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AIMS AND SCOPE 

Scientific Mining Journal, which is published in open access electronic environment 
and in printed, is a periodical scientific journal of Union of Chambers of Turkish En-
gineers and Architects Chamber of Mining Engineers. The name of the journal was 
“Mining” until June 2016 and it has been changed to “Scientific Mining Journal” since 
September 2016 because it can be confused with popular journals with similar names 
and the ISSN number has been updated from 0024-9416 to 2564-7024. Scientific Min-
ing Journal, published four times a year (March-June-September-December), aims to 
disseminate original scientific studies which are conducted according to the scientific 
norms and publication ethics at national and international scale, to scientists, mining 
engineers, the public; and thus to share scientific knowledge with society. The journal 
is in English. The journal covers theoretical, experimental, and applied research arti-
cles, which reflects the findings and results of an original research in the field of min-
ing engineering; review articles, which assess, evaluates, and interprets the findings of 
a comprehensive review of sufficient number of scientific articles and summarize them 
at present information and technology level; technical notes, which may be defined as 
a short article that describes a novel methodology or technique; a case studies, which 
are based on the theoretical or real professional practice and involves systematic data 
collection and analysis. The journal gives priority to works that will enable the ad-
vancement of current available information necessary to serve humanity with nonre-
newable mineral resources with the perspective of sustainable mining principles. In 
this context, mine exploration, mineral resource modeling, surveying, mine economics 
and feasibility, geostatistics, rock mechanics and geotechnics, diggability studies, un-
derground and surface mining, mine design, support design in underground mines and 
tunnels, rock penetration and rock fragmentation, mine production planning and pit 
optimization, mine health and safety management, mine ventilation, methane emis-
sion and drainage in underground coal mines, mineral processing and beneficiation, 
process mineralogy, analytical techniques, mineral comminution, mineral classifica-
tion and separation, flotation/flocculation, solid/liquid separation, physical enrich-
ment methods, hydro and biometallurgy, production metallurgy, modeling and simu-
lation, instrumentation and process control, recycling and waste processing, mining 
law, environmental health and management, transportation, machinery and equip-
ment selection and planning, coal gasification, marble technology, industrial minerals, 
space mining, submarine mining and mechanization are included in the journal con-
tent. Submitted manuscripts are evaluated by the editorial board and expert referees 
independently in accordance with the best practices in academic publishing. The pub-
lishing rights of the manuscripts, approved for publication at the end of the evaluation 
process, are transferred to the Chamber of Mining Engineers by the authors.
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Support pressure is a key factor in the stability of the excavation area during mining and tunneling. The vital thing desired in an un-
derground engineering structure is to ensure that the structure survives safely throughout its lifetime. For this reason, choosing the 
right support system at the planning stage is very important for the pressure that will affect the support system must be determined 
with a certain convergence. This article aims to discuss the support pressures by the finite element method and convergence-confine-
ment method and compare the results. A series of two-dimensional finite element models are established to analyze support pressure 
with different rock masses selected from the literature. The results reveal that the convergence-confinement method and the finite 
element method have high-order relationships regarding support pressures and displacements for weak rock masses. Therefore, it 
shows that support pressures and displacement values for similar conditions can be estimated by the convergence-confinement met-
hod, which is more practical than the finite element method. 

Keywords: Support pressure, Finite element method, Convergence-confinement method, Underground mining, Tunneling 

A B S T R A C T 

Introduction
Today, the increasing population and urbani-

zation rate cause people to live in large masses in 
limited areas. This situation brings with it some 
problems. Areas on earth are becoming increasing-
ly inadequate and negatively affect people's living 
standards. Transportation is one of these negati-
vely affected living standards. For this reason, road 
and railway tunnels are of great importance for 
safer and more comfortable transportation. At the 
same time, production amounts are increasing to 
meet the needs of the increasing population. Our 
underground resources, which are our most impor-
tant source of raw materials, are scarce resources 
by nature, so the production levels are getting de-
eper. This causes underground mining to become 
more widespread and work at deeper levels. The-
se two cases show that the need for underground 
structures is extremely high and increasing.

The main issue sought in an underground 

structure is to ensure that the structure survives 
safely throughout its lifetime. Thus, choosing the 
right support system at the planning stage is sig-
nificant.

To select and dimension the correct support 
system, first of all, the pressures that will affect 
the support system must be revealed with a cer-
tain convergence.

