Fakültesi, SİVAS

In this study, the subsidence induced by sublevel caving production method applied in the Divriği Ekinbaşı underground mine was investigated 
and evaluated. In this context, on-site observations and measurements were made in the underground mine. Two point cloud datasets with an ap-
proximately seven-month time difference were analyzed, and surface collapses, cracks, and fractures were plotted on the map for each periods, the 
fracture initiation and subsidence angles of hangingwall and footwall sides were determined. As a result of the analysis of first and second data sets, 
subsidence angle of the hangingwall side remained the same as 50.40°, in the footwall side 72.84° and 53.44° respectively. The areas of fracture and 
subsidence regions increased by 4.67 ha and 7.67 ha, respectively, over a period of around seven months.

Keywords: Sublevel caving method, Subsidence, Fracture initiation and subsidence angles.
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Introduction

As is well known, the production methods commonly used in 
underground mining are classified into three main class as sup-
ported, non-supported, and caving methods. Ore geometry and 
shape (thickness, strike, inclination, depth, etc.), reserve and 
amount of production, grade and grade distribution, ore-wallrock 
contact condition, geologic and tectonic structure, strength of ore 
and wallrocks, groundwater condition, surface and economic con-
ditions are all taken into account during the selection of under-
ground mining method. With the acceptance of the surface sub-
sidence, the caving methods can be selected and applied.

Sublevel caving has been widely used since its introduction 
in Sweden in the 1960s, particularly in metal mining, due to its 
advantages such as simple structure, flexibility, and high mecha-
nization (Shuai et al., 2016). In sublevel caving method, the vein 
is divided into vertical slices that are quite close to each other, 
typically between 10-30 m (Figure 1). Production is carried out 
from top to bottom in the ore body, with sublevels prepared at 
regular intervals. Production galleries that have been driven per-
pendicular to or parallel to the orebody in the horizontal plane 

systematically form sublevel. In thick orebodies, sublevel pro-
duction galleries are started from the footwall drift and driven 
up to the hangingwall drift. Sublevel caving is commonly used 
in deep and steep (>60˚) orebodies, but it can also be applied to 
very thick and massive deposits. The hangingwall can be weak to 
strong, but it must cave spontaneously or be blasted after the ore 
is produced. Since there is no filling, the hangingwall must have 
caved towards the chamber of produced ore. This caving result in 
serious collapse on the surface and subsidence pits may appear. 
In this respect, continuous caving is crucial to prevent voids in 
wallrock, which leads to a sudden collapse that can damage the 
surface installations. 

In this study, the subsidence induced by the production of 
sublevel caving method in Ekinbaşı underground iron mine was 
investigated. This underground mine is located within the bor-
ders of Divriği district of Sivas province. First, observations and 
measurements were both performed on the surface and inside the 
mine, and the results of the study were evaluated in light of the 
relevant literature.
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Figure 1. Sublevel caving mining (Hamrin, 2001)

1. Subsidence in sublevel caving method 

Surface deformations induced by underground mining have 
distinct properties that vary depending on the mining method 
used. During sublevel caving mining, a large-scale subsidence 
occurs on the surface of the hangingwall side and a smaller sub-
sidence occurs on the footwall side (Herdocia, 1991; Lupo, 1996). 
The hangingwall subsidence area is divided into three zones: the 
caved zone, the fracture zone and the continuous deformation 
zone. (Figure 2). The caved zone is formed by large-scale move-
ment of the wallrock surface layer. The size of the area can range 
from millimeters to several meters and is typically composed of 
irregular blocks.

Sometimes natural shafts may also be observed on this area. 
After ore extraction, these shafts are formed by caved rocks mov-
ing downward in the direction of the flow. The fracture zone is de-
fined by stress cracks close to the caved area, fractures, benches 
and irregularly formed sinks near the caved area. The displace-
ments in this area develop with horizontal and vertical move-
ments ranging from centimeters to meters. Lupo (1996) described 
the nature of the movement in this zone as a combination of shear 
and toppling mechanisms similar to those seen in surface rock 
slopes. The blocks formed in the fracture zone can mix with the 
rocks in the caved zone. This area is defined as unstable and un-
safe for civilian structures. The continuous deformation zone is 
defined by deformation development ranging from millimeters 
to centimeters. The surface area of the subsidence zone is usually 
larger than the extracted area (Blodgett and Kuipers, 2002). The 
extension of this zone varies depending on the production method 
and rate, the depth and size of the orebody, the fracture and crack 
structure of the hangingwall and footwall rocks, their strength, 
swelling factors, geological discontinuities, surface topography 
and groundwater level.

Figure 2. Surface deformation zones at mines with sublevel caving mining method (Barba, 2008)
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1.1. Some underground mines applied sublevel caving method

In the sublevel caving method applied in the Kiruna un-
derground iron mine that is owned by the LKAB in Sweden, the 
hangingwall is continuously caving while the ore is drawn. This 
condition results in large-scale subsidence on the surface. The 
most serious condition in the Kiruna mine is that large-scale col-
lapsing problems have begun on the surface side of the footwall. 
Ventilation shafts, ore passes, and parts of the haulage level and 
ramp located near the orebody have been subjected to substan-
tial instability. (Sjoberg, 1996). The Malmberget iron mine, which 
has rather large orebody and uses the sublevel caving method, 
is also held by LKAB. Hangingwall collapses caused widespread 
surface subsidence, similar to the Kiirunavaara mine. Especially, 
the Kapten section of the orebody has caused extensive subsid-
ence and thus the affected parts of Malmberget city had to be 
replaced. Kapten part of the orebody had been initially operated 
as an open pit mine. However, unlike the Kiirunavaara mine, no 
failures were observed at the footwall side here. (Sjoberg, 1996). 
Large-scale failures have also happened in other underground 
mines in Sweden that used sublevel caving, such as the Gränges-
berg mine. Similarly, an unpreventable large-scale failure oc-
curred on the hangingwall side of the Långsele mine. The under-
ground mine reached and merged with the surface as a result of 
the failure recorded in the form of crack and significant displace-
ments which developed very quickly (Sjoberg, 1996). Woo et al. 
(2013) compiled subsidence data for some underground mines 
applied sublevel caving/shrinkage stoping/top slicing mining 
methods in the world. (Table 1).

2. Evaluation of subsidence 

2.1. Ekinbaşı underground iron mine

Investigations and measurements were conducted on the sur-
face of the Ekinbaşı underground iron mine (Figure 4), as well as 
in sublevels, footwall drifts and haulage level, as part of this study 
(Erdem et al., 2019). Sublevels of Ekinbaşı underground iron mine 
were opened with the advancement of ore connected footwall 
drifts. The orebody properties taken into account during evalua-
tion of applied mining method are given in Table 2. These galleries 
with a cross -sectional area of 22.5 m², were opened in the foot-
wall which were parallel to the ore boundary and advanced to the 
point where the mineralization ends. Then, the galleries with 10 
m intervals, in the same size as the footwall drift were continued 
until the boundary of the ore. Ore boundaries were determined by 
vertical or inclined drilling to the drift face or side walls and taking 
into account the traces of ore in the sublevel maps (Ceylanoğlu et 
al., 2022).

The ore production operations initiated from 1260 level in 
Ekinbaşı underground mine were advanced down with 12 m lev-
el intervals. The produced ore was transported to the ore well, 
which has a total length of 121 m, and then to the underground 
crusher, which has a capacity of 700 t/h and is located in the 
1108 level. The underground crusher crushed the ore to -170 
mm, which was then moved to the conveyor in the main haulage 
gallery and delivered to the processing plant. Ore production in 
the Ekinbaşı underground mine was started from 1260 level, it 
was advanced with a distance of 18 m intervals until the 1170 
level, and after this level, it was extended to the 1134 level with 
12 m intervals (Figure 5). Thus, 126 m part of ore was produced, 
from top to bottom.

The angle of fracture, which is used to define the boundary 
of the fracture zone, is mostly determined using the equilibrium 
limit method. On the other hand, the expansion of the subsidence 
area is determined by analyzing the recorded data. The equilibri-
um limit method is based on assumptions similar to those used 
in rock slope stability analysis. This approach was utilized by 
Hall and Hult (1964) with the assumption that failure happened 
along a single plane between extraction and surface (Barba, 2008). 
Following this idea, Hoek (1974) developed an equilibrium limit 
approach to estimate the hangingwall failure for great extraction 
depths. Hangingwall was supposed to be a rock slope whose base 
was the bottom of the excavation. As the mining goes downwards, 
the extraction at the base gradually caves in the hangingwall. It 
was assumed that there would be a planar shear failure from the 
extraction bottom to the tension crack on the surface, adding the 
effect of collapsed rocks. This failure is assumed to occur under 
static conditions. Sensitivity analyses of the Grängesberg iron 
mine in Sweden, where the sublevel caving method was used, 
showed that the fracture angle is highly influenced by the rock 
mass properties and the depth of mining (Hoek, 1974). Subsid-
ence had occurred in the Swedish-Kiirunavaara underground iron 
mine due to the using of sublevel caving method, affecting certain 
areas of Kiruna city, the railway, and the power station. (Villegas et 
al., 2011). Brown and Ferguson (1979) developed the equilibrium 
limit method, which takes into account the inclined ground surface 
and shear plane and the water pressure in the stress crack (Figure 
3). Lupo (1996) improved Hoek’s equilibrium limit method by ac-
counting the tensile forces occured during ore extraction and the 
interaction between the hangingwall and the footwall. When the 
ore is extracted, the caved rocks create tensile forces that will in-
crease the shear stresses on both sides.

Figure 3. Idealized model used in limit equilibrium analysis of progressive 
hangingwall caving (Brown and Ferguson, 1979)
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Table 1. Subsidence data for some underground mines applied sublevel caving/shrinkage stoping/top slicing mining methods (Woo et al., 2013)

Mine Orebody Period

Reported

Undercut

Depth (m)

Caving 
Angle (°)

Fracture

Initiation

Angle (°)

Angle of

Subsidence (°) 

Data Confidence/Comments

Copper Mountain
(B.C., Canada)

Contact block 1937-1949 350 79-90 69-74 65 Good (cross-section with scale bar).
122-East 
Block

1941-1949 210 82-90 67-74 - Good (cross-section with scale bar). 
Lower angle in range aligns with 
dipping fault.

Copper Queen –
Queen Hill
(Arizona, USA

Queen Hill

Block

1913-1933 100 78 78 78 Marginal (cross-section without scale 
bar but with mine levels and depths; 
assumed to be drawn to scale). Caved 
block is bound on all sides by faults, 
along which the block drops and 
across which subsidence is limited.

Kiirunavaara/
Kiruna
(Sweden)

700 Level 1965-1995 465 60-94 53-74 40-60 Marginal (subsidence map but with-
out indication of the sublevel depth; 
sublevel depth estimated from other 
sources). 

Kiirunavaara/ Kiruna
(Sweden)

785 Level 1965-2000 500 50-82 50-60 40-50 Marginal. Angles on the footwall side 
are shown to coincide with one an-
other at 50°.

Gath’s
(Rhodesia/
Zimbabwe)

99 Level 1971-1976 60 50-75 50-75 - Good (cross-section with caving 
angles reported). Lower angles cor-
respond with dip of orebody; steeper 
angles correspond to caving in dip-
ping hangingwall.

158 Level 120 50-65 50-65 -
183 Level 145 50-56 50-56 -

Havelock
(Swaziland)

Level 1 1952-1972 135 52-82 52-78 - Good (cross-section with scale bar). 
Lower angles in range controlled by 
dip of bedding in footwall. Deforma-
tion in hangingwall develops through 
flexural toppling and shearing along 
bedding.

Level 2 1963-1972 180 52-90 52-64 -
Level 3 1966-1972 225 52-90 52-60 -

Miami
(Arizona ,USA)

Main orebody 1910-1925 180 60-84 60-68 - Good (cross-section with scale bar). 
Mostly mined by top slicing and sub-
level caving. Caving limits controlled 
by vertical boundary drifts. Lower 
angles are subparallel to foliation of 
schist.

Mt. Lyell
(Tasmania)

Cape Horn

(#5 Stope)

1972-1980 160 70-86 70-72 - Marginal (cross-section without scale 
bar but with sublevel depths; assumed 
to be drawn to scale). Lower angles 
coincide with dip of footwall (70°).

Perseverance
(Australia)

10030 Level 1996-1997 490 66-87 63-90 - Marginal (subsidence map without 
scale bar; depths determined from 
secondary information and used 
to calculate angles; assumed to be 
drawn to scale). Sublevel caving be-
neath large open pit. Lower caving

and fracture initiation angles extend 
beyond pit limits on hangingwall side 
of orebody.

9920 Level 1997-1998 600 73-81 63-81 -
9870 Level 1998-1999 650 74-80 63-80 -
9860 Level 1999-2000 660 70-80 62-80 -
9850 Level 2000-2001 670 70-83 62-83 -
9815 Level 2001-2002 705 73-85 65-85 -
9760 Level 2002-2003 760 72-84 66-83 -

Rajpura Dariba
(India)

South 

465 Level

- 185 70-90 55-70 - Poor (no data provided; angles cited 
in text). 70° angle coincides with dip 
of footwall.

San Giovanni
(Italy)

Contatto 
Ovest

1985-1990 100 75-92 - - Marginal (subsidence map and 
cross-section without scale bar but 
with mining levels and depths; as-
sumed to be drawn to scale).
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Figure 4. Fractures formed on the surface of Ekinbaşı underground iron mine

Table 2. The parameters taken into account during the evaluation of active-
ly applied mining method (Ceylanoğlu et al., 2022)

Parameters
Ekinbaşı  
underground iron 
mine

Orebody thickness (m) 40-70
Orebody length (m) 410
Depth to orebody top (m) 140
Depth to orebody bottom (m) 300
Dip angle (°) 50-55
Grade (% Fe) 52-56
Type of deposition Scarn
Contact condition of ore-wallrock Medium undulation
Strength of orebody Fair-good
Strength of hangingwall Poor-fair
Strength of footwall Poor-fair
Groundwater (L/min) 10
Total proven reserves (tonne) 5 080 000
Production rate (tonne/yr) 600 000
Remaining life of mine (yr) < 10
Surface conditions for subsidence

(Buildings, private property areas, 
power transmission lines, rivers etc.)

Suitable

   

  

 
 
 

 
Figure 5. Ekinbaşı orebody, production levels and topography (a) Plan view, (b) Section view (towards north), (c) Section 

view (towards east) 
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Similar to other underground mines around the world, the rooms created by ore production in 
Ekinbaşı underground mine were not filled with waste rock or other sorts of materials, but were left to 
cave. Due to the nature of the method, wall rock strata cave instead of produced ore. The caving of the 
wall rock strata activates the overburden layers towards the surface, resulting in large-scale surface 
subsidence. 

Production activities in the mine were initiated from a certain roof level and continued towards the 
lower levels. As production progressed, the gap created by the obtained ore was filled by the immediate 
roof rock. Since the gap widens as it goes deeper, more wallrock yields and fills the rooms of the 
produced ore. Since the caving mechanism usually reaches the earth, subsidence, initially shows itself 
as minor cracks on the surface, later transformed into wide open major cracks, fault type fractures, and 
ultimately dolin type collapses. 

Light detection and ranging (LIDAR) systems are sampling tools that emit numerous pulses in a short 
amount of time. After collecting each individual reading, the LIDAR system processes them into point 
cloud data, which includes pulses of light. From another aspect, point clouds are collections of spatial 
(3D) data points. They can be used to create digital elevation models of ground surfaces in mining. At 
its most fundamental level, a point data consists of x, y, and z coordinates that represent a specific 
location on earth. Point clouds can store attribute information about intensity, color, and time. Therefore, 
they can be used to monitor changes on the ground over time. Two point cloud data sets with high 
accuracy and resolution that permitted the investigation of the surface topography at the Ekinbaşı mine 
were taken over a period of almost seven months (203 days). The data was analyzed using a geographic 
information system software application in accordance with the Cartesian coordinate system, utilizing 
the ED50 datum and the 6° slice middle meridian. Surface collapses, fractures, and cracks could be 
detected and plotted on the map due to the high resolution of the data sets (Figure 6 and Figure 7). The 
collapse zone (CZ), major cracks (FZ), minor cracks (CDZ), and orebody projection (Coordinates to be 
Y and X; Northwest corner: 418363, 4365506; Northeast corner: 418768, 4365409; Southeast corner: 
418715, 4365307 and Southwest corner: 418364, 4365394) were all processed on both figures. In the 
discontinuous deformation zone, there are large-scale collapse zones corresponding to the mine's 
projection on the surface. In proportion to the projection of the ore on the surface, wide-opening fracture 
cracks develop in common centered and ellipted. These are surrounded by narrow-opening deformation 
cracks. It was seen that in the period of approximately seven months between the dates of the first and 
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2.2. Evaluation of subsidence 

Similar to other underground mines around the world, the 
rooms created by ore production in Ekinbaşı underground mine 
were not filled with waste rock or other sorts of materials, but 
were left to cave. Due to the nature of the method, wall rock strata 
cave instead of produced ore. The caving of the wall rock strata 
activates the overburden layers towards the surface, resulting in 
large-scale surface subsidence.

Production activities in the mine were initiated from a certain 
roof level and continued towards the lower levels. As production 
progressed, the gap created by the obtained ore was filled by the 
immediate roof rock. Since the gap widens as it goes deeper, more 
wallrock yields and fills the rooms of the produced ore. Since the 
caving mechanism usually reaches the earth, subsidence, initially 
shows itself as minor cracks on the surface, later transformed into 
wide open major cracks, fault type fractures, and ultimately dolin 
type collapses.

Light detection and ranging (LIDAR) systems are sampling 
tools that emit numerous pulses in a short amount of time. After 
collecting each individual reading, the LIDAR system processes 
them into point cloud data, which includes pulses of light. From 
another aspect, point clouds are collections of spatial (3D) data 
points. They can be used to create digital elevation models of 
ground surfaces in mining. At its most fundamental level, a point 
data consists of x, y, and z coordinates that represent a specific lo-
cation on earth. Point clouds can store attribute information about 
intensity, color, and time. Therefore, they can be used to monitor 
changes on the ground over time. Two point cloud data sets with 
high accuracy and resolution that permitted the investigation 
of the surface topography at the Ekinbaşı mine were taken over 
a period of almost seven months (203 days). The data was ana-
lyzed using a geographic information system software application 
in accordance with the Cartesian coordinate system, utilizing the 
ED50 datum and the 6° slice middle meridian. Surface collapses, 
fractures, and cracks could be detected and plotted on the map 
due to the high resolution of the data sets (Figure 6 and Figure 7). 
The collapse zone (CZ), major cracks (FZ), minor cracks (CDZ), and 
orebody projection (Coordinates to be Y and X; Northwest corner: 
418363, 4365506; Northeast corner: 418768, 4365409; South-
east corner: 418715, 4365307 and Southwest corner: 418364, 
4365394) were all processed on both figures. In the discontinu-
ous deformation zone, there are large-scale collapse zones corre-
sponding to the mine’s projection on the surface. In proportion 
to the projection of the ore on the surface, wide-opening fracture 
cracks develop in common centered and ellipted. These are sur-
rounded by narrow-opening deformation cracks. It was seen that 
in the period of approximately seven months between the dates 
of the first and second point cloud data, the effects of subsidence 
intensified, the collapse zone began to mature and the major frac-
ture area and the minor crack area spread.

The Surpac mine planning package (https://www.3ds.com/
products-services/geovia/products/surpac/) was used to deter-
mine the angles that characterize the subsidence occured on the 
surface of the Ekinbaşı underground mine (Table 3). The angles of 
fracture initiation and subsidence can be regarded to be consistent 
with the literature. The angles, on the other hand, decreased from 
the first to the second measure (203 days), and the cone base ex-
panded. As the collapse zone expands in the following periods, the 
fractures around it will widen and turn into benches.

They will also be able to develop both downwards and to-
wards the collapse zone that serves as the subsidence’s center. On 
the other hand, since the continuous deformation zone is likely 
to spread further, this region, which limits the subsidence effect, 
should be monitored with displacement measurements that are 
repeated at regular intervals taking seasonal conditions into ac-
count. The subsidence basin generated on the surface is still in the 
maturation phase due to the activities carried out in the Ekinbaşı 
underground mine.

In a period of about seven months, the areas of fracture and 
subsidence regions increased by 4.67 ha and 7.67 ha, respectively. 
The development of these areas should be monitored at regular 
intervals using surface and/or air equipment capable of providing 
high-accuracy coordinate data via measurement stations placed 
in certain characteristic points on the surface, and surface motion 
vectors should be revealed. Thus, detailed information can be ob-
tained about the development of the subsidence basin and will be 
able to make future predictions.

Sjoberg (1996) stated that the effects of subsidence were seen 
on the surface of the footwall side of the Kiruna underground mine, 
which operates in Sweden and produces approximately 27 million 
tonnes  per year, and the most serious situation in the Kiruna mine 
was the larger - scale instability problems in the mine’s footwall. 
Due to the fact that ventilation wells, ore passes, and some parts of 
the main entrance ramp were located so close to the orebody, they 
had subjected to significant instability (Sjoberg, 1996).

All developments, including transportation and ventilation 
wells, spiral ramp, and access galleries, are made on the footwall 
side of the steeply dipping ore body, while the hangingwall side 
is left to cave, according to the sublevel caving method used in 
the Ekinbaşı underground iron mine. Thus, the surface subsid-
ence begins on the hangingwall side, and the fracture starting and 
subsidence angles on this side are characterized by lower angles 
corresponding to a wider area. This can be seen from Table 3 for 
the Ekinbaşı mine. During the field studies, access galleries and 
spiral ramp were investigated and there was no deformation in 
the well-gallery system due to subsidence. As production contin-
ues deeper, similar effects may occur on the footwall side. Hence, 
transport and ventilation wells, spiral ramp, and galleries should 
be monitored for these effects.

Table 3. Fracture initiation and subsidence angles at hangingwall 
and footwall sides of Ekinbaşı underground iron mine

Region First measurement Second measurement
Fracture 

initiation

angle (°)

Subsidence

angle (°)

Fracture 
initia-

tion

angle (°)

Subsidence

angle (°)

Hangingwall 
side

61.45 50.40 54.57 50.40

Footwall side 73.65 72.84 62.65 53.44
Fractured zone 
area (ha)

14.28 18.95

Subsidence 
area (ha)

39.50 47.14

https://www.3ds.com/products-services/geovia/products/surpac/
https://www.3ds.com/products-services/geovia/products/surpac/
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    Figure 6. Fractures formed on the surface of Ekinbaşı iron mine (Using cloud data of first point)

     Figure 7. Fractures formed on the surface of Ekinbaşı iron mine (Using cloud data of second point)
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3. Conclusions

In this study, the subsidence occured due to the sublevel cav-
ing mining method used in Ekinbaşı underground iron mine was 
investigated and evaluated. In accordance with the sublevel cav-
ing production method, since the rooms of produced ore were not 
filled with waste rock or other types of materials, but were left 
to cave. Due to the nature of the method, upper rock layers cave 
instead of the produced ore. The caving of the wall rock layers ac-
tivates the upper layers towards the surface, causing a large-scale 
surface subsidence.

For Ekinbaşı underground mine, two point cloud datasets with 
a time difference of about seven months (203 days) were evalu-
ated, and surface collapses, cracks, and fractures were shown on 
the map. By using the Surpac mine planning package, the fracture 
initiation and subsidence angles of hangingwall and footwall sides 
that characterize the subsidence occured on the surface of the Ek-
inbaşı underground mine were determined for each periods. The 
fracture initiation and subsidence angles of hangingwall side were 
determined as 61.45° and 50.40° and footwall side’s were 73.65° 
and 72.84°, respectively for the first data set. For the second data 
set, the subsidence angle of the hangingwall side remained the 
same as 50.40°, where the fracture initiation angle was 54.57°. 
Therefore, in a period of about seven months, the areas of fracture 
and subsidence regions increased by 4.67 ha and 7.67 ha, respec-
tively.

Due to the activities carried out in the Ekinbaşı underground 
mine, the subsidence basin occurred on the surface is still in the 
maturation period. To make future predictions about the subsid-
ence basin, development of this area should be monitored at reg-
ular intervals.
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To prevent safety accidents caused by equipment and personnel entering the ore pass by mistake, it is necessary to arrange ore pass control per-
sonnel underground the mine. The control personnel in the ore pass are extremely vulnerable to dust and noise during the unloading process of 
mining vehicles, and there is an urgent need for an intelligent access control system to reduce safety accidents. This article establishes a training set 
for object detection of the YOLO v3 model based on images of mining vehicles in underground monitoring videos. Through optimizing the training 
process and algorithm of the YOLO v3 model, and adopting a dual camera collaborative discrimination method, the influence of brightness on the 
recognition results when mining vehicles are turned on is overcome. In this way, the mining vehicles entering and exiting the pass operation area 
are accurately identified from the underground monitoring videos. Then, an intelligent access control system for controlling the orepass door is 
developed based on the Jetson Nano embedded program. The research results show that the average accuracy of the system in identifying target 
vehicles is greater than 95%.It can rotate the ore pass door by 90 ° in 3 seconds, achieving intelligent control of the mine orepass and promoting 
the construction of smart mines.
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Introduction

As a key link in the development and production transporta-
tion of mineral resources, mine pass transportation and its sys-
tem cannot only save transportation equipment, but also improve 
the convenience of mine production management. However, the 
transportation of mine passes faces problems such as low un-
derground visibility and multiple blind spots, which can lead to 
accidents caused by collisions between mobile equipment and 
personnel. Among them, substations, ore passes, and explosive 
magazines are areas that require risk control (Imam et al., 2023). 
To reduce safety risks, some mines have designated personnel on 
duty in the above-mentioned areas. Although this method is sim-
ple and feasible, with the extension of underground tunnels and 
the widespread application of large-scale mechanized equipment 
in the underground, the areas that need to be monitored are also 
constantly expanding. If we continue to use this method, it will 
significantly increase labor costs but also not comply with the 
concept of green and intelligent mining construction. On the oth-
er hand, the narrow underground space, dust, and noise can also 
harm the health of personnel on duty (Madahana et al., 2020). 

Faced with this issue, Guo and Li (2011) used positioning tech-
nologies such as RFID, GIS, and ZigBee wireless communication 
to control the movement of underground personnel in designated 
areas, which effectively reduced the safety and health risks of un-
derground personnel. Yang et al. (2016) established the Gaussian 
Mixture Model (GMM) and combined it with surveillance videos 
to identify underground personnel, providing an early warning 
mechanism for the safety of underground personnel. They have 
made beneficial explorations to protect the safety of underground 
personnel on duty. However, to fundamentally solve the safety 
problem of mine pass transportation, it is necessary to continue 
to conduct in-depth research towards unmanned and intelligent 
directions.

In recent years, the continuous development and maturity 
of artificial intelligence have injected new vitality into the devel-
opment of various industries. Object detection is the localization 
and classification of a variable number of targets in an image, ul-
timately obtaining the categories and positions of multiple targets 
in the image. It is one of the important branches in computer im-
age vision. Target detection algorithms can be divided into selec-
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tion-based algorithm models such as R-CNN (Girshick et al., 2014), 
fast R-CNN (Ren et al., 2017), and regression-based algorithm mod-
els such as SSD (Liu et al., 2016) and YOLO (Redmon and Farhadi, 
2016).The object detection model represented by YOLO (You Only 
Look Once) has been widely applied in facial recognition, autono-
mous driving, agricultural production, and medical image analysis. 
After Yolov1 was first proposed by Redmon and Farhadi (2016), 
Kumar et al. (2022) proposed ETL-YOLO v4 model, which added 
Mosaic and CutMix data enhancement functions during training, 
significantly improving the recognition accuracy of face wearing 
masks during the COVID-19 period. Kang et al. (2024) developed a 
YOLO-FA model for vehicle detection in autonomous driving using 
the A type-1 fuzzy attention (T1FA) mechanism, which effectively 
improved the accuracy of vehicle detection in rainy and nighttime 
scenarios with high uncertainty. Tian et al. (2023) proposed an 
MD-YOLO model for detecting small target pests and successfully 
deployed it in pest warning software, promoting the improvement 
of pest warning mechanisms in agricultural production. Baccouche 
et al. (2022) combined the deep learning model with YOLO algo-
rithm for early mammograms diagnosis, which significantly im-
proved the diagnostic accuracy of early breast cancer. The above 
researches prove the excellent performance of image detection al-
gorithms represented by YOLO and can effectively solve relevant 
practical problems, which also provides the possibility for their ap-
plication in mine pass transportation.

In the current underground location positioning system of 
mines, intelligent access control systems are used for controlling 
risk areas. The system can automatically identify the moving tar-
gets entering the risk area in real-time. Once unauthorized per-
sonnel or equipment enter, the system will automatically control 
the access control switch to ensure strict control of high-risk ar-
eas. This system cannot only meet the basic requirements of entry 
and exit management, but also integrates functions such as early 
warning and alarm, which can be used to timely remind operators 
or management personnel to pay attention to potential risks and 
take necessary response measures. In addition, the data statistics 
and analysis function in the system can provide rich and detailed 
operation data for management personnel, which is helpful for op-
timizing mining production strategies and decision-making. How-
ever, the underground lighting in mines is dim and the dust con-
centration is high. If the images collected in the mine are directly 
used for object detection without preprocessing, there is a prob-
lem of low image recognition rate. Inefficient image recognition 
may not only miss out on real risk events, but may also generate 
false alarms, affecting the normal operation of mining production.

This article proposes a network training method and algo-
rithm for improving the benchmark YOLO v3 model to address 
the aforementioned issues in the identification of underground 
mining cars. By using a dual camera collaborative discrimination 
method, the mining cars in the pass operation area are identified 
and the pass door is automatically controlled to improve the safety 
of the pass operation, providing a new tool for the stable, efficient, 
and safe operation of the mine pass transportation system.

1. Current situation and existing problems in the control of 
mine pass

The second mining area is the largest under a certain group, 
and the development method of the mining area is vertical shaft 
inclined slope level roadway. The diameter of the ore pass in the 
mining area is generally 4m, with a depth of 100m-150m.There 
have been many accidents of construction personnel and equip-
ment falling into the ore pass. The mining area adopts methods 
such as ore pass doors, covers or special personnel to ensure the 
safety of personnel and equipment in the operation area. The ore 
pass doors are generally closed (Fig.1), and that used frequently 
are manned. When the loader unloads ore (waste rock) in and out 

of the ore pass, the watchman opens or closes the door. Some less 
commonly used ore passes require the scraper driver to open or 
close the door. The cover is opened (Fig.2) or closed (Fig.3) by 
the hoist using an electric remote control by the watchman or the 
loader driver.

The shortcomings of the above-mentioned manual control 
method are: (1) The dust concentration is large during unloading 
ore or rock, which damages the health of the personnel on duty; 
(2) It is inconvenient to count personnel and vehicles, and it is 
easy to have regulatory errors and omissions, and difficult to trace 
the whole process of the accident once an accident occurs. Con-
sidering the underground working environment, the Yolov3 algo-
rithm with fast monitoring speed, low background false detection 
rate and strong versatility is selected. Computer vision technology 
is used to automatically identify underground mine vehicle enter-
ing and exiting the ore pass. An intelligent ore pass access control 
system composed of Jetson Nano embedded platform, automatic 
door opener, and electromagnetic lock is built.