Theories for the estimation of support pres-
sure began to emerge in the early 20th century 
(Protodyakonov, 1907). Theories started with the 
engineers working in this field converting their ex-
periences into numerical data and equations and 
then continued with the classification of the diffe-
rent environments studied and the estimation of 
the support pressure by making use of them (Ter-
zaghi, et al., 1946; Lauffer, 1958; Deere, 1964; De-
ere et al., 1970; Wickham et al., 1972; Bieniawski, 
1973; Barton et al., 1974; Rose, 1982; Stille et al., 
1982; Birön and Arıoğlu, 1985; Ünal and Özkan,

http://
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1990; Goel et al., 1995; Palmstrom, 1995; Goel et 
al., 1996; Hoek and Brown, 1997; Singh et al., 1997; 
Palmstrom, 2000; Aydan et al., 2014).

The finite element method (FEM), which was 
first used in the aerospace industry in the 1960s 
and quickly found use in every branch of engine-
ering, was also applied to underground structures 
and is a good tool for analyzing the support pressu-
re of mine galleries and tunnels. Therefore, many 
researchers have been using FEM in their analysis 
(Seshagiri Rao, 2020; Sharma et al., 2020; Taghiza-
deh et al., 2020; Aygar, 2022; Huang, et al., 2022; 
Zhang et al., 2022; Cui et al., 2023; Kumar and 
Sahoo, 2023; Niu et al., 2023).

The convergence-confinement method (CCM) is 
an analytical tool for estimating the support pres-
sure and displacements in a tunnel by applying a 
hypothetical pressure to the tunnel wall. The basic 
components of the CCM are the ground reaction 
curve (GRC), the longitudinal displacement profile 
(LDP) of the tunnel walls, and the support reaction 
curve (SRC) (Panet et al., 2001).

This study presents a numerical analysis of the 
support pressure estimation of the tunnels bored 
for 3 different rock masses selected from the lite-
rature as weak, medium, and good. 2D finite ele-
ment software named RS2 (Rocscience, 2020a) was 
used to perform FEM, and RocSupport (Rocscience, 
2020b) was used to perform CCM. Analyses with 
FEM were made for a horseshoe section tunnel or 

gallery. However, CCM only allows the modeling of 
full circular cross-section openings. For this reason, 
in order to avoid any problem in the comparison of 
the models created, the circular cross-section tun-
nels with the same opening as used in the CCM mo-
del were remodeled in FEM for the same rock mas-
ses. A total of 591 points in 9 models were analyzed 
and the results of two different analysis methods 
were examined. Finally, this paper discusses the 
estimation of support pressures for different rock 
masses.

1. Materials and Methods
1.1. Analyzed Rock Masses

The geomechanical parameters given in Table 
1 are from the Yacambú Quibor tunnel in Venezu-
ela for the weak rock mass (Hoek, 2000), the un-
derground power room in the Nathpa Jhakri Hyd-
ropower project in India for the medium rock mass 
(Jalote et al., 1996), and the power station tunnels 
in Argentina for the good rock mass (Moretto et al., 
1993). The reason for using the data obtained from 
these studies is that they are also referenced by 
the RS2 software due to their high representation 
power of the rock masses in which they are located 
(Hoek, 2000).

The tunnel shape and dimensions chosen are in 
the form of a horseshoe, 5x5 m in size, which is gi-
ven in Figure 1, which is the most frequently used 
in mine galleries in Turkey.

Intact rock strength (MPa)
Geological Strength Index
Hoek-Brown constant
Hoek-Brown constant
Hoek-Brown constant
Constant
Deformation modulus (MPa)

50
25
10

0.481
0.0002

0.53
1000

30
65
15
4.3

0.02
0.5

10000

110
75
28

11.46
0.062
0.501
45000

Parameters					     Weak		  Medium	 Good

σci

GSI
mi

mb

s
a
Em

Table 1. Geomechanical parameters of different rock masses used in the analyses (Hoek, 2000)
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1.2. Convergence-Confinement Method
The convergence-confinement approach deve-

loped by Panet and Guellec in 1974 is frequently 
used to evaluate tunnel wall deformations and offer 
recommendations for the design of rock supports 
(Brown et al., 1983; Carranza-Torres and Fairhurst, 
2000; Panet and Sulem, 2022).