Fig.1 Ore pass door in the mining area   

Fig.2 Opened ore pass cover

Fig.3 Closed ore pass cover
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2.2 Modeling process

2.2.1 Building a dataset for underground mining vehicles

Local features such as license plates and global features such as 
the outline and color of the vehicle can be used for visual recogni-
tion of mining vehicles. The license plates of underground mining 
vehicles are easily affected by factors such as oil pollution, dust, 
and sudden changes in light, resulting in the inability to accurately 
extract license plate information, thereby affecting the recognition 
effect. Due to the current lack of underground mine vehicle data-
sets, it is necessary to construct the datasets of four underground 
mine vehicles, including scraper, 20t tunnel transport vehicle, 25t 
A-type mine vehicle, and 25t B-type mine vehicle. The video of the 
underground network surveillance camera in the second mining 
area is collected. The images of four types of trucks under different 
lighting environments, different shooting conditions and different 
driving speeds are obtained by framing after the video is edited. 
After data enhancement such as rotation, cropping, brightness ad-
justment, and distortion of these images, 2224 photos of each of 
the four types of underground mine vehicle are obtained. Then the 
LabelImg software is used to manually label the underground mine 
vehicle features on each vehicle’s image to generate a underground 
mine vehicle dataset. To facilitate the model training and the judg-
ment logic of opening and closing doors, each type of underground 
mine vehicle is subdivided into eight categories according to the 
method marked in Table 1.The label information includes the vehi-
cle class name and coordinates in the image, and stores it in the for-
mat of a standard VOC dataset. Figure 4 is the underground mine 
vehicle dataset after completing the front label of the vehicle.

2. Technical plan for underground ore pass door

2.1 The principle of YOLO v3

YOLO v3 is the third version of the YOLO model, proposed by 
Redmon and Farhadi in 2018. It uses Darknet-53 as its backbone 
network, while using Batch Normalization to accelerate training 
speed, and increase residual connections to solve gradient vanish-
ing. It also uses cross entropy loss function and dynamic weight 
decay algorithm to optimize the training effect of the neural net-
work. Compared with YOLO v1 and YOLO v2, YOLO v3 achieves 
higher detection accuracy while maintaining speed. YOLO v3 uses 
9 predefined anchor boxes, divided into 3 groups of 3 in each 
group. Each group of anchor boxes corresponds to a feature map 
of a scale to adapt to targets of different sizes, which significantly 
improves the detection ability for small objects. In previous ver-
sions of YOLO, each object could only be assigned to one category, 
while YOLO v3 allowed an object to have multiple categories si-
multaneously, achieving multi-label classification. In addition, the 
loss function of YOLO v3 comprehensively considers the errors of 
coordinate prediction, target confidence, and category prediction, 
further improving its detection accuracy.

YOLO v3 not only inherits the real-time and efficient perfor-
mance of YOLO series models, but also further optimizes accura-
cy and stability. Through deep network structure, three scale de-
tection, and new technological improvements, YOLO v3 has been 
widely applied and recognized in object detection.

        Fig.4 Underground mine vehicles dataset after labeling
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Table 1. Underground mine vehicle labeled in the dataset

Vehicle category Detection 
classification Label name

Loader
Head LHD_1
Trail LHD_2

20t tunnel transport vehicles
Head 20t Truck_1
Trail 20t Truck_2

25t A-type minevehicle
Head 25t Truck_1
Trail 25t Truck_2

25t B-type minevehicle
Head Steyr Truck_1
Trail Steyr Truck_2

2.2.2 Improved benchmark Yolov3 algorithm and training strategy

The detection effect of using the benchmark Yolov3 algorithm 
model to construct an intelligent unmanned control system for the 
ore pass does not meet expectations. Occasionally, underground 
mining vehicles may not be recognized or classified incorrectly, 
mainly due to the following reasons:

(1) The image data of the underground vehicle dataset con-
structed in the second mining area is insufficient. It is relatively 
cumbersome to screen out vehicle videos in a large number of vid-
eo data. The images of underground mine vehicle are mainly taken 
from the webcam video of the 1170 Maocang rest chamber and 
the Maocang ore pass. The collected underground mine vehicle 
images are relatively limited, which reduces the generalization of 
underground mine vehicle features, thereby affecting the effect of 
target recognition.

(2) The benchmark Yolov3 algorithm is difficult to adapt to 
the complex underground operating environment. The recogni-
tion effect of underground mining vehicles is optimal when driv-
ing smoothly and parking. However, when the vehicle is close to 
a certain range of the underground surveillance camera, due to 
the weak underground light, the program is easy to fail to obtain 
the underground mine vehicle or the underground mine vehicle is 
blurred under the strong light of the headlights, thus affecting the 
detection accuracy of vehicle identification.

To build an efficient and reliable intelligent unmanned control 
system for ore pass, it is necessary to improve the training strategy 
and optimize the algorithm of the model to better adapt to the un-
derground environment according to the above problems.

1) Spatial pyramid pooling structure

Convolutional neural network is mainly composed of convo-
lutional layer and fully connected layer, where the parameters of 
the fully connected layer are related to the input size. Only using 
a fixed input size can the fully connected layer parameters in the 
training be determined. Therefore, the Spatial Pyramid Pool (SPP) 
structure is proposed. Any scale feature input into the structure, 
after its pooling kernel processing, can output features of the same 
scale, thus achieving mutual fusion of features of different scales. 
This article inserts an SPP module into the Convolutional Set of 
the Yolov3 algorithm model, and the modified Convolutional Set 
module is shown in Fig. 5.The SPP module consists of four paral-
lel branches, except for the first branch that outputs the results 
directly from the convolutional set: the second branch is the max-
imum pooling of 5×5 pooling kernels; the third branch is the max-
imum pooling of pooling kernels of 9×9, and the fourth branch is 
the maximum pooling of pooling kernels of 13×13.That is, after 
the SPP module processing, the original input channel will be ex-

panded by 4 times. For example, the input of the convolution set 
in the SPP module is 16×16×512, and after Concatenate fuses the 
channels, the output is expanded to 16×16×2048.

Fig. 5 Insert the SPP module in Yolov3

2) Use K-means++ clustering

Yolov3 uses the K-means clustering algorithm to calculate 
the anchor box. The anchor box is obtained by cluster regression 
based on the size data of the detection target during training using 
the following steps:

①		
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③ 
 
④  
 
⑤ 
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 The algorithm model randomly selects several points in the 
dataset as the cluster center.
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③ 
 
④  
 
⑤ 
 
⑥ 
 
	

 The Euclidean distance formula (1) is used to calculate 
the distance from all data points to the coordinates of each clus-
ter center separately. Then regression calculations are performed 
based on the calculated distance, and the data point categories are 
divided by the number of cluster centers.
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 The distance from the clustered data point to the center of 
each cluster is recalculated. The mean of the data is then calculat-
ed, and the cluster centers of each class are re-divided according 
to this mean.
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Repeat steps 
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and 
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④  
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until the resulting central positions of 
each type of cluster remain constant or the sum of squared errors 
is minimized.

It can be seen from the K-means clustering algorithm that the 
core of the algorithm is to select the initial clustering center. When 
the cluster center selection is not suitable (such as the distribu-
tion of each cluster center point is concentrated), the continuously 
calculated results may cause the algorithm model to fall into the 
local optimum, so that the expected clustering results cannot be 
obtained. To avoid this situation, the K-means++ algorithm is used 
to optimize all cluster centers randomly selected at one time in 
K-means, and the steps are as follows:

①		
	
② 
 
③ 
 
④  
 
⑤ 
 
⑥ 
 
	

 A random point is selected in the dataset and set as the ini-
tial cluster center point.
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①		
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④  
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 The shortest distance of each data point from the coordi-
nates of the above cluster center point is calculated, and the calcu-
lation results are stored in an array. That is, the array represents 
the shortest distance from each data point to the center of all clus-
ters.
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 All the elements in the above array are added to obtain a 
distance sum. Randomly taking a value within the total distance 
range to iterate through all elements in the array, a cluster center 
point is obtained by calculation.

①		
	
② 
 
③ 
 
④  
 
⑤ 
 
⑥ 
 
	

 The shortest distance between each data point and the co-
ordinates of the two cluster center points is calculated, and the 
smallest one is selected and stored in the array.
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 to calculate the desired cluster cen-
ter point.

①		
	
② 
 
③ 
 
④  
 
⑤ 
 
⑥ 
 
	

 The cluster center point obtained above is used to replace 
the initial cluster center randomly selected by the K-means clus-
tering algorithm to perform cluster calculation and reduce the 
influence of the initial point on the algorithm. At the same time, 
a new distance formula (2) is defined to replace the original Eu-
clidean distance calculation formula. The distance () calculated 
using this formula is inversely proportional to the interaction ra-
tio. The larger the image interaction ratio (IOU), and the smaller 
the distance, which is more likely to be classified into the same 
category.
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3) UsingMosaic data augmentation

Mosaic data augmentation is a method to enhance the breadth 
of deep learning data and improve the stability of models. It al-
lows the model to learn to use an unlimited amount of data with-
out introducing new real data. At the same time, the markup of 
the dataset and the comprehensibility of semantic information 
are increased, which can improve the generalization ability of the 
model. The Mosaic data enhancement method is to merge multiple 
different types of images, randomly select one of the images as the 
main reference, and then randomly stitch the remaining images 
near the main image after image transformation operations such 
as cropping, rotating, and brightness adjustment to form a larger 
Mosaic image.

4) Activation function

The activation function used by Yolov3 is Leaky ReLU, as 
shown in Eq.3.
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To further expand the scope of functions, accelerate the train-
ing speed of the algorithm and enhance the robustness of the mod-
el, this paper uses the Mish activation function (Equation 4) to re-
place the Leaky ReLU function.
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The Mish function maintains better network gradients than 
the Leaky ReLU function. The Mish curve is smooth, and its train-
ing results have optimal generalization, and are easy to update a 
large number of neurons during training. Although the Mish func-

tion is more complex and will occupy more computing resources, 
it will obtain better calculation results. The mean Average Preci-
sion (mAP) of the ReLU activation function and the Mish activation 
function are 91.62% and 92.83%, respectively. It can be seen that 
the Mish activation function has stronger performance, with an 
improvement of approximately 1.3%.

5) Training and optimization of models

Three sets of models: Yolov3-416, Yolov3-tiny-416, and im-
proved Yolov3-416, are compared. Yolov3-tiny is a streamlined 
version of Yolov3, which is more lightweight and has lower re-
quirements for graphics and memory, making it easier to apply 
in embedded systems. Its fast detection speed makes it easier to 
achieve real-time detection. However, Yolov3-tiny is essentially 
based on Yolov3, which removes one-third of the non-redundant 
intermediate layers through pruning compression, which can eas-
ily cause missed and false positives. Therefore, Yolov3 has an ad-
vantage in accuracy. The value 416 after the three sets of model 
names represents the image input_shape. The Yolov3 algorithm 
can uniformly transform the size of the original image into an in-
put_shape that can be set independently, and then send the im-
age to the training network after the unified size. Setting different 
input sizes can obtain model weight files with different detection 
effects. Generally, the larger the input size, the higher the accuracy, 
but the higher the requirements for memory and other aspects. 
The commonly used input size is 416×416.

During the training process, the dataset is distributed accord-
ing to train set: test set: validation set (val) = 6:2:2.The weight 
model is set to be saved every 3 iterations, and the validation set 
loss value of each iteration val_loss is recorded. When there is a 
failure of 10 consecutive iterations to be less than the minimum 
value of the recorded val_loss, stop training, and the val_loss min-
imal weight model is resumed as the final training output mod-
el. The image dataset, model parameter settings, and training 
environment are the same when the three algorithm models are 
trained. The loss rates of the three model algorithms are shown 
in Fig. 6, and the number of network layers and mAP are shown 
in Table 2.

Fig. 6 Loss value change curve of the training process of the three algorithm 
models
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Table 2. Network result parameters and test results of different algorithm 
models

Algorithmic models
The number
of network 
layers

mAP/% F1-Score/% Time/ms

Yolov3-416 106 92.59 93 28.55
Yolov3-tiny-416 23 89.49 90 3.26
Improved Yolov3-416 80 98.88 98 24.27

It can be seen that compared with the benchmark Yolov3, 
Yolov3-tiny has fewer network layers and the lowest model com-
plexity. It can significantly reduce the detection time, with an av-
erage accuracy reduction of 3.1%, and a reduction of 3% in F1 
score. According to the training results of benchmark Yolov3, the 
improved Yolov3 model converges faster and is relatively more 
stable. After completing 500 iterations, the loss function tends to 
smooth. The average accuracy and detection time have been im-
proved while the number of network layers has decreased. It can 
be seen that among the three Yolov3 models, the improved Yolov3 
algorithm model can better adapt to the underground operation 
environment of the second mining area.

3. Design and implementation of intelligent ore pass access 
control

Considering the practical application conditions in under-
ground mines, an intelligent ore pass access control system based 
on Jetson Nano embedded development (Fig.7) is designed. The 
hardware platform of this system mainly consists of three parts: 
vehicle video capture, Jetson Nano central processing unit, and ac-
cess control system.

WebCam

Object Detection
With Yolov3

Logical Decision electromagnetic
lock

Jetson
Nano

Electronetic
conrol
signal

RTSP
streaming

DoorDoor Opener

Fig.7 Intelligent ore pass access control system

3.1 Central processing unit

Due to the special underground environment, the use of em-
bedded development platform as the central processing unit of the 
access control system cannot only meet the integration of software 
and hardware, achieve the effect of image recognition without net-
working, but also have the advantages of small size and high sta-
bility. It is easy to install near the door, and the system uses Jetson 
Nano (Fig.8) as the embedded processor.

3.2 Video capture

The Hikvision all-in-one network cable is connected to the cor-
responding interface of Jetson Nano, and the IP address, subnet 
mask and gateway where the camera is located are configured. 
When the vehicle enters the camera’s field of view, OpenCV pro-
gramming is used to read Hikvision’s standard RTSP push format 
to obtain surveillance images.

3. 3 Access control system

Access control systems include automatic door opener, elec-
tromagnetic lock and door. The automatic door opener uses the 
motor to drive the door to rotate, and the opener controls the 
motor forward or reverse according to the signal sent by the pro-

cessor to realize the automatic opening and closing of the door. 
The body of the selected brushless floor opener (as shown in Fig. 
9) has two 400mm long swing arms that can drive a door up to 
150kg. The control logic of the automatic opener is to short-circuit 
the GND and N1 interfaces in the motherboard to open the door, 
and short-connect the GND to N2 to close the door. The GPIO pin 
of the Jetson Nano can output high and low levels according to the 
Yolov3 image recognition results. This signal is passed to the relay 
shown in Fig. 10 that can be triggered by high and low levels as a 
switch controlled by an automatic gate signal. The relay controls 
the status of the electromagnet through electrical signals, which 
in turn controls the switching at the output. To correctly judge 
the opening and closing state of the door, the opener needs to be 
equipped with an electromagnetic lock to receive the electronic 
control signal of the opening and closing door transmitted by the 
opener, so as to control whether the electromagnetic lock is en-
ergized. The electromagnetic lock selected is a 12V-180kg tensile 
magnetic lock shown in Fig.11, which has a normally open and 
closed signal feedback function and can be connected to the main 
control board of the access control system. According to the net 
section of the roadway, the guardrail net with an external dimen-
sion of 4.5m ×4.8m is selected as the door.