According to Figure 2, a circular tunnel with hyd-
rostatic field stresses is excavated in an isotropic 
material, and the plane strain requirement is satis-
fied by the stress condition at a cross-section suffi-

ciently removed from the tunnel face (for instance, 
section B-B). The pressure that rock supports carry 
when they are positioned behind the tunnel face is 
less than the initial pressure p0 and they do not car-
ry the complete support load from the rock mass. 
This is brought on by the tunnel face's supportive 
role in carrying some of the loads of the rock mass. 
The support from the face effect is represented by 
a fictitious internal pressure pi. With the advance-
ment of the tunnel face, the radial displacement on 
the walls increases as the face effect pi on the sec-
tion under study decreases (Wang and Cai, 2022).

Figure 1. Shape and dimensions of the analyzed tunnel

Figure 2. Stress profiles and radial displacement variations along the tunnel axis (Wang and Cai, 2022)
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The relationship between this hypothetical 
pressure and the radial displacement at the tun-
nel wall is explained by the ground reaction curve 
(GRC), and the longitudinal displacement profile 
(LDP) is used to describe the relationship between 

the change in radial displacement along the tunnel 
due to the advancement of the tunnel face (Figure 
3). For any section along the tunnel, the pressure 
and displacement at the tunnel wall can be estima-
ted if the LDP and GRC of the tunnel are known.

Figure 3. The convergence-confinement method (Wang and Cai, 2022)

1.3. Finite Element Modeling
Based on the data described in the previous sub-

section, tunnels in different rock masses were mo-
deled in RS2 as summarized in Table 1. The analysis 
type is plane strain, the solver type is the “Gaussian 
Elimination Method”, and units are metric and MPa 
for stresses. For stress analysis, the maximum num-

ber of iterations was determined as 500 and the to-
lerance was 0.01. The “Generalized Hoek Brown” 
failure criterion was chosen while selecting the 
properties of the rock mass. Since the depth of the 
modeled tunnels is quite deep from the surface (the 
nearest tunnel is 130 m), movements are restricted 
on all sides. GRCs were obtained from RS2 for com-
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parison with CCM. For this reason, using the stress 
reduction method, the pressures that will affect 
the support are added in 10 stages in a way that 
will decrease analytically. The mesh type is graded, 

and the element type is a 3-node triangle. The fini-
te element model of the tunnel is created in RS2 as 
shown in Figure 4.

Figure 4. Finite element modeling

2. Results and Discussion
The radius of the plastic zone was determined 

according to the finite element model. According to 
the maximum displacement amount obtained from 
the model, the displacement amount correspon-

ding to the pressure that will affect the support was 
calculated by using the LDP curves drawn by the 
equations of Vlachopoulos and Diederichs (2009). 
These values obtained for three different rock mas-
ses are given in Table 2.

Plastic zone radius (m)
Tunnel radius (m)
Rp/Rt

Maximum displacement (m)
Displacement (m)
U/Umax

6.73
2.5
2.7

0.118
0.059

0.5

3.93
2.5
1.6

0.0038
0.0024

0.63

3.58
2.5
1.4

0.0024
0.0017

0.72

Parameters					     Weak		  Medium	 Good

Rp

Rt

Umax 

U

Table 2. LDP parameters of different rock masses used in the analyses
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In order to make a comparison between CCM 
and FEM in terms of GRCs, GRCs were obtained by 
constructing the hypothetical pi pressure in the 
FEM model. Since CCM is only recommended for 
fully circular underground openings, GRCs were 

obtained by constructing circular-section FEM mo-
dels with the same opening as horseshoe-section 
galleries. All GRCs generated for 3 different rock 
masses are given in Figures 5 to 7.

Figure 5. Ground reaction curves for weak rock mass

Figure 6. Ground reaction curves for medium rock mass
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Figure 7. Ground reaction curves for good rock mass

Support pressures corresponding to the displa-
cement amounts in Table 2 were calculated for all 
generated GRCs and the results are given in Table 3. 
The displacement amounts obtained from the FEM 
model for medium and good rock masses are grea-
ter than those calculated in the CCM and are there-
fore expressed as 0 in the table. It seemed that from 
Table 3, there is a correlation between the support 
pressures in the CCM and the horseshoe section 
FEM model. Based on this phenomenon, CCM and 
FEM support pressures corresponding to the same 

displacements for the weak rock mass were com-
pared. As a result of the comparison in Figure 8, it 
is seen that the support pressures obtained from 
CCM and FEM have a relationship with a high and 
reliable coefficient of determination. CCM and FEM 
displacements corresponding to the same support 
pressures were compared from the same point 
of view. A strong coefficient of determination has 
been found in the relationship among the displace-
ments produced from CCM and FEM as an outcome 
of the comparison in Figure 9.

Analyze Support Pressure (MPa)

Weak	   Medium	 Good

CCM
FEM - Horseshoe
FEM - Circular

1.60
1.60
0.80

0
2.40
1.50

0
1.20
0.80

Table 3. Support pressures for different rock masses
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Figure 8. Relationship between CCM and FEM model in terms of support pressures for weak rock mass

Figure 9. Relationship between CCM and FEM model in terms of displacements for weak rock mass

3. Conclusion
The finite element method and convergen-

ce-confinement method were used to estimate the 
support pressures in three different rock masses. 
The results obtained from the two methods are 
compared and the remarkable results are summa-
rized below.
• It has been revealed that there is a high correla-
tion in terms of support pressures and displace-
ments between the horseshoe section FEM model 
created for the weak rock mass and the CCM.
• FEM models for medium and good rock masses 

estimated more displacement than CCM. For this 
reason, it was not possible to make a comparison 
for good and medium rock masses.
• In order to make a better comparison with the 
CCM, circular cross-section FEM models were 
created with the same opening as the horseshoe 
cross-section models, but the horseshoe cross-sec-
tion FEM model with the CCM gave more consistent 
results.
• It is seen that for rock masses with properties si-
milar to the weak rock mass modeled in this study, 
the support pressures and displacements can be es-
timated with CCM, which is more practical than FEM.
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A B S T R A C T

Friction anchor bolts are commonly used to provide support in underground structures by relying on frictional forces between the 
bolt and the surrounding rock. This study proposes a method to enhance the efficiency of these bolts by injecting a cement-based 
mixture comprising cement, sand, and additives. The injection of this mixture into the bolt results in internal expansion, which rein-
forces the friction and bearing capacity of the bolt. The increased volume exerts a radial force, leading to improved adherence, load 
transfer, and void filling. Pullout tests were conducted on various rock masses to evaluate the performance of the anchor bolts. The 
results demonstrate increased pullout resistance with higher rock mass quality and longer cemented bolts. Additionally, the use of a 
silicate-based additive accelerated the curing time of the cement, enhancing the strength of the bolts. The study also highlights the sig-
nificant influence of groundwater on the bearing capacity of the bolts. These findings indicate the effectiveness of cemented concrete 
injection in strengthening friction anchor bolts and their anchorage in underground structures.

Keywords: Friction anchor bolt, Cemented concrete injection,Additives, Pullout resistance

* Corresponding author: soufi@emi.ac.ma • https://orcid.org/0009-0002-6137-9459
** zerradi@emi.ac.ma • https://orcid.org/0000-0003-0192-8225
*** rmsouissi@emi.ac.ma • https://orcid.org/0000-0002-9117-7885
**** ouadif@emi.ac.ma • https://orcid.org/0000-0002-4613-1124
***** a.bahi@emi.ac.ma • https://orcid.org/0000-0002-1450-7254
https://doi.org/ 10.30797/madencilik.1312485

Introduction
Friction anchor bolts play a critical role in pro-

viding support and stability to underground struc-
tures by utilizing the frictional forces between the 
bolt and the surrounding rock. However, there is 
a need to enhance the performance of these bolts 
to improve their bearing capacity (BC) and overall 
effectiveness. This study introduces a novel ap-
proach to enhance the efficiency of friction anchor 
bolts through the injection of a cement-based mix-
ture (Li et al., 2016).

The proposed method involves injecting a ce-
ment-based mixture comprising cement, sand, 
and additives into the hollow profile of the fric-
tion anchor bolt. This injection leads to internal 
expansion, resulting in increased volume and re-
inforcing the frictional interaction between the 
bolt and the rock. The radial force exerted by the 

expanded concrete improves the bolt’s adherence, 
load transfer, and void filling capacity, thereby 
strengthening the anchor bolt and improving the 
stability of the support system (Liu et al., 2021).

Pullout tests were conducted on various rock 
masses to evaluate the performance of the ce-
mented friction anchor bolts. These tests consid-
ered different rock mass qualities and bolt lengths 
to examine their impact on pullout resistance. The 
results revealed a positive correlation between 
rock mass quality and pullout resistance, indicat-
ing that higher-quality rock masses exhibit im-
proved bearing capacity.

In addition, the curing time of the injected ce-
ment plays a crucial role in the effectiveness of the 
cemented friction anchor bolts. To address this, a 
silicate-based additive was incorporated into the 
cement mixture, accelerating the curing process. 
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This additive shortened the curing time, thereby 
enhancing the strength of the bolts and enabling 
immediate support.