 

Fig.8 Jetson Nano                                                                 Fig.9 Door opener

  

Fig.10 Relay                                                                   Fig.11 Electromagnetic lock

3.4 The judgment logic of smart ore pass access control

The default state of the door is set to be closed. After the de-
tection code runs, the screenshot of each frame of the surveillance 
video is continuously detected. If 5 consecutive pictures of the 
loader head are recognized, the Jetson Nano outputs a opening 
signal; if five consecutive images of the scraper tail are identified, 
the Jetson Nano outputs a closing signal. When the light of the un-
derground mine vehicle is too bright and the blurred recognition 
rate of the front image is low, the rear of the car is used to assist 
the recognition.

4. Results and discussion

4.1 Underground implementation results of intelligent ore passdoor

After the installation of Jetson Nano embedded development 
components, door openers, door locks and other hardware devic-
es, network cables are used to connect the Jetson processor with 
the camera. When the vehicle enters the camera’s field of view, 
OpenCV is used to return the vehicle image. The Yolov3 algorithm 
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model is called for vehicle recognition classification, and the elec-
tronic control signal is output to the access control processor to 
control the brushless motor and electromagnetic lock. After the 
system is running, the identification and classification effect of the 
four types of mining vehicles in the state of constant speed driving 
and parking is optimal (Fig.12). After installing dual-camera, the 
recognition accuracy of the four types of underground mine vehicle 
is 95%-100%. According to the algorithm logic, the target vehicle is 
identified 5 times in a row, and the program will output the change 
of the corresponding variable value in the console. It can be seen 
that the program detects vehicles with rapid response and low la-
tency. Jetson outputs the electronic control signal to the automatic 
door opener and electromagnetic lock for opening(closing), and 
the door rotates 90° in about 3s, meeting the needs of the system.

Fig. 12 Target vehicle detection screen

4.2 Problems and solutions encountered during system operation

4.2.1 Error message of memory overflow during Jetson object detec-
tion process

When Jetson uses RTSP to receive the live view of the webcam, 
the console displays an error message of memory overflow. The 
object detection program is written using OpenCV to call RTSP to 
pass in video frames, and the core code is as follows:

vid =cv2.VideoCapture(url)
success,img = vid.read()
cv2.imshow(“object detection”,img)
img is the variable of the incoming image frame by the cam-

era. After analysis, when OpenCV is used to obtain webcam data 
based on RTSP protocol, the FFMPEG framework is used to pro-
cess video stream data by default. However, when h264 is selected 
based on RTSP call to obtain webcam data format, FFMPEG can-
not call libx264 encoder based on GPL license because OpenCV is 
MIT licensed. The program will alarm and replace it with avc1 by 
default, resulting in increased processing time. At the same time, 
due to the limited memory of the embedded system, the CPU used 
by the program to call the video stream is too long, resulting in 
memory overflow. The VideoCapture function in OpenCV follows 
the first-in-first-out principle when reading video stream data in 
H264 format. Since the program needs to obtain real-time moni-
toring images, it chooses to use the stack to store the latest video 
stream data read by VideoCapture. Finally, append and pop func-
tions in the Python list are used to simulate a last-in, first-out stack 
that passes the latest frames between OpenCV and Yolo. In the case 
of memory overflow, the amount of stack pressure must be great-
er than the amount of stack output. The accumulation of a large 
amount of data on the stack will also cause the program to crash, 
and it is necessary to set a capacity cap value for the stack. When 
the amount of parameters stored in the stack reaches the thresh-
old, a preset cleanup program is started; the state of the stack is 
reset, and memory resources are reclaimed. To ensure that the 
program does not overflow under long-term operation, the adjust-
ed core code is as follows:

cap = cv2.VideoCapture(url)
 while success:
success,img = cap.read()
  if success:
stack.append(img)
   if len(stack) >= top:
    del stack[:]
gc.collect()
yolo = YOLO(**config)
if len(stack)!=0:
value = stack.pop()
image = Image.fromarray(cv2.cvtColor(value,cv2.COLOR_

BGR2RGB))
yolo_img = yolo.detect_image(image)
result = cv2.cvtColor(np.asarray(yolo_img), cv2.COLOR_RGB-

2BGR)
 cv2.imshow(“img”,result)

4.2.2 Too strong vehicle lights will lead to poor recognition

Underground illumination is poor, and the lights are usually 
turned on for safe drive. When the lights are too bright, the video 
collected by the surveillance screen will be blurred (as shown in 
Fig. 13), resulting in the program being unable to accurately identi-
fy the target cart or the accuracy of recognition is less than 80%. To 
this end, a webcam is installed to assist identification in the manner 
of Fig. 14. When the front camera picture is blurred due to direct 
headlights, the rear camera can avoid the area with strong lights in 
front of the vehicle, and provide a clearer video stream data from 
the rear of the vehicle for final recognition. The camera for auxiliary 
identification is the same model as the main camera, both are DS-
2CD2T25-I5 6mm Hikvision webcams, powered by POE, and pen-
dant. The addition of cameras allows vehicles to be well identified 
and accurately classified, as shown at the top left of Fig.15.

Fig. 13 Video screen of too bring car lights

	
Fig. 14 Schematic diagram of dual-camera installation

Fig.15 Recognition results of dual-camera with lights on
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4.3 Analysis of the implementation effect of intelligent ore pass ac-
cess control

(1) Enhanced safety protection for underground personnel. 
Underground miners are unable to pass through the ore pass door, 
ensuring the separation and control of personnel and vehicles 
during mining operations, and minimizing the risk of accidents.

(2) Beneficial for integration with mining processes. This intel-
ligent ore pass system serves as a supplement to the mining pro-
cess, making the control of mining area extraction and sliding sys-
tems more integrated. The centralized control room on the surface 
can obtain the actual situation of mining in different underground 
mining areas at any time.

(3) System operation and maintenance are relatively easy. The 
automatic opener, electromagnetic lock, door and camera of the 
system are located in the tunnel, while the other equipment is lo-
cated in the rest chamber. Due to the narrow underground space, it 
is inevitable to cause scratches between the vehicle and the opened 
door or collision accidents may occur when the system malfunc-
tions and the dooris not opened in a timely manner. Due to the fact 
that there are usually welders and material reserves in the surface 
workshop and underground maintenance chambers of mines, the 
maintenance and replacement of doors are convenient. When the 
camera malfunctions, the duty personnel can input instructions in 
the program window to manually control the opening and closing 
of the access control, without delaying the production of the mine.

(4) The system is easy to expand. This system is developed 
based on Jetson and has many reserved interfaces. In the future, 
new execution modules can be added at any time to achieve the in-
telligent infrastructure construction of the mine from monitoring 
center-to-switch-to-doorway-to- intelligent unit, better serving 
the intelligent construction of the mine.

5. Conclusion

This article constructs an intelligent unmanned control system 
for the underground special environment, achieving automatic 
identification of mining vehicles and automatic opening and clos-
ing of the pass door, achieving unmanned operation of the pass. 
At present, the system runs smoothly, with an average accuracy of 
95% to 100% for identifying the four types of mining vehicles, and 
the access control response is fast with almost no delay.

In future research, image recognition algorithms can be used 
to develop a vehicle loading (waste rock) quantity recognition 
module based on existing programs, which can count the number 
of fully loaded and empty vehicles entering the ore pass connect-
ing passage. This provides data support for mines to determine 
the ore pass material level and ore drawing time. At the same time, 
it can optimize the mine transportation plan based on this, reduce 
mine safety risks, and improve mine production efficiency.
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Halloysite is a type of clay mineral found in the kaolin group together with kaolinite, dickite, and nacrite minerals. Kaolinite is the most common 
mineral in this group, while dickite, nacrite, and halloysite are rarer. Although halloysite is primarily used in ceramic production, application in 
other industries is increasing and gaining economic value due to its unique properties. The use of halloysite is determined by the degree of purity 
and the properties of the nano-sized tubular structure. Naturally obtained halloysite mineral has a key position in the field of nanotechnology due 
to its unique physicochemical properties originating from its tubular structure. Also, due to its low reserves in many parts of the world, halloysite 
is a more economical material for the sectors compared to artificially produced nanomaterials. Halloysite reserves known in Türkiye are located 
in the Çanakkale and Balıkesir regions. Although there are many useful studies on halloysite in different areas, additional studies are needed to 
understand the nano-sized properties of halloysite ore and to ensure its use that will provide maximum benefit. This study aimed to contribute to 
the studies on halloysite in terms of literature by compiling studies on the characterization of halloysite minerals, reserve information, physico-
chemical properties, enrichment methods, and usage areas.
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1. Introduction

Halloysite (Al2Si2O5(OH)4) is a clay mineral composed of alu-
minum, silicon, oxygen, and hydrogen elements as basic compo-
nents. Halloysite is typically formed by hydrothermal weathering 
of aluminosilicate minerals and can be found together with dick-
ite, kaolinite, montmorillonite, and other clay minerals (Murray, 
2007). Halloysite was first studied as a tubular mineral by the 
Belgian geologist Omalius d’Halloy, and was given this name by 
Berthier (1826) in honor of the mineral’s discoverer. Literature 
studies with the term halloysite in the title, abstract, or keyword 
started in the 1940s and the number of studies on the subject has 
increased considerably with the addition of the term halloysite 
nanotube (HNT) since the 2000s. This clearly shows the impor-
tance of the halloysite issue (Figure 1).

Figure 1: Number of publications on halloysite/halloysite nanotube by years 
(Churchman et al., 2016).
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Halloysite mineral has been named halloysite, metahalloysite, 
hydrated halloysite, and endellite by different researchers due to 
its different morphological, structural and chemical properties 
(Ross and Kerr, 1934; Alexander et al., 1943; MacEwan, 1947; 
Churchman and Carr, 1975). Currently, halloysite mineral is classi-
fied as hydrated halloysite (basal spacing 10 Å) with chemical for-
mula Al2Si2O5(OH)4·2H2O and dehydrated halloysite (basal spacing 
7 Å) with chemical formula Al2Si2O5(OH)4 according to basal XRD 
peaks (Brindley, 1961; Santos et al., 1965; Grim, 1968). Figure 2 
shows the molecular and morphological representation of hal-
loysite-7 Å mineral.

Figure 2: Molecular and morphological representation of halloysite-7 Å.

2. Characterization of halloysite mineral

Because dehydrated halloysite (7 Å) have the same chemical 
composition as kaolinite and give the same XRD peaks in min-
eralogical analysis, they must be characterized by intercalation 
method and/or SEM images to be separated from each other 
(Churchman et al., 1984; Robertson and Eggleton, 1991). In the 
intercalation method, dehydrated halloysite (7 Å) is brought to a 
hydrated (10 Å) state by various processes, and thus, it can be dis-
tinguished from kaolinite mineral due to the different basal XRD 
peaks (Figure 3).

Figure 3: XRD patterns of kaolinite, halloysite-7Å and halloysite-10Å (Saklar 
et al., 2012a).

Intercalation of halloysite with organic compounds and salts 
has been studied extensively in the literature (Churchman and 
Theng, 1984; Frost and Kristof, 1997; Hillier and Ryan, 2002; 
Franco and Ruiz Cruz, 2004). After grinding halloysite-7Å with 
potassium acetate, the basal spacing value can be increased to 
10 Å by intercalation of water and ethylene glycol. This situation 

does not change the basal spacing in kaolinite and dickite (Miller 
and Keller, 1963). Similar results obtained when hydrazine, water, 
and glycerol were used (Range et al., 1969). In intercalation stud-
ies with K3C6H5O7 (citrate), KCOOH (formate), KOCN (cyanate), 
KSCN (thiocyanate), and KNO2 (nitrite) with mono, divalent, and 
trivalent cations, it was observed that these salts tend to inter-
calate between the halloysite layers. It has also been determined 
that halloysite intercalates with salts of monovalent (K+, NH4

+, 
Rb+, and Cs+) cations (Carr et al., 1978). Even if concentrated solu-
tions are required, low solubility of silver and thallium salts in 
water do not allow forming compounds for efficient intercalation. 
In an aqueous clay suspension, halloysite interlayer regions are 
relatively water-repellent in contrast to the outer surface-water 
interface and therefore do not tend to form strong ionic species 
associated with water. Therefore, it can be said that the interca-
lation phenomenon will only be possible by cations, which have 
low bonding energy with water (Carr et al., 1978). It is known 
that the viscosity of aqueous salt solution is related to the ability 
of the ions to combine with water. The tendency of ions to disrupt 
structure is related to their electrical field strengths. Low field 
strength means high disrupting ability. This refers to the size and 
valence properties of the ions. The smaller the size, the lower the 
force, thus meaning lower electrical field strength. The intercala-
tion behavior of cations is closely related to the fluidity of saline 
solutions. Relatively hydrophobic cations (disrupting the water 
structure) intercalate the water-repellent zones in halloysite-wa-
ter systems. Experimental studies have shown that the tendency 
of very large (Cr2O7

-2 and Ce(NO3)6
-2) and highly charged (AsO4

-3, 
S2O5

-2, S2O3
-2) anions to intercalate the interlayer spaces is quite 

limited. Data in studies on halloysite support that salt molecules 
do not completely replace water molecules in the formation of 
interlayer compounds and this is related to the type of salt used 
(Wada, 1961; Carr et al., 1978).

Because halloysite has a tubular structure, electron micros-
copy is a fundamental method to distinguish it from other kaolin 
group minerals and to investigate such materials. The develop-
ment of Scanning Electron Microscopy (SEM) method has enabled 
new findings about halloysite, while the use of Transmission Elec-
tron Microscopy (TEM) method has made it possible to obtain 
information about the structure of halloysite that has never been 
obtained. With SEM analysis, the information on the halloysite tu-
bular structure, and the length and width of the tubes can be ob-
tained, while more detailed information such as individual lumen 
lengths and diameters of the tubes can be obtained with TEM anal-
ysis. Halloysite minerals can be observed circular or cylindrical in 
TEM analysis (Figure 4).

Figure 4: TEM images of three basic morphologies of New Zealand halloysite: 
(a)circular (Opotiki); (b)short tubes (Te Puke); (c)long tubes (Matauri Bay) 
(Joussein et al., 2005).

Considering the tubular structure, halloysite shows two types 
of structures “cylindrical” and “prismatic or polygonal” (Dixon and 
Mckee, 1974; Kogure et al., 2013). Ultra-high-resolution SEM im-
aging demonstrated the polygonization of halloysite tubes with 
multiple crystal surfaces (Figure 5).
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The Matauri Bay halloysite source in the Northland of New 
Zealand is located next to the rhyolite rock. This source consists 
of approximately 50% halloysite and 50% quartz, cristobalite, and 
a small amount of feldspar. The Matauri Bay halloysite has a het-
erogeneously distributed tubular structure up to 3 mm in length 
and plated kaolinite. These resources have been produced at an 
annual rate of approximately 80000 tons since 1969. The mineral 
processing plant capacity produces 25000 tons/year and the life-
time of the quarry is planned to be more than 50 years. Since ore 
with high whiteness is obtained from this facility, it is exported 
to more than 20 countries, especially for use in the production of 
high-quality ceramic products (porcelain, fine porcelain, techni-
cal ceramics, etc.). Although Matauri Bay is the most well-known 
source of halloysite in New Zealand, there are also small reserves 
in Te Puke and Opotiki regions (Keeling, 2015; Joussein, 2016).