Furthermore, the study investigated the influ-
ence of groundwater on the bearing capacity of the 
cemented bolts. It was found that groundwater sig-
nificantly affects the performance of the bolts, em-
phasizing the importance of considering ground-
water conditions in the design and application of 
cemented friction anchor bolts.

In conclusion, the proposed cemented concrete 
injection technique offers a promising approach 
to enhance the strength and anchorage of friction 
anchor bolts in underground structures. The find-
ings of this study demonstrate the effectiveness of 
the cemented bolts in improving pullout resistance, 
bearing capacity, adherence, load transfer, and 
overall stability. 

The incorporation of a silicate-based additive 
accelerates the curing time, further enhancing the 
strength of the bolts. Consideration of groundwater 
conditions is crucial for ensuring optimal perfor-
mance. These results contribute to the understand-
ing and advancement of friction anchor bolt tech-
nologies, offering potential benefits for the design 
and construction of underground structures.

1. Methods
1.1.Mine location

The Imiter silver mine is an underground mine 
situated in the Anti- Atlas Mountain range of Mo-
rocco, approximately 120 km southeast of the City 
of Ouarzazate. Located at an elevation of 1600 me-
ters above sea level in a remote desert region, Im-
iter is the largest silver producing mine in Africa. 

The extensive underground workings at Im-
iter reach depths exceeding 600 meters below 
surface across 11 production levels. The principal 
extraction methods employed are cut-and-fill and 
longhole open stoping. Significant geotechnical 
challenges encountered in the mine include high 
in-situ stresses and generally poor rock mass qual-
ity requiring extensive ground support.

The study site discussed in this paper is situat-
ed at the 500 meter level of the Imiter mine. The 
rock types encountered are dominantly volcano-
sedimentary in origin. Prominent foliation planes 
strike nearly uniformly east-west across the rock 
mass. Multiple discontinuity sets are present, with 
frequent intersection of the various fracture orien-
tations.

Fig.1. Geological Sketch map of the location of the major deposit and the mine location
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1.2.Tested friction anchorage bolt

Friction bolts are hollow and thin metal profiles 
brought into intimate contact with the rock along 
their entire length, allowing for friction-based an-
choring, their effectiveness is immediate. The Split 
Set (Figure 2.a) is a friction anchorage bolt for rocks 

that is inserted within seconds by simple percus-
sion into a hole slightly smaller in diameter than 
the tube. The straightness of the hole is not impor-
tant. The bolt conforms to the irregularities of the 
terrain, provides significant friction through radial 
pressure along its entire length (Figure 2.b), and 
ensures immediate anchoring (Li et al., 2017). 

Fig.2. a) Friction bolt / Split set (Hoek, 1993) b) Radial pressure of the friction bolt 

a) b)

1.3. Principle of the test

The anchorage force of the anchorage bolt is 
generally evaluated using an extraction test, and 
the anchorage behavior of the anchorage bolt has 
been studied based on the load-displacement 
curves from the extraction test. An extraction load 

is applied to the outer end of the anchorage bolt, 
and the displacement of the anchorage bolt is then 
measured.

The traction jack (Figure 3) consists of two main 
units: a mechanical part (grip, bell, threaded bar, 
spacer, and nut) and a hydraulic part (jack, pump, 
pressure gauge). 

Fig.3. Pull-out test setup (A: Charging case - B: Jack - C: Safety chain - D: Hydraulic hose - E: Manometer -  
F: Hand pump - G: Valve)

The hole for an anchorage bolt is typically drilled 
perpendicular to the tunnel excavation surface. 
The drilling hole for the split set was drilled with a 
length of 1.8m, and a friction bolt was installed. The 

grout used was a mixture of ordinary Portland ce-
ment and sand in a 1:1 ratio. Sand with a maximum 
particle size of 2 mm was used.
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2. Theory
2.1 Enhancing Friction Bolt Adherence

By combining the pressure generated through 
the diameter difference between the holes and the 
bolt, our proposal aims to enhance the bolt’s ad-
herence to the rock mass by introducing a cemen-
titious mixture consisting of cement, sand, and two 

additives. This mixture will be injected into the fric-
tion bolt to ensure internal expansion, with the ob-
jective of improving friction and consequently the 
load-bearing capacity of the bolt. When the pres-
sures generated by the expansion of the cemented 
mixture and the diameter gap between the bolt and 
the hole are combined (Figure 4).

Fig.4. Radial pressure of cementation mixture.

Our tensile strength is naturally enhanced by 
confinement. When a friction anchor bolt is insert-
ed into a hole in a rock mass, the rock exerts a radial 
confinement force on the bolt when it is tensioned. 
This force results from the elastic deformation of 
the surrounding rock (Figure 5). The radial confine-

ment increases the pressure exerted on the bolt, 
thus improving the friction between the bolt and 
the rock. This increased friction enhances the bolt’s 
resistance to pull-out. Consequently, the anchorage 
is more stable and can better withstand external 
loads.

Fig.5. Radial confining pressure of rock mass

2.2 Cementitious Mixture Injection
In the present study, we propose the injection 

of friction bolts with concrete and two types of ad-
ditives for two objectives. Firstly, to accelerate the 
consolidation of concrete in a very short time, and 
secondly, and most importantly, to enhance the in-
crease in volume of concrete as a function of consol-
idation over time. These additives are designed to 
induce controlled expansion of the concrete, lead-
ing to a specific volume increase.

Silicate-based additives: Alkali silicates can also 
be used to accelerate concrete consolidation. These 
additives react with cement components to form re-
action products that promote faster setting.

Gypsum-based expansive additives: These addi-
tives contain gypsum (calcium sulfate dihydrate), 
which reacts with water present in the concrete 
to form expansive crystals. These crystals create 
internal pressure that increases the volume of the 
concrete. Gypsum-based additives are often used to 
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compensate for subsequent plastic shrinkage of the 
concrete.

When our concrete is injected inside a bolt an-
chored in rock, its volume increases over time due to 
chemical hydration reaction and the gypsum-based 
additive. 

This increase in concrete volume exerts a radi-
al force inside the bolt, directed towards the rock 
mass. This radial force has several beneficial effects 
on the bolt’s pull-out resistance:

Increased adhesion: The radial force exerted 
by the increased volume of concrete promotes bet-
ter adhesion between the bolt and the rock mass. 
This improved adhesion strengthens the bolt’s abil-
ity to resist pull-out forces.

Load transfer: The radial force transmitted by 
the concrete expansion helps transfer applied loads 
on the bolt to the rock mass. This reduces local stress-
es on the bolt and contributes to a better distribution 
of forces, enhancing overall pull-out resistance.

Void filling: During concrete injection, voids 
may exist inside the bolt and between the bolt and 
the rock. Concrete expansion helps fill these voids 
and ensure closer contact between the bolt and the 
rock, thus improving anchorage efficiency.

Increased stability: The increase in concrete 
volume can also contribute to greater overall sta-
bility of the support system. By reinforcing the bolt 
anchorage, the concrete reduces undesired move-
ments or deformations of the bolt and rock mass, 
thereby improving the strength and durability of 
the support structure.

In summary, the volume increase of concrete in-
jected into an anchored bolt promotes adhesion to 
the rock mass, transfers loads, fills voids, and en-
hances the overall stability of the support system. 
These combined effects contribute to strengthening 
the bolt’s pull-out resistance and ensuring effective 
anchorage in the rock.

3. Results and discussion
3.1 Behavior of bolts in a dry rock mass

The Rock Mass Rating (RMR) system was devel-
oped by Bieniawski in the 1970s to provide a quan-
titative estimate of rock mass quality based on six 
parameters: uniaxial compressive strength of intact 
rock, RQD (rock quality designation), spacing of dis-
continuities, condition of discontinuities, ground-
water conditions, and orientation of discontinuities. 

The six parameters are rated and summed to give an 
overall RMR value between 0-100 which is correlat-
ed with rock mass classes and estimated engineer-
ing properties. A higher RMR indicates better, more 
competent rock mass conditions (Bieniawski, 1988).

The Q-System was developed by Barton, Lien, 
and Lunde in the 1970s to complement the RMR 
system. It aims to quantify the quality of the rock 
mass to provide estimates of support requirements. 
It involves rating six parameters on a logarithmic 
scale: RQD, joint set number (Jn), joint roughness 
number (Jr), joint alteration number (Ja), joint wa-
ter reduction factor (Jw), and stress reduction fac-
tor (SRF). The sum of the six parameters gives the 
Q-value, which ranges from 0.001 to 1000. A high-
er Q indicates better quality rock mass with lower 
support requirements (Barton et al., 1981).

To investigate the anchoring and traction be-
havior of an anchorage bolt in a dry rock (Figure 
6), several field tests were conducted at the Imiter 
mining site in Morocco. This section includes nine 
pull-out tests on three anchors in each rock mass 
RMR=40, RMR=60, and RMR=80. The primary rock 
component is sandy siltstone, and the joint spacing 
is classified as dense, with soft filling materials.