Halloysite deposits in the United States of America (USA) are 
located in the state of Utah. Approximately 1.2 million tons of hal-
loysite have been produced in the past from the Eureka Dragon 
ore deposit in the Tintic mining area in Juab County. Halloysite 
particles have a morphology consisting of small tubes with inner 
diameters ranging from 5 nm to 30 nm and lengths between 50-
1500 nm. The mineral contents in the samples taken from the re-
gion consist of 84% halloysite, 8% kaolinite, and other minerals 
(quartz, gypsum, sulfate/phosphate minerals). 501200 tons of 
reserve containing 64% halloysite has been calculated by means 
of the newly received drilling data at the Dragon mine site. Pure 
halloysite and a by-product with high iron content that can be used 
in the pigment industry are obtained from the mineral processing 
plant (Boden et al., 2012; Joussein, 2016).

Halloysite ore found at the Dunino mine in Lower Silesia, 
Poland, was formed from the weathering of basalt. Halloysite is 
produced by Intermark/Kopalnia Haloizytu Dunino, founded in 
1998, by open pit mining near Krotoszyce in the Legnica region. 
The mineral deposit consists of over 10 million tons of various raw 
materials with homogeneous distribution. The bed thickness of 
the halloysite reserve, which is around 500000 tons, reaches up to 
20 m in height. Dunino ore bed consists of a mixture of nanotubes 
and nanosheets containing 80% halloysite mineral. There are also 
small and homogeneously distributed iron and titanium oxides as 
impurities (Clarke, 2008; Keeling, 2015).

The two halloysite deposits in Türkiye were located along 
the contact between metamorphic rocks of the Triassic Karakaya 
Complex and lower Miocene volcanics (Genç, 1998). The Karakaya 
Complex basically consisted of Permian aged limestone masses 
and also contained phyllite and schist. There was a lower Miocene 
aged volcanogenic pile consisting of andesitic pyroclastic/lava on 
the basement rocks. It also contained tertiary aged granitic intru-
sions cutting the Karakaya Complex and andesitic pyroclastics. 
There was an occurrence of halloysite in the volcanogenic pile, 
formed in relation to limestone, with a width of approximate-
ly 45-50 m, a length of 125-130 m and a depth of approximately 
12-15 m in the north-south direction. There were also limestone 
blocks of different sizes in the occurrence. In addition to halloysite 
minerals in the region, there were also minerals such as kaolinite, 
smectite, illite, alunite, jacobsite, pyrochroite, hematite, goethite 
and birnessite. It was thought that halloysitization occurred as a 
result of hydrothermal solutions of magmatic origin rising along 
faults and affecting andesitic pyroclastic. It was thought that one 
of the most important factors in the formation of halloysite was 
the limestone that regulated the pH of the environment (Laçin and 
Yeniyol, 2006). Kaolinite and halloysite quarries belonging to Esan 
Eczacıbaşı are located in Balıkesir and Çanakkale regions in Tür-
kiye. Halloysite resources found here are considered important 
because they are quite pure. It is known that there are 50000 tons 
of halloysite reserves in the region (Ece et al., 2008). While the 
diameters of halloysite tubes in Tabanköy vary between 40-50 nm, 
their lengths can reach up to 1500 nm (Demir and Altaş, 2017).

Figure 5: Ultra high-resolution images a)Cylindrical tubes b)Prismatic tube 
images with thin sections on tube surfaces (Kogure, 2016).

Physicochemical properties such as cation exchange capacity, 
specific surface area, and pore volume vary according to the envi-
ronmental conditions in which the halloysite is formed. Morpho-
logical differences between the halloysite and the impurities are 
the factors that have the most obvious effects on the formation of 
specific surface area and internal pore diameter. The fact is that in-
ner and outer surfaces have different chemical compositions that 
affect the surface charge at different pHs (Durgut et al., 2022a). 
The presence of water in the interlayer space reduces the bond-
ing with neighboring layers. All these factors determine the use 
of halloysite in new areas such as nanocarriers, nano molds, and 
nanofillers.

Cation exchange capacity varies according to the types of clay 
minerals in the halloysite ores. The cation exchange is seen in the 
defective crystal corners, in the form of displacement in the lattice, 
and as the replacement of hydroxyl ions on the surface with hy-
drogen. According to studies in the literature, the cation exchange 
capacity of halloysite reaches up to 60 cmol/kg (Kunze and Brad-
ley, 1963; Norrish, 1995; Takahashi et al., 2001; Hart et al., 2002; 
Joussein et al., 2007). The cation exchange capacity of halloysite de-
creases due to natural or artificial drying processes (Grim, 1968). 
Therefore, cation exchange capacities of hydrated halloysites are 
higher than dehydrated halloysites. In addition, halloysite has a 
higher cation exchange capacity than kaolinite minerals due to the 
structural arrangement in hydrogen bonds, the presence of neg-
ative charges, and different hydration statuses (Wilson, 2004). In 
addition, the cation exchange capacity of halloysite is affected by 
purity, particle size, and morphology. As the Al3+ in the octahedral 
layer is replaced by Fe2+, the Al content decreases and the Fe con-
tent increases, and thus the cation exchange capacity of halloysite 
increases (Singh and Gilkes, 1992). As the particle size decreases, 
the cation exchange capacity of halloysite increases due to the in-
creased edge-surface interaction (Delvaux et al., 1992; Chorover 
and Sposito, 1995; Wu et al., 2013). The presence of soluble salts in 
the pores of tubular halloysites causes a higher cation exchange ca-
pacity than halloysites in other structures (Ma and Eggleton, 1999).

The specific surface area value of halloysite also depends on 
purity, particle size, and acid-base treatment. Pasbakhsh et al. 
(2013) measured the specific surface area and porosity values of 
halloysites from different regions. It was observed that the highest 
pore volume was in nanotubes with cylindrical lumen, low impu-
rity, and smooth thin walls. In addition, studies have shown that 
halloysite mineral has higher specific surface area values than ka-
olinite (Joussein et al., 2005).

3. Halloysite reserves, market and prices

Halloysite is found in various regions around the world. Hal-
loysite sources are generally found near kaolinite deposits, but 
they can also be seen in altered rocks in the form of veins (Ece and 
Schroeder, 2007; Garcia de Oliveira et al., 2007).
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In China, there are kaolin deposits consisting of a mixture of 
plated kaolinite and tubular halloysite. Longyan reserves in the Fu-
jian Region are halloysite deposits with low iron and titanium con-
tent formed by the kaolinitization of granites. On the other hand, 
there are also important resources in Dafang, Qingxi, Zunyi, and 
Shijin in the Guizhou District. Dafang halloysite consists of tubular 
fine particles with very low iron and titanium contents. However, 
the ore beds in this region were formed in the form of small veins. 
While the annual production amount of Longyan District is 50000 
tons, this value is 2000 tons in Gouzhiu District (Wilson, 2004).

In the Eucla Basin region of South Australia, near Playa Lake, 
there are halloysite reserves with a purity of 95% and a very reg-
ular morphology up to a tube length of 1500 nm. There are hal-
loysite deposits with thin and long veins in Jarrahdale in the north 
and Patch Clay in the west of Australia (Joussein, 2016).

In the Thung Yai region of South Thailand, there are deposits 
containing approximately 70% halloysite, consisting of micro-
tubes with pores and sheets 80-200 nm in diameter and 450-500 
nm in length. Quartz and anatase can be seen as impurities in 
these deposits. In addition, in the Ranong and Narathiwat regions 
of Southern Thailand, there are ore beds containing 70% tubular 
halloysite and kaolinite as co-minerals, quartz, mica, and potassi-
um feldspar as trace minerals (Bordeepong et al., 2012).

Large sources of halloysite are known to exist in Japan (Sudo 
and Takahashi, 1955; Saigusa et al., 1978) and South Korea (Jeong, 
1998; Khan and Kim, 1991). There are tubular halloysite sources 
with low iron and titanium contents in Brazil (Wilson et al., 2006). 
Halloysite deposits are found in the southwest of the Rio Negro 
region in Argentina (Cravero et al., 2012). Table 1 shows the chem-
ical, mineralogical, morphological, and physical properties of hal-
loysites from some important countries around the world.

Table 1: Chemical, mineralogical, and physical properties of halloysites in the world (Joussein, 2016).

Country New Zealand USA New Zealand Australia China Poland Türkiye

Name Matauri Bay Dragon Mine Te Puke Camel Lake Longyan Dunino 
processed Turkish

SiO2 50.40 43.50 44.82 44.96 48.00 43.30 46.00

Al2O3 35.50 38.80 36.70 37.57 38.00 34.50 37.01

Fe2O3 0.25 0.33 3.40 1.21 0.29 2.60 0.70

MgO trace 0.12 0.01 0.19 0.30 0.08 0.45

Na2O trace 0.07 0.01 0.09 0.10 0.19 0.10

K2O trace 0.07 0.05 0.31 1.71 0.05 0.30

CaO trace 0.26 0.01 0.28 0.16 0.26 0.15

TiO2 0.05 0.02 0.37 0.15 0.02 1.18 0.30

MnO 0.01 0.01 0.01 0.01 trace trace trace

P2O5 0.06 0.83 0.02 0.01 unknown 0.05 unknown

SO3 0.06 0.26 0.02 0.63 unknown unknown unknown

LOI 13.80 15.70 14.66 14.53 12.40 15.39 15.00

Halloysite (%) 96 84 98 95 79 (Hal/Kaol) 70-80 95

Accessory 
minerals

quartz cristobalite 
anatase

kaolinite  
quartz gibbsite 
alunite

quartz  
cristobalite 
anatase

quartz alunite 
anatase Fe  
oxides

mica minerals 
quartz anatase

quartz 
anatase

quartz  
alunite 
anatase  
feldspar

Morphology Tube/platy Tube Blocky and 
short tubes Tube Tube/platy Tube/

platy Tube

CEC (cmolc/
kg) 2.5 2.1 5.2 18.8 unknown 9.1 4.2

BET (m2/g) 22.1 57.3 33.31 74.6 unknown unknown 72.2



Emrah Durgut, Mustafa Çınar, Orhan Özdemir / Scientific Mining Journal, 2023, 62(4), 175-182

179

The quarry sales prices were 27.5 TL/ton for kaolin and 808.5 
TL/ton for halloysite in 2019 (General Directorate of Mining and 
Petroleum Affairs, 2019). Here, the price difference for the mineral 
with the same chemical structure explains the importance of hal-
loysite. On the other hand, the price of halloysite ore of purity to be 
used in plastics, polymers, and medicine reaches up to AU$5000/
ton (Andromeda Metals, 2019). Thus, it is seen that the price of 
beneficiated halloysite ore, has increased significantly. When hal-
loysite nanotubes are considered as an alternative material to car-
bon nanotubes, they appear to be biologically harmless. It is also 
known that the price of halloysite nanotubes (US$4/kg) is quite 
economical compared to carbon nanotubes (US$500/kg) (Bordee-
pong et al., 2011).

The worldwide halloysite market was 29.1 million US$ in 
2017. It is estimated that this figure will reach 50.21 million US$ 
in 2025. Figure 6 shows the distribution of the halloysite market in 
the USA by the area of   use.

Figure 6: Halloysite market in the USA by the area of   use between 2014-2025 
(https://www.grandviewresearch.com/industry-analysis/halloysite-market).

4. Uses and beneficiation methods of halloysite

There are some decisive criteria for the use of halloysite, and 
these criteria vary according to the area of   use. Uygun (1999) stat-
ed that the chemical and mineralogical properties sought in hal-
loysites exported to England should have a minimum of 35% Al2O3, 
a maximum of 0.7% Fe2O3, a maximum of 1.2% SO3 and a mini-
mum of 92% halloysite, a maximum of 5% quartz, and a maximum 
of 3% alunite contents.

The beneficiation methods of halloysite is similar to kaolin-
ite beneficiation methods. However, grinding of halloysite causes 
changes in the nano-sized tubular structure and negatively affects 
the product properties (Takahashi, 1957). When the halloysite 
is ground, it gradually turns into an irregular structure and XRD 
peak intensities   weaken, that is, the peak intensity that deter-
mines halloysite-10 Å decreases with grinding. As the grinding 
duration progresses, mullite crystals grow. On the other hand, the 
density decreases and reaches a constant value. This constant val-
ue is close to the density of silica-alumina gel or allophane. While 
the milled halloysite sample from the electron microscope images 
has a tubular structure at the beginning of the grinding process, 
fine crystals with sharp corners are obtained as the grinding pro-
gresses, the fine crystals later come together and the particle size 
increases, and finally irregular spherical particles are formed. As a 
result, the particle size increases irregularly with agglomeration, 
resulting in a silica gel-like structure (Takahashi, 1959a). In wet 
grinding of halloysite, unit layers are rolled over each other due to 
the tubular structure compared to dry grinding, and therefore it 
becomes difficult to form cleavage in wet grinding. While the den-
sity of halloysite increases gradually at first, it tends to decrease 
after reaching a certain value. In wet grinding, the corners of the 
layered kaolinite crystals begin to curl and turn into a tubular 
structure similar to halloysite. In the halloysite, different struc-
tures with broken tubular, layered, and rectangular shapes were 

observed. This shows that wet milling causes crushing rather than 
cutting force (Takahashi, 1959b). As a result, cracking and crush-
ing effects were observed more in dry grinding, while weak cleav-
age effects were observed for kaolinite and weak crushing effects 
for halloysite in wet grinding.

After the industrially quarried halloysite ore is brought to the 
mineral processing facility, it is mixed in large pools and dispersed, 
and size separation is made with hydrocyclones to separate the 
coarse-sized minerals. Important impurity source minerals in hal-
loysite and kaolinite deposits are goethite and muscovite. They 
may also contain quartz, feldspar, gibbsite, smectite group clay 
minerals, and anatase. Very fine-sized impurities in the structure 
are defined chemically by EDX analysis, and exact mineral types 
cannot be determined. Iron oxide/hydroxide minerals, which are 
in the form of extremely fine-sized submicron particles, may be 
trapped between clay minerals or adhered on halloysite tubes-ka-
olinite plates. Because the grinding process disrupts the structure 
of halloysite nanotubes, dispersing it into a fine size by mechanical 
dispersion in the aqueous medium ensures that the nano-tubes 
are less damaged than grinding and that the hard impurities re-
main large without grinding and are separated from the halloysite 
by particle size separation methods (Durgut et al., 2022b).

Magnetic minerals such as hematite, magnetite, and biotite are 
removed by magnetic separators with proper field strengths. In or-
der to further purify the halloysite ore, the iron content is reduced 
to a very low level by leaching methods using organic and inor-
ganic acids. Saklar et al. (2012b) reported that as a result of high-
field intensity wet magnetic separation experiments of halloysite 
ores in Çanakkale and Balıkesir regions, the magnetic separation 
is not efficient because the hydraulic drag force is more effective 
on fine-sized particles and higher magnetic field strength is need-
ed. Solvent type and temperature are very important in removing 
impurities by leaching from the halloysite. There is no effective 
separation at low temperatures (25°C), hence leaching can be 
performed efficiently at higher temperatures (80°C). It is known 
from the literature that oxalic acid is a good solvent for removing 
ferrous impurities in the structure of clays (Ambikadevi and La-
lithambika, 2000; Baba et al., 2015). Because some alumina may 
also dissolve from the clay surface at high acid concentrations, the 
structure of halloysite should be carefully examined (Belkassa et 
al., 2013; Saklar and Yörükoğlu, 2015). Leaching and wet magnetic 
separation can be used together to efficiently purify halloysite in 
the fine-sized fractions (Sakiewicz and Lutynski, 2016; Sakiewicz 
et al., 2016).