The behavior of anchorage bolts was studied by 
analyzing the load-displacement relationship in the 
extraction test. The effect of each dry rock mass on 
the behavior of the anchorage cemented bolt was 
examined by comparing the extraction resistance 
and displacement at the yield limit. The Figure 7 
depict the relationship between extraction load and 
displacement for each rock condition. The extrac-
tion resistance was determined following ASTM 
standard D443513e1.

Fig.6. Pullout test
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RMR=40 ; Q=0,5 RMR=60 ; Q=5 RMR=80 ; Q=10

Figure 7.a) Pullout load-displacement for RMR=40; b) Pullout load-displacement for RMR=60;  
c) Pullout load-displacement for RMR=80

The test results demonstrate that the slope of 
the load-displacement curve increases with the 
improvement of rock mass quality, leading to an 
increase in pull-out resistance. This trend was 
more pronounced when the tested dry rock mass 
became more competent (stiffer).

The detection of the pullout failure point of 
cemented friction bolts was achieved by observ-
ing the change in slope of the load-displacement 
curve (Figure 8). The upper (abc) and lower 
(a’b’c’) boundaries were plotted, correlating the 
two inflection points (bb’), in order to obtain the 
failure line:

3.2 Effect of bolt length and Rock Mass Quality

The pullout capacity of friction rock bolts in-
creases with length, but at a diminishing rate. 
Longer bolts exhibit higher load capacity but low-
er strength per unit length. The paper provides 

equations relating bolt length to pullout resist-
ance based on numerical modeling and field pull-
out tests (Komurlu and Demir, 2019).

The relationship between anchorage bolt 
length and load-displacement response was in-

Fig.8. Pullout load-displacement for RMR=40, RMR=60 and RMR=80

BC (KN)= 1,32RMR + 60                                                                            (1)
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vestigated in rock masses of varying quality, cat-
egorized using Bieniawski’s Rock Mass Rating 
(RMR) system and Barton’s Q-system. The influ-
ence of cemented anchorage bolt length on trac-
tion behavior was investigated in moderate and 

soft rocks with lengths ranging from 1.8 to 3.5 m. 
Figure 9 depicts the relationship between pull-
out load and displacement for various anchorage 
bolt lengths.

Fig. 9.  Pullout load-displacement with lengths ranging for a) RMR=40 b) RMR=60 and c) RMR=80

a)RMR=40 ; Q=0,5 b)RMR=60 ; Q=5

c)RMR=80 ; Q=10

The slope of the load-displacement curve in-
creased with bolt length in rock masses with RMR 
values of 40 (Q=0.5), 60 (Q=5), and 80 (Q=10). This 
illustrates an increase in yield limit load capacity 
linked with longer bolt installations across poor, fair, 
and good quality rock masses. The study emphasizes 
the advantages of longer anchor lengths, especially 
in short bolts, for increasing load capacity (Figure 9).

To prevent having a negative residual value (b<0) 
in the regression equations (y=a.Blb) for different 

rock mass qualities, a constraint was imposed requir-
ing zero bearing capacity at negligible bolt lengths. 
This origin-passing condition forces all regression 
lines through the point (0,0) on the plot of bolt 
length versus capacity. Anchoring the regressions at 
zero eliminates the possibility of a negative y-inter-
cept term (b), which is non-physical given that bolts 
cannot provide negative support. Extrapolating the 
regressions to zero length must correspond to zero 
capacity for consistency with expected mechanical 
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behavior. Constraining the regressions to intersect 
(0,0) also enhances fit and predictive performance by 
eliminating unrealistic negative residuals (Figure 10).

Overall, requiring the regression lines to pass 
through the origin provides a sensible bounding 
condition that improves representation of the rela-
tionship between bolt length and bearing capacity 
across different rock masses. To estimate the carry-
ing capacity of cemented friction bolts, taking into 
account the cemented bolt length and the quality 
of the rock mass, the following expression is pro-
posed:

BCBl  (KN)=a.Blb	 (2)

Where:
BC: bearing capacity (KN)
Bl: cemented bolt length (m)

Table 1. Parameter of adjusted exponential model

Parameters Optimized Values
RMR=80 RMR=60 RMR=40

a 76,12 ± 5,59 65,63 ± 4,7 63,04 ± 2,6
b 0,56 ± 0,07 0,63 ± 0,07 0,61 ± 0,04
r² 0,95 0,96 0,98

 

To account for the combined effect of both fully 
grouted bolt length and rock mass quality (RMR) on 
bearing capacity, a 3D surface plot was generated in-
terpolating between available measurement points. 
This allowed visualization of bearing capacity as a 
function of the two parameters of interest. The 3D 
representation captures how bolt length and RMR 

quality interact to influence capacity, generating the 
interpolated surface enabled continuous prediction 
of bearing capacity across varied bolt lengths and 
rock mass ratings based on the measured data.