Fine quartz particles in clay ores are removed by flotation 
(Bidwell, 1970). Fatty acids and cationic collectors can be used 
in halloysite flotation. In halloysite flotation with sodium oleate, 
a low basic pH (8.2) is more efficient than a high basic pH (12.5). 
In this case, the pH of the environment increases the interaction 
of collector and the mineral surfaces by converting the aluminum 
hydroxides into aluminates, thus increasing the flotation perfor-
mance. Sodium ions from collectors are firmly adsorbed on the 
surfaces in flotation studies. In order to remove these ions from 
the surfaces, the samples must be thoroughly washed (Uvarov 
and Vovk, 1971). While sodium fluosilicate, aluminum sulfate, and 
dextrin have a depressant effect on halloysite minerals, there is no 
such effect for sodium silicate (Yapa, 1993).

Halloysite is more conductive under a voltage of 10000 volts 
for electrostatic separation operations. However, the liberation 
size of the mineral should be above 0.1 mm (Yapa, 1993).

Alkaline treatment, ultrasonication, and centrifugation meth-
ods can be used to improve the dispersion properties of halloysite 
nanotubes in suspensions, to remove impurities by preventing 
agglomeration, and to separate nanotubes into separate size frac-
tions. Surface modification with organosilane compounds and 
amine salts has positive effects on the dispersion of halloysite 
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tubes (Abbasi, 2018). Kaolin group clay minerals are generally en-
riched efficiently in aqueous media. The flowchart of a typical pro-
cess applied in the enrichment of such minerals in aqueous media 
is given in Figure 7.

Figure 7: Flowchart of a typical wet kaolin clay mineral processing and 
enrichment.

If additional particle size separation is required after enrich-
ment, hydrocyclone is used again, and then filter press or rotary 
filters are used to remove moisture (Murray, 2006). In this way, the 
halloysite can remain in a hydrated (10 Å) form. If spray dryers are 
used during drying, halloysite turns into a dehydrated (7 Å) form 
due to the appeared high temperature. It has been reported in the 
literature that the hydrated (10 Å) structure turns into a dehydrat-
ed (7 Å) structure by losing the water between the layers within 
50-150°C (Joussein et al., 2006; Saklar et al., 2012a; Başara and 
Saklar, 2015). The process of removing the water depending on 
the desired structure is important at this point.

Halloysite is classified as a harmless and biocompatible nano-
material in nature according to the Environmental Protection 
Agency (EPA 4A). Halloysite is a fine-sized ore with a large sur-
face area and excellent dispersion in the matrix. It also has a high 
cation exchange capacity. There is a growing interest in using 
halloysite in various applications such as clay-polymer nanocom-
posites, catalysis, and adsorption. This unique nano-clay mineral 
is preferred in such applications due to its one-dimensional tubu-
lar structure and properties that can be changed by modification 
of the inner/outer surfaces. Therefore, tubular clay minerals are 
used as advanced functional materials. Drug-active substances are 
also adsorbed on halloysite surfaces. As such, it provides homoge-
neity, gives consistent release rates, and prevents overdose. Com-
pared to organic carriers, halloysite-based drug delivery systems 
are long-lasting and non-toxic even at high drug dosages. This 
gives a powerful healing effect. Halloysite reduces the cost of sur-
face-active materials due to its adsorption feature on the surface. 
Thanks to this feature, it can be used in cream, powder, gel, spray, 
and lotion forms. On the other hand, reusability is another import-
ant feature of halloysite.

5. Conclusions and recommendations

Natural halloysite is a low-cost industrial mineral that can be 
used in the production of functional materials such as nano-sized 
carriers. Halloysite has long been used in the production of porce-
lain, kitchen, and bathroom ceramics due to the properties such as 
whiteness and translucency that it brings to the product after sin-
tering due to its low iron and titanium contents. In addition, due to 
fine particle size, it is also used in areas such as suspension-sup-
porting agents in glaze applications. Purified halloysite nanotubes 
are coated with metallic and other additives and gain various elec-
trical, chemical, and physical properties. Halloysite is used as a 
filling material in rubber production, and when used in polymers 
and cement, it improves the mechanical properties of the material. 
The choice of halloysite in these areas is determined by the lumen 
volume, shape, and size. As the tube length-to-diameter ratio of 
halloysite increases, technical characteristics such as strength, du-
rability, active ingredient loading/release capacity of cement, poly-
mer, and drug improves. Halloysite nanotubes add more strength 
to this structure when compared to other clay minerals that are 
frequently used in polymer nanocomposites. Halloysite is used in 
cosmetics, home and personal care materials, pesticides, medical 
products, and similar fields based on the principle of adsorption of 
active ingredients on the surfaces of nanotubes and the controlled 
release of these components. Understanding of the physicochem-
ical properties of halloysite is important in terms of adding more 
value to the areas where it is used. How the surface and structural 
modification of halloysite affects the cation exchange capacity and 
dispersion behavior, and the details of the chemical processes on 
the transformations in the tubular structure of halloysite need to 
be studied in detail. As a result, the value of halloysite deposits in 
Türkiye is increasing day by day in terms of both direct raw mate-
rial export and production of high-quality products. For this rea-
son, studies on the development of processes for more efficient 
production of high-quality materials obtained from halloysite 
deposits with beneficiation operations within the scope of zero 
waste in proper areas gain importance for the future. The rapid 
increase in the number of scientific studies and publications on 
this material from the past to the present confirms this situation.
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Introduction

In industrial scale processing operations, size reduction is 
carried out by crusher and tumbling mills with rod/ball-autoge-
nous/semi-autogenous grinding technologies. In plants, energy 
consumption during the grinding stage can be up to 80-90% of 
total energy consumption (Jeswiet and Szekeres, 2016). Modeling 
studies are carried out to reduce energy consumption in grinding. 
It has been proven that modeling size reduction processes with 
Discrete Element Method (DEM) are a useful technique for pre-
dicting wear, particle breakage and particle size distribution in 
addition to energy consumption.

The DEM was first proposed by Cundall and Strack (1979) as a 
numerical model to define the mechanical behavior of spheres or 
discs. The use of this method has become increasingly widespread 
in processes such as rock mechanics, crushing and grinding, 
which can be expressed in terms of granular materials, with the 
idea that particle motions explain the motion of the whole mass. 
In granular media, particles that move independently from each 
other and interact only at their contact points affect the behavior 

of the media. In granular media, DEM utilizes Newton’s laws of 
motion for the motion of individual particles and contact laws for 
the contact between particles (Weerasekara et al., 2013).

In DEM, the motion of the particles is found by a series of cal-
culations that follow the contact forces and the displacement of 
the particles during the collision. First, it is verified whether the 
particles are in contact with each other for particles i and j with 
radius Ri and Rj, respectively;
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contact with each other for particles i and j with radius Ri and Rj, respectively; 

𝑅𝑅" + 𝑅𝑅$ > 𝐷𝐷                (1) 

Where, D is the distance between the centers of the two particles. A spring and dashpot pair mechanism 
is assumed at each contact point. These pairs form the normal and tangential force components. In the 
tangential direction, there is also a sliding mechanism (Figure 1) (Cundall and Strack, 1979). Of these 
components, the Hertz model (Hertz, 1982) represents for the normal force component and the Mindlin 
model (Mindlin, 1949) for the tangential force component. Normal force; 

𝐹𝐹( = −𝑘𝑘(∆𝑥𝑥 + 𝐶𝐶(𝑣𝑣(               (2) 

Silinmiş: Discrete Element Method, 

Silinmiş: Fig

   (1)

Where, D is the distance between the centers of the two par-
ticles. A spring and dashpot pair mechanism is assumed at each 
contact point. These pairs form the normal and tangential force 
components. In the tangential direction, there is also a sliding 
mechanism (Figure 1) (Cundall and Strack, 1979). Of these com-
ponents, the Hertz model (Hertz, 1982) represents for the normal 
force component and the Mindlin model (Mindlin, 1949) for the 
tangential force component. Normal force;
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Modeling studies are carried out to reduce energy consumption in grinding. It has been proven that 
modeling size reduction processes with Discrete Element Method (DEM) are a useful technique for 
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the behavior of the media. In granular media, DEM utilizes Newton’s laws of motion for the motion of 
individual particles and contact laws for the contact between particles (Weerasekara et al., 2013). 

In DEM, the motion of the particles is found by a series of calculations that follow the contact forces and 
the displacement of the particles during the collision. First, it is verified whether the particles are in 
contact with each other for particles i and j with radius Ri and Rj, respectively; 
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DEM was first used in mineral processing to model various 
mills with the assumption that particle motions explain the motion 
of the whole mass. Firstly, Mishra and Rajamani (1992) and Mishra 
and Rajamani (1994) used DEM to predict the media motion in 
ball mills in 2D. After that, Rajamani and Mishra (1996) also used 
DEM to describe particle motion in 2D semi-autogenous mills. As 
the application of DEM in 3D increases the accuracy of predictions, 
the use of DEM in different types of mills has increased significant-
ly (Bian et al., 2017; Cleary, 1998; Cleary, 2001a; Cleary, 2001b; 

Cleary et al., 2003; Cleary, 2015; Datta and Rajamani, 2002; Djord-
jevic, 2005; Herbst and Nordell, 2001; Jayasundara et al., 2012; 
Morrison et al., 2009; Powell et al., 2011; Wang et al., 2012).

In modeling crushers with DEM; many researchers have stud-
ied it to define cone crushers (Delaney et al., 2015; Lichter et al., 
2009; Quist and Evertsson, 2016), pressure crushers (Cleary and 
Sinnott, 2015; Refahi et al., 2010) and HPGR (Barrios and Tava-
res, 2016). The particle breakage mechanism of different types of 
crushers is also different. For the use of DEM in crushers, particle 
breakage is required to be included in the model. There are main 
three methods used by commercial software to simulate particle 
breakage in DEM: Bonded-Particle Model (BPM), Fast Breakage 
Model (FBM) and Particle Replacement Model (PRM). In the pres-
ent work, the theory of these three models describing particle 
breakage were investigated in detail. According to the results of 
the investigation, the applicability of these models in comminu-
tion processes was determined.

1. Particle breakage models
1.1. Bonded Particle Model (BPM)

The BPM developed by Potyondy and Cundall (2004) aimed to 
simulate the mechanical behavior of rock by representing it as a 
cemented granular material. A system is developed with non-uni-
formly sized spherical particles connected to each other at the con-
tact points. The mechanical behavior of this system is described 
by the motion of each particle and the force and moment acting 
at each contact. The interconnected particles are called fraction 
particles and the resulting cluster is called meta particles. In this 
study, they proposed a numerical model represented by a pack-
ing of dense spherical or circular particles that are tightly bonded 
together at the contact points and whose mechanical behavior is 
simulated by DEM using the two- and three-dimensional discon-
tinuous programs PFC2D and PFC3D. Breakage was presented 
by broken bonds. It was found that particle size has a significant 
effect on the breaking strength of a material. In addition, similar 
results were obtained for their mechanical behavior.

A critical part of BPM is the determination of the size of the 
spheres that form the meta particle, also referred to as the par-
ent particle. These include normal distributions (Antonyuk et al., 
2006), mono size (Metzger and Glasser, 2012) and bi-modal (Quist 
and Evertsson, 2016) distributions (Figure 3).

Figure 3. Schematic presentation of three types of packaging structures 
(Quist and Evertsson, 2016)

Figure 4. Illustration of BPM forces and moments (Potondy and Cundall, 
2004)
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Quist and Evertsson (2016) simulated an industrial size cone 
crusher with a BPM with a bimodal particle distribution. They ver-
ified the simulation results with single particle breakage experi-
ments. They determined that throughput, power, pressure and 
particle size distribution can be predicted using the BPM. Unfortu-
nately, this process increases the computational workload consid-
erably. The results are obtained in accordance with the results of 
the analytical models developed by Evertsson (2000).

1.2. Fast Breakage Model (FBM)

Potapov and Campbell (1996) proposed a model including 
polyhedral particles, called FBM. The paper described the exten-
sion of the existing two-dimensional technique to three dimen-
sions in order to simulate the breakage of brittle solids. In this way, 
a fault can spread uniformly through the simulated material. The 
breakage occurred on a simulated particle formed by gluing poly-
hedral particles together with bonds between fitting parts. FBM is 
an instantaneous breakage model that utilizes Laguerre-Voronoi 
tesselation to break the particle into 2D polygonal or 3D polyhe-
dral at the initial moment when the total energy of the collision is 
greater than the energy required for breakage (Jiménez-Herrera et 
al., 2018) (Figure 5).

The FBM has been used to describe breakage in the particle 
bed (Paluszny et al., 2016; Potapov and Campbell, 2000) and to 
simulate comminution equipment (Herbst and Potapov, 2004; 
Lichter et al., 2009). In comparing this model with two other 
breakage models, Jiménez-Herrera et al. (2018) reported that 
the FBM describes the interaction between the particle bed and 
the dropping ball very well, but is limited in describing the par-
ticle size distribution as well as the measured force deformation 
caused by single particle breakage. Moreover, mass conservation 
and the possibility of generating irregularly shaped particles have 
made the FBM a potentially powerful model for simulating large-
scale communication systems (Jiménez-Herrera et al., 2018).

Lichter et al. (2009) simulated different cone crushers utiliz-
ing DEM’s FBM breakage model to determine the flow rate, ener-
gy consumption and particle size distribution of the product. The 
approach, referred to currently as FBM, combines DEM compo-
nents with Population Balance Modeling (PBM) components. The 
PBM method used 3D polyhedral particles. The contact energy of 
the particle is sufficient to break the particle and the particle is 
instantly broken into smaller sizes, the size distribution of which 
is calculated by PBM. According to the results of the study, the 
outputs were obtained in agreement with the experimental data 
(Figure 6).
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BPM. Unfortunately, this process increases the computational workload considerably. The results are 
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parallel bond is broken and the associated forces, moments and 
stiffeners are removed from the model (Potyondy and Cundall, 
2004).

BPM has been used to model vertical roller mill (Liu et al., 
2022), ball mill (Metzger and Glasser, 2013), cone crusher (Quist 
and Evertsson, 2016), gyratory crusher (Quist et al., 2011) in min-
eral processing by using DEM.
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Figure 6. Simulated and experimental particle size distributions - HP100 
Model (Right), B90 Model (Left) (Lichter et al., 2009)

The Vogel and Peukert model is based on a generalized di-
mensional analysis approach proposed by Rumpf (1973) and a 
detailed breakage mechanics model based on Weibull statistics 
(1951). The breakage probability P(E) is expressed in Equation 
8 by combining these two different approaches in the Vogel and 
Peukert model (Vogel and Peukert, 2005).
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communication systems (Jiménez-Herrera et al., 2018). 

Lichter et al. (2009) simulated different cone crushers utilizing DEM's FBM breakage model to determine 
the flow rate, energy consumption and particle size distribution of the product. The approach, referred 
to currently as FBM, combines DEM components with Population Balance Modeling (PBM) components. 
The PBM method used 3D polyhedral particles. The contact energy of the particle is sufficient to break 
the particle and the particle is instantly broken into smaller sizes, the size distribution of which is 
calculated by PBM. According to the results of the study, the outputs were obtained in agreement with 
the experimental data (Figure 6). 
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where E′cum is the energy deposited in the grain just before the 
moment of stress, E is the total specific energy of the collision in 
an impact event. S, di,ref, emin,ref and di are the model parameters that 
define the breaking strength of the material, the reference size, the 
minimum energy required to break this reference size and the par-
ticle size, respectively.

1.3. Particle Replacement Model (PRM)
First proposed by Cleary (2001a and 2001b) to describe par-

ticle breakage in DEM, PRM is an instantaneous (over a period of 
time) replacement of particles with smaller sized progeny when 
the particles achieve the breakage requirement. Using PRM, the 
product size can be defined and a target size distribution can be 
obtained. Several studies have been conducted in which the parti-
cle can be a sphere or cluster sphere (Åström and Herrman, 1998; 
Barrios et al., 2020; Cleary, 2001b; Cleary and Sinnott, 2015; Tava-

res et al., 2021), superquadric (Delaney et al., 2015) or polyhedral 
cell (Arruda Tino and Tavares, 2022; Chen et al., 2024; Tavares et 
al., 2020) and is replaced by smaller particles of the same or differ-
ent shape by breakage.

PRM is implemented in the Tavares UFRJ Fracture Model, 
which is available as a breakage model in Altair EDEM. In the mod-
el, the main condition for a particle to break and be replaced by its 
fragments is that the specific impact energy must be higher than 
the specific breaking energy of the particle. In Figure7, each parent 
particle is removed from the simulation when breakage occurs and 
replaced by a group of smaller sized particles. The majority of PRM 
utilizes spheres as the replacement particles for computational ef-
ficiency. The main drawback, however, is the mass loss that occurs 
when a large sphere is replaced by several smaller spheres. To ob-
tain a breakage result close to a real breakage result, the spheres 
inside the parent particle are organized so that the largest spheres 
overlap in the direction perpendicular to the stress that caused 
the breakage. The remaining smaller spheres are then arranged in 
the remaining spaces, usually overlapping with the larger spheres. 
During replacement, the spheres are initially allowed to overlap 
in order to fill the volume of the original parent particle. But this 
overlap can be significant sufficient to lead to large artificial re-
pulsive forces between them. A further reason for the unrealistic 
results of the simulation is mass loss (Jiménez-Herrera et al., 2018; 
Tavares and Chagas, 2021; Tavares et al., 2021).

Figure 7. Schematic presentation of PRM; (a) main particle (b) particle re-
placement by size distribution (c) image after applying force (EDEM, 2023)

The potential explosions between the spheres are controlled 
by applying a dumping approach to limit the total contact force 
applied to each sphere (global damping strength) and also the 
time for which the reduced force is applied (global dumping time). 
Thus, part of the overlap can be defined in such a way that part 
of the breakage energy is released back into the particles (local 
damping strength). This method provides the possibility to con-
trol the kinematics of the particles and prevents the appearance of 
excessively high velocities of the particles, which would make the 
simulations unrealistic. In addition, in order to eliminate mass loss 
and provide accurate size distributions when generating realistic 
simulations, a size class called dummy particles is created, which 
defines particles up to 1/5 of the main size. Particles in this dum-
my size class are not allowed to break (EDEM, 2023).

The size, average value and standard deviation of each particle 
are assigned a specific breakage energy. This energy is determined 
according to the distribution given by Tavares and King (2002).
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where P(E) is the probability of breakage or cumulative distribution, E is the particle breakage energy 
distribution corresponding to the maximum stress energy it can endure in a collision, Emax is the upper 
cut-off value of the distribution, and E50 and σ are the median and standard deviation of the distribution, 
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where P(E) is the probability of breakage or cumulative distri-
bution, E is the particle breakage energy distribution correspond-
ing to the maximum stress energy it can endure in a collision, Emax 
is the upper cut-off value of the distribution, and E50 and σ are the 
median and standard deviation of the distribution, respectively. 
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The upper cut-off value is usually represented by the ratio Emax/
E50. When this ratio is equal to infinity, E* = E and Equation 10 
becomes the lognormal distribution. Another parameter that af-
fects the breakage probability is the particle size. The relationship 
between particle size and average breakage energy (Tavares and 
King, 1998; Tavares, 2022);
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where E∞, d0 and ϕ are model parameters to be determined by 
experimental data and di is the representative size of particles in 
size class i. kp is the particle stiffness, ks is the Hertzian stiffness of 
the surface in contact with the particle. The stiffness of a particle is 
significantly smaller than the stiffness of the surface of the testing 
machine or equipment in contact with the particle. In some cases, 
however, this is not the case, so a correction must be used. The 
strain energy, e, involved in an event used to deform the particle is 
given by (Tavares, 2022).
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e is expressed as the ratio of the energy involved in a collision and distributed to the particles according 
to their stiffness. In the case of two particles of the same material in collision, Equation 13 gives e=0.5, 
since the energy is shared equally between them. 
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particle would not break, but would maintain internal fault-like damage that would make it more fracture 
prone in a future tensile phenomenon. This damage is described on the basis of a model based on 
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where E΄ is the breakage energy of the particle after the collision phenomena, D is the damage exposed 
to the particle after a contact that does not lead to breakage. e΄ is the specific energy involved in the 
additional collision (or effective impact energy) and γ is the damage accumulation coefficient, which 
characterizes the damage tolerance of a material before breakage. Equation 15 can be calculated 
iteratively, starting with D = 0. 
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(Tavares, 2009) 

The breakage level of particles can be expressed by a single parameter, t10, which represents the ratio 
of particles finer than 1/10 of the parent particle size (Napier-Munn et al., 1996). Tavares (2009) stated 
the relationship between the specific tensile energy and the average breakage energy of particles in 
Equation 16. 
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where A and b′ are the model parameters obtained from the single particle breakage data and E50b is 
the median breakage energy of the broken particles. In the case of the primary breakage function, where 
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The total particle size distribution is;
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where x is the cumulative mass (tn) of the particles passing through the sieve of the corresponding size, 
calculated from the given distribution value t10, αn and βn are the parameters of the model for the chosen 
values of tn. 

PRM has been studied to simulate particle bed breakage and single particle breakage processes 
(Arruda Tino and Tavares, 2022; Barrios et al., 2015; Barrios et al., 2020; Jiménez-Herrera et al., 2018; 
Tavares et al., 2020; Tavares et al., 2021; Tavares and Chagas, 2021). 

Tavares and Chagas (2021) described the simulation of particle breakage using DEM and proposed a 
stochastic-randomized approach to produce realistic size distributions. In the study, a family of spherical 
particles for various values of t10 was created to represent the breakage of spherical particles simulated 
using DEM, based on data obtained from weight reduction tests. It is emphasized that the proposed 
model is successful in simulating the breakage of particles and is successful to generate real size 
distributions. A similar study was performed by Tavares et al. (2021) in the updated version of EDEM 
and again showed a strong performance in predicting particle breakage. In addition to these studies 
using EDEM, Tavares et al. (2020) and Arruda Tino and Tavares (2022) simulated particle breakage 
using polyhedral particles instead of spherical particles using Rocky DEM commercial software. 

Arruda Tino and Tavares (2022) showed in their study that the results of the JK drop weight test, Los 
Angeles abrasion test and Bond breakage tests can be predicted by simulating them with DEM using 
polyhedral particles and Voronoi tessellation in the PRM. Comparison of experimental JK drop weight 
test results with its simulations revealed that the simulation is sensitive to the variables. It was found 
that there was good agreement for copper ore and granulite, but deviation for limestone. Considering 
the predictions of the breakage amenability parameter A*b, it overestimated the experimentally obtained 
values. 

Tavares et al. (2020) reported that their model was able to accurately predict the breakage probability 
and particle size distribution for single and multiple impact cases. The simulation results were also 
analyzed for sensitivity to the coefficient restitution and it was observed that the contact parameter had 
a limited effect on the simulation results. It was also shown that as the number of layers increases, the 
amount of broken material is reduced in hard copper ore and the amount of broken material is increased 
in soft limestone. 

Barrios et al. (2020) simulated particle breakage with a replacement model implemented in the EDEM 
commercial software. The model predicted some parameters based on single particle breakage tests 
on iron ore pellets. The predictions of the model were compared with results of experiments and showed 
agreement both in terms of the breakage probability and the particle size distribution obtained as a result 
of compression and impact. Figure 9 shows the results of experiments and simulations for the collision 
of a 3-layer particle bed with an 88 mm steel ball having an impact energy of 10 J. Figure 9 illustrates 
the generation of new particles as well as the expulsion of particles. The color in the images of 
simulations indicates the velocity at which the particles are thrown. The times are displayed in terms of 
t = 0, corresponding to the moment of contact of the dropped ball with the top of the particle bed. 
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ables. It was found that there was good agreement for copper ore 
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Tavares et al. (2020) reported that their model was able to ac-
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the simulation results. It was also shown that as the number of 
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copper ore and the amount of broken material is increased in soft 
limestone.
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Barrios et al. (2020) simulated particle breakage with a replace-
ment model implemented in the EDEM commercial software. The 
model predicted some parameters based on single particle break-
age tests on iron ore pellets. The predictions of the model were com-
pared with results of experiments and showed agreement both in 
terms of the breakage probability and the particle size distribution 
obtained as a result of compression and impact. Figure 9 shows the 
results of experiments and simulations for the collision of a 3-layer 
particle bed with an 88 mm steel ball having an impact energy of 10 
J. Figure 9 illustrates the generation of new particles as well as the 
expulsion of particles. The color in the images of simulations indi-
cates the velocity at which the particles are thrown. The times are 
displayed in terms of t = 0, corresponding to the moment of contact 
of the dropped ball with the top of the particle bed.

Figure 9. Comparison of snapshots of the experiment and DEM simulation of 
unconfined particle bed impact tests using Impact load cell (Barrios et al., 2020)

Jiménez-Herrera et al. (2018) compared three different parti-
cle breakage models in the commercial DEM simulators for mod-
eling the particle bed. It was found that BPM is ideal because it can 
describe the force-deformation profile and the interaction with 
the ball dropped on the bed particles, but it cannot represent the 
material breakage distribution. FBM and PRM, on the other hand, 
could not adequately describe the force-deformation profile. The 
model patterns of BPM, PRM and FBM before, during and after sin-
gle particle breakage simulation were analyzed and the results of 
the particle breakage simulation are shown in Figure 10. At BPM, 
the progression of breakage is apparent, following the breaks of the 
bonds. In the FBM plot, both the first breakage of the main particle 
and the following breakage of the progeny particles are shown, re-
vealing the irregular shape of the particles. Figure 10 also shows 
two different moments after a particle reached the critical load for 
breakage in the PRM plot, revealing the very strong overlap that 
should be allowed in this model instantly after breakage.

Figure 10. Schematic comparison of breakage models (Jiménez-Herrera et 
al., 2018)

There are some studies using PRM to model different commi-
nution equipment such as HPGR (Barrios and Tavares, 2016; Ro-
driguez et al., 2021), cone crushers (Delaney et al., 2015), com-
pression crushers (Cleary and Sinnott, 2015).

Cleary and Sinnott (2015) simulated the flow and breakage 
of material as it passes through the breakage chamber using the 
PRM breakage model of the DEM proposed by Cleary (2001a 
and 2001b) to study jaw, cone, gyratory, impact and double roll 
crushers. Using PFC3D software, energy, particle size, throughput 
and wear were estimated for the crushers. Figure 11 shows the 
breakage model of the collision of two high-velocity particles in 
3D. The main particles in Figure 11a collide and distribute enough 
energy in the normal direction to break and then are replaced by 
the small particles in Figure 11b. These particles can then move in-
dependently (Figure 11c) and interact with other particles and the 
boundaries of the crusher, possibly breaking again if conditions 
are favorable.

Figure 11. Schematic comparison of breakage models (Cleary and Sinnott, 
2015)

Delaney et al. (2015) determined the flow and breakage pro-
cess in an industrial cone crusher with the PRM breakage model 
using non-spherical particles. In the simulations, the model was 
developed using non-spherical particles known as superquadrics 
instead of spheres to improve reality, but this resulted in compu-
tational limitations. The study simulated the performance of the 
cone crusher and predicted particle size distribution, throughput, 
energy consumption and liner wear. The wear distribution is af-
fected by the stress distribution and flow pattern and is different 
in the mantle and concave section. The wear is highest at the loca-
tion of the plug point of the crusher.

3. Conclusion

This work is summarized the studies have been carried out to 
understand the performance of particle breakage methods in the 
modeling of comminution equipment. In addition, the relationship 
between particle and breakage energies and theory of applied 
forces are described in detail for three breakage models existing 
in commercial DEM simulators. Each model has advantages and 
disadvantages and a general summary is presented below.

In the Bonded Particle Model (BPM), non-uniform particle, 
called meta-particles, are formed by connecting each other at the 
contact points and the problem of mass conservation is eliminated 
by high packing density. This method, is based on particle flow dy-
namics. Realistic results are obtained in simulation processes, but 
it requires high computational effort and is not suitable for a large 
number of particles. However, it describes the force-deformation 
profile well.

Fast Breakage Model (FBM) is an instantaneous breakage 
model that uses Laguerre-Voronoi tessellation to breakage poly-
hedral particles. This model produces irregular shapes particles 
and provides mass conservation. It is not suitable for particle size 
distribution estimation and requires high computation effort. Un-
like BPM, it does not describe the force-deformation profile well.
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Simulating breakage with Particle Replacement Model (PRM) 
is based on the replacement of the parent particle by progeny par-
ticles when a load is applied. In order to obtain close to realistic 
results, the particles are placed on top of each other to ensure 
mass conservation while placing the particles that will result from 
the breakage processes in the main particle volume. However, this 
high overlap causes artificial repulsion forces. This is controlled 
by a damping approach. It also uses dummy particles to ensure 
mass conservation. It is suitable for simulations with a large num-
ber of particles. It does not describe the breakage probability and 
force-deformation profile well.

In summary, three methods provide mass conservation by 
applying different methods. PRM offers faster results than other 
methods when using a large number of particles. However, the 
model that best describes the force-deformation profile is BPM.
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Introduction 

Artisanal small-scale mining of gold (Au) is conducted by us-
ing traditional or random methods, such as gravity. One of these 
traditional methods is amalgamation (Hilson, 2009). Amalga-
mation is a physicochemical process obtained by contacting the 
gold particles with mercury, because mercury has an excellent 
affinity for gold particles (Donkor et al., 2006). Artisanal small-
scale mining accounts for 15-20% of global gold production each 
year (Velásquez-López et al., 2011). It directly contributes more 
than 20 billion U.S. dollars to the global economy, while indirectly 
contributing around 20 billion U.S. dollars (Persaud and Telmer, 
2015). As it is known, the performance of this method does not 
achieve acceptable industrial recovery, which means that a resid-
ual amount of gold still exists in the tailings of this process (Es-
daile and Chalker, 2018). Sudan is one of the countries located in 
Sub-Saharan Africa (Ahmed, 1998). Geologically, in Sudan, gold 
can be found in oxide minerals such as quartz, carbonates and 
silicate minerals. On the other hand, the sulfide minerals in the 
region are pyrite, arsenopyrite, chalcocite and chalcopyrite (Fad-
lallah et al., 2020).

In general, artisanal small-scale mining of gold mining in Su-
dan does not have extensive scientific literature (West et al., 2015). 
Artisanal mining of small-scale gold mining has been practiced in 
Sudan since the third century BC in the Merowe and Nubian king-
doms. The Bijah and some Arab immigrants have engaged in gold 
mining operations in the eastern Sudanese Red Sea Mountains 
(Ahmed et al., 2019). Northern Sudan, the Red Sea Hills, and the 
upper Blue Nile regions have a long mining history dating back to 
Pharaonic times (Hussien and Mohamed, 2020).

Historically, mercury was used in the amalgamation process 
to separate the coarse-librated gold particles (Moreno-Brush et 
al., 2020). Port Sudan has a huge reserve of gold ores, categorized 
as oxide, sulfide, and carbonate minerals (Bakr, 2018). Amalga-
mation is a physicochemical process that can be obtained in the 
desired medium of gold ore, as seen in Equation-1.
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ABSTRACT 
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Introduction 
Artisanal small-scale mining of gold (Au) is conducted by using traditional or random methods, such as 
gravity. One of these traditional methods is amalgamation (Hilson, 2009). Amalgamation is a 
physicochemical process obtained by contacting the gold particles with mercury, because mercury has 
an excellent affinity for gold particles (Donkor et al., 2006). Artisanal small-scale mining accounts for 15-
20% of global gold production each year (Velásquez-López et al., 2011). It directly contributes more than 
20 billion U.S. dollars to the global economy, while indirectly contributing around 20 billion U.S. dollars 
(Persaud and Telmer, 2015). As it is known, the performance of this method does not achieve acceptable 
industrial recovery, which means that a residual amount of gold still exists in the tailings of this process 
(Esdaile and Chalker, 2018). Sudan is one of the countries located in Sub-Saharan Africa (Ahmed, 
1998). Geologically, in Sudan, gold can be found in oxide minerals such as quartz, carbonates and 
silicate minerals. On the other hand, the sulfide minerals in the region are pyrite, arsenopyrite, chalcocite 
and chalcopyrite (Fadlallah et al., 2020). 

In general, artisanal small-scale mining of gold mining in Sudan does not have extensive scientific 
literature (West et al., 2015). Artisanal mining of small-scale gold mining has been practiced in Sudan 
since the third century BC in the Merowe and Nubian kingdoms. The Bijah and some Arab immigrants 
have engaged in gold mining operations in the eastern Sudanese Red Sea Mountains (Ahmed et al., 
2019). Northern Sudan, the Red Sea Hills, and the upper Blue Nile regions have a long mining history 
dating back to Pharaonic times (Hussien and Mohamed, 2020). 

Hhstorhcally, mercury was used hn the amalgamathon process to separate the coarse-lhbrated gold 
parthcles (Moreno-Brush et al., 2020). Port Sudan has a huge reserve of gold ores, categorhzed as oxhde, 
sulfhde, and carbonate mhnerals (Bakr, 2018). Amalgamathon hs a physhcochemhcal process that can be 
obtahned hn the deshred medhum of gold ore, as seen hn Equathon-1. 

Au + 2Hg → AuHg2     (1)                                                                                                                        (1)

Finally, an Au3Hg solid will develop when the resultant sol-
id substance, mercury, volatilizes into an elemental form when 
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heated, while the gold exists as sponge gold (Callister, 2007). Gold 
mining production depends on the price of gold, but deposits con-
taining 1 g/ton of gold are considered economically viable (Kiriş, 
1994). According to the data for March 2019, there were approxi-
mately 900000 tons of pulp accumulation in the Arbaat region. As 
a result of the chemical analyses made in the pulp, it was deter-
mined that there was an average of 3 g/ton of Au.

These enterprises carry out processes, including the process 
of extracting gold from the mine, transportation, size reduction 
operations, etc. Considering the expensive processes and the im-
portance of these residues, which contain an average of 3 g/ton 
Au and are ready for cyanidation processes, small enterprises in 
the aforementioned region operate continuously throughout the 
day (24 hours) (Ibrahim, 2015). The amount of amalgamation res-
idue accumulated in the tailing area is increasing day by day. Thus, 
900000 tons are equivalent to 2.7 tons of gold, and the current (in 
2023) economic value is calculated as approximately 165000000 
U.S. dollars.

Since its advent at the end of the nineteenth century, cyanide 
processing has facilitated the intensification and global expansion 
of industrial gold mining (Marsden and House, 2006). There are 
significant signs that the artisanal and small-scale gold mining 
industries are about to experience a similar cyanide revolution. 
While mercury-based processing is primarily connected to arti-
sanal small-scale gold mining, the cyanidation process is rapidly 
replacing mercury amalgamation (Verbrugge et al., 2021).

The cyanidation process, which chemically dissolves in cya-
nide, is defined by the ‘Elsner Equation’, as shown in Equation 7 
(Ferdana et al., 2018). The metallic gold does not oxidize in the air, 
but the dissolved oxygen is more important in the process of cy-
anidation in an alkaline solution (Marsden and House, 2006). The 
dissolution of gold is an oxidation-reduction process that forms 
strong complexes in the presence of CN– ions and dissolved oxy-
gen. On the gold surface, gold is oxidized while dissolved oxygen is 
reduced, and then oxidized gold complexes with CN– ions.
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complex formation:
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overall reactions:
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Extensive work on gold extraction from ores has been carried 
out, but there is a limited literature review on artisanal small-scale 
mining. For this reason, we used tailings.

A study was conducted on tailings from an artisanal gold mine 
located in northern Brazil. According to leaching experiments, the 
tailings are resilient to mild organic acids but soluble in alkaline 
and aqueous cyanide solutions. These solutions recovered 89% 

of the gold and removed 100% of the mercury in 24 hours. Elec-
tro-leaching tests using sodium chloride as an electrolyte showed 
that mercury was removed and a gold recovery rate of up to 70% 
in 4 hours (de Andrade Lima et al., 2008).

A study was conducted on the stated perspectives on tailings 
trade between large-scale and small-scale gold mining in Ghana. 
During this study, field visits were made to 13 ASGM sites where 
improper handling of gold tailings was carried out. Interviews 
were conducted with the stakeholders, and the results indicat-
ed that the waste was reprocessed using cyanide (Bansah et al., 
2017).

Investigated socio-technical innovation and changing produc-
tion relations in artisanal small-scale mining of gold in Burkina 
Faso, specifically focusing on gold processing, and switched from 
mercury amalgamation to cyanidation for processing. The out-
come was an increase in output in Burkina Faso’s artisanal small-
scale gold mining industry (Lanzano and di Balme, 2021). Indus-
trially, the demand for gold is increasing day by day, in contrast to 
the source of gold, which is decreasing. Thus, this paper focuses on 
the recovery conditions for extracting gold from the Au tailings of 
artisanal small-scale mining using the cyanidation method.

1. Materials and methods

1.1. Materials

Approximately 50 kg of tailing sample was collected from the 
residual stocks of the enterprises located about 60 km north of the 
city of Port Sudan, where private artisanal and small-scale mining 
is very widespread in that region. The provided sample was re-
duced according to the sampling rules at the Mining Engineering 
Mineral Processing Laboratory of the Faculty of Engineering and 
Natural Sciences of Konya Technical University and reserved for 
the experiments planned to produce approximately 25 kg of sam-
ple. A representative sample of about 5 kg was analyzed by X-ray 
fluorescence spectroscopy (XRF) and X-ray diffraction (XRD, X-ray 
wavelength: 1.54056 Å – Cu Kα1) to determine the chemical and 
mineralogical compositions of the samples.

1.2. Methods

The experimental works were carried out in a one-liter bea-
ker which placed in a temperature-controlled water bath placed 
on a speed-controlled mechanical stirrer having a Teflon-coated 
mixer as seen in Figure 1. The effects of temperature (25-85 °C), 
stirring speed (0-600 rpm), pH (10.0-12.30), percent solids (20-
50%) and NaCN concentration (0.05-1.0 g/L) were investigated. 
The pulp was prepared by setting the desired test conditions and 
then leached for 120 minutes. The atomic absorption spectrome-
ter (AAS-GBC Sens AA model) was used for gold analysis.

Figure 1. Experimental set-up
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The sieve analyses (Figure 4) were performed to determine 
the gold concentration in each particle size fraction (Table 2). The 
calculated gold concentration is about 16.86 g/ton.

Table 2. The gold concentration in particle size fractions of the tailings 
sample

Size fraction (µm) Au content (g/ton)
-1 mm +850 19.4
-850 +600 15.68
-600 +500 15.08
-500 +425 16.16
-425 +300 14.4
-300 + 212 11.32
-212 + 150 12.08
-150 + 106 13.56
-106 + 75 9.64
-75 30.16
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Figure 4. Sieve analysis of the tailings sample

2. Results and Discussion

2.1. Sample characterization 

Table 1 showed that the contents of the sample are mostly sil-
icate minerals, with a mass percentage of 77.10%. Furthermore, 
XRD analysis also confirmed the same results with the mineral 
phase of SiO2, as shown in Figure 2.

Table 1. Chemical composition of the tailings sample

Component Amount (%)
SiO2 77.10
Al2O3 8.08
Fe2O3 5.76
CaO 1.67
Na2O 1.10
K2O 0.97
SO3 0.392
TiO2 0.345
As2O3 0.054
MnO 0.049
ZrO2 0.005
Loss on ignition 4.366

Figure 2. XRD pattern of the tailings sample

In microscopic studies, as seen in Figure 3, the results demon-
strate that the sample contains free gold, silicates, copper oxides, 
and magnetite minerals. The magnetite mineral was detected by 
a low-intensity magnetic pole. However, due to the low concen-
tration of copper and the limited detection of XRF, copper oxides 
were not determined in XRF analysis.

                Figure 3. Mineral microscope view (60x) (C:copper oxide, Q:quartz, M:magnetite, P:pyrite, Au:gold)
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2.2. Effect of stirring speed on Au dissolution

The effect of stirring speed at 0, 100, 200, 400 and 600 rpm 
were studied on solutions containing 0.5 g/L NaCN. The solid/liq-
uid ratio was 40%, the temperature was 25 °C and the pH, adjusted 
by Ca(OH)2, was 10.30. The results of the experiments investigat-
ing the effects of stirring speed were given in Figure 5. As seen 
in Figure 5, when the stirring speed increases, the Au dissolution 
rate also increases. For example, as a result of a 15-minute leach-
ing process, the Au dissolution efficiency values obtained at 0-600 
rpm stirring speeds are 52.2%, 61.7%, 62.3%, 63.6% and 64.0%, 
respectively. Very similar values were obtained in gold dissolu-
tion efficiencies at 400 rpm and 600 rpm stirring speeds. In other 
words, no significant gold dissolution efficiency was observed at 
values above 400 rpm stirring speed. 

Dissolution of gold in cyanidation processes is normally a 
lengthy process. However, approximately 84% of the gold can be 
dissolved after 120 minutes at a stirring speed of 100 rpm. It is 
known that mercury greatly enhances the rate of gold dissolution. 
However, the XRF analysis performed on the sample revealed no 
presence of mercury. Due to the small grain size of gold, there is 
a large surface area in contact with the solution, which explains 
the high dissolution rate (Marsden and House, 2006). The stirring 
speed was adjusted to 400 rpm to investigate other parameters, 
as there was no noticeable difference in the extraction of gold be-
tween 400 and 600 rpm.
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Figure 5. Effect of stirring speed on gold recovery

2.3. Effect of pH on Au dissolution

Experiments investigated the pH in the range of 10 to 12.30 in 
a solution containing 0.5 g/L NaCN, 400 rpm, 25 °C, and a solid/
liquid ratio of 40%. Gold ore cyanidation is known to be affected 
by pH (Brittan, 2008). The results are given in Figure 6. As shown 
in Figure 6, as the pH increases in the pH range of 10-10.10, the 
Au dissolution rate also increases. In the results of the leaching 
process at pH 10.10 and pH 10.30, the Au dissolution rate is almost 
the same, but after pH 10.30, the Au dissolution rate decreases. 
The reason why the dissolution rate decreases rapidly at pH val-
ues greater than 10.30 is because Ca(OH)2 is used as a pH adjuster. 
The H2O2 formed as a reaction product (Equation 6) reacts with 
Ca2+ ions on the gold surface and forms CaO2 (calcium superoxide) 
(Habashi, 1999). To investigate other parameters, the pH value 
was chosen as 10.30.
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Figure 6. Effect of pH on gold recovery

1.4. Effect of NaCN concentration on Au dissolution

The effect of sodium cyanide concentrations on the dissolution 
of Au in the cyanidation process depends on cyanide and oxygen 
concentrations, leading to the opinion that solubility will increase 
with an increase in both (Equation 6 and Equation 7) (Lorenzen 
and Tumilty,1992). The effect of NaCN concentration on Au dis-
solution was investigated. The sodium cyanide concentration was 
between 0.05 and 1.0 g/L NaCN, the solid/liquid ratio was 40% at 
a temperature of 25 °C, the pH was 10.30, and the stirring speed 
was 400 rpm. The results are given in Figure 7. As shown in Figure 
7, the gold extraction increased with increasing NaCN concentra-
tion. For example, as a result of a 15-minute leaching process, the 
Au dissolution efficiency values obtained in the 0.05-1.0 g/L NaCN 
concentration range are 14.5%, 53.4%, 54.5%, 63.6%, 65.8% and 
71.9%, respectively. As a result of the 120-minute leaching pro-
cess, the Au dissolution efficiency remained around 88% in the 
0.25-1.0 g/L NaCN concentration range. It has been concluded 
that the dissolution rate of coarse-grained gold remains slow due 
to the nature of cyanidation processes, while fine-grained gold in 
the studied sample dissolves rapidly (Corrans and Angove, 1991).

Detailed studies have shown that the rate of gold dissolution 
increases linearly with increasing sodium cyanide concentration 
until a maximum is reached, beyond which further increase in so-
dium cyanide has no effect. At the end of 120 minutes, there was 
no significant change between the concentrations in the range of 
0.5-1.0 g/L NaCN, so a concentration of 0.5 g/L NaCN was chosen 
for other experiments.
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Figure 7. Effect of NaCN concentration on gold recovery
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1.5. Effect of solid/liquid ratio on Au dissolution

The effect of solid/liquid (S/L) ratio experiments was conduct-
ed between 20 and 50%, stirring speed of 400 rpm, NaCN con-
centration of 0.5 g/L, temperature of 25 °C and pH of 10.30. The 
results are presented in Figure 8. As shown in Figure 8, the gold 
extraction decreased with an increasing solid/liquid ratio. When 
the S/L ratio percentage was 20%, the value of Au dissolution ef-
ficiency was 98%. As the S/L ratio increases, the amount of CN– 
ions required per unit weight decreases. Similarly, the amount of 
oxygen dissolved in the solution reduces the oxygen required per 
unit weight. Normally, leaching processes experience a decrease 
in the S/L ratio, leading to an increase in dissolution efficiency, 
but this does not hold in industrial conditions. A higher S/L ratio 
increases the amount of ore processed per unit of time, thereby 
increasing the capacity. In other words, doubling the S/L ratio un-
der suitable conditions leads to an increase in facility capacity at 
the same rate, increasing the amount of ore processed per unit of 
time. This, in turn, reduces initial investment expenses and other 
expenses (employee expenses, energy expenses, etc.) (Ahtiainen 
and Lundström, 2019). So, the S/L ratio of 40% was selected for 
the study of other parameters.
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Figure 8. Effect of solid/liquid ratio on gold recovery

1.6. Effect of temperature on Au dissolution

The effect of temperature was investigated in the range of 25-
85 °C in a solution containing 0.5 g/L NaCN, 400 rpm, pH 10.30 
and an S/L ratio of 40%. The results are given in Figure 9. As seen 
in Figure 9, as the temperature increases, the Au dissolution rate 
also increases. For example, as a result of a 45-minute leaching 
process, the Au dissolution efficiency was 77.9% at 25 °C and 
98.7% at 85 °C. At the end of 60 minutes at a temperature of 85 
°C, the gold extraction was 100%. In the literature, when the tem-
perature increases, the extraction rate of gold increases until 85 
°C; after that, the extraction rate of gold decreases because dis-
solved oxygen decreases in the solution (Habashi, 1999; Ahtiainen 
and Lundström, 2019).
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Figure 9. Effect of temperature on gold recovery

3. Conclusions

The XRF and XRD analyses revealed that the tailings sample 
used in the leaching studies had an oxide composition and formed 
from mainly silicate minerals. The tailings sample had average 
gold grade of 16.86 g/ton, which is good for agitation cyanide tank 
leaching. The maximum recovery of gold (87.5%) was obtained at 
a stirring speed of 400 rpm, a temperature of 25 °C, a solid per-
centage of 40%, a pH value of 10.30 and a sodium cyanide concen-
tration of 0.5 g/L. The metallurgical tests showed that artisanal 
small-scale gold mining tailings from Arbaat region are amenable 
to cyanide leaching in an agitated tank.
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