The 3D interpolation and surface plotting meth-
odology enable straightforward interpretation of 
capacity trends in response to concurrent chang-
es in bolt geometry and rock mass characteristics. 
Fitting the following proposed model allows repre-
senting the combined effect of length and RMR on 
capacity in a closed-form equation.

BC(RMR,Bl)(KN)=A+

Where:
BC: bearing capacity (KN)
BL: cemented bolt length (m)

B

1+e 1+e
C-RMR E-B1

D F

(3)

Fig. 10. Pull-out bearing capacity with lengths ranging

Fig. 11. a)3D surface interpolation from pullout 
measurement points, b)3D surface plotting of fitted 
exponential model

a)

b)
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Multiple regressions were performed to identify 
the coefficients values that maximized the Pearson 
correlation coefficient (r²=0,96) , thereby ensuring 
acceptable prediction accuracy compared to meas-
urements.

Table 2. Parameter of adjusted regression model

Parameters Optimized Values 
A -1,88 ± 106,8
B 3827,16 ± 59261,9
C 236,61 ± 4209,6
D 236,61 ± 4209,6
E 10,7 ± 49,3

The proposed exponential formulation with op-
timized coefficients provides a predictive relation-
ship able to capture the interactive effects between 
bolt lenght and rock mass quality based on the 
empirically measured capacities. This exponential 
model enables straightforward estimation of bear-
ing capacity across the range of tested bolt lengths 
and rock mass ratings.

3.3 Effect of Curing Time on Cemented Anchor 
Bolts

The setting time of injected cement is an impor-
tant issue in the application of cemented anchor 
bolts. It affects the stabilizing capacity of the bolts. 
Cement takes time to set and harden; therefore, ce-
mented bolts cannot be used for immediate support.

Kilic et al. conducted traction tests on eight groups 
of bolts with the same length and mortar with a wa-
ter-to-cement ratio of 0.4. They were tested to deter-
mine the effects of curing time on bolt bond strength. 
Each group of bolts had a different curing time. The 
results showed that during the first 7 days, the bond 
strength of the bolts and the maximum traction load 
increased rapidly. After 7 days, the tests continued to 
increase but at a slower rate (Kılıc et al., 2002).

To address the issue related to setting time, a 
decision was made to add a silicate-based admix-
ture to accelerate the consolidation process. Sub-
sequently, a series of pull-out tests was conducted 
on six cemented bolts, distributed in two different 
types of rock masses characterized by quality in-
dices RMR=40 and RMR=60. The displacements of 
the installed bolts were then recorded at three dis-
tinct time intervals: after 24 hours, 48 hours, and 
72 hours (Figure 12).

a)RMR=60 ; Q=5

b)RMR=40 ; Q=0,5

Fig. 12. Pull-out bearing capacity with lengths rang-
ing a)RMR=60 b)RMR=40

For an RMR=40 rock mass, it is evident that the 
bearing capacity experienced a significant increase, 
rising from 80 kN to 160 kN after a period of 72 
hours following the installation of the cemented 
bolt.

The results obtained clearly demonstrated a 
significant increase in bearing capacity after the in-
stallation of the cemented bolt over a 72-hour pe-
riod. Initially, the bearing capacity was 100 kN, but 
it increased significantly to reach 200 kN. In other 
words, we observed a 100% improvement in bear-
ing capacity between the first and third day.

The first observation regarding Figure 11 is that 
within the same RMR class, the slope of the pull-
out-displacement curve increases as a function of 
curing time. Furthermore, quantitative analysis 
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reveals a decrement in the angular divergence α 
between directing slopes of pullout-displacement 
curves as RMR score improves. In other words, the 
pullout-displacement lines converge angularly over 
time when moving from lower to higher RMR values. 
This suggests a closing of the angular separation be-
tween pullout-displacement relationships as curing 
duration increases, particularly for rock masses of 
greater quality per the RMR classification.

The diagram depicted Figure 13 illustrates the 
correlation existing between the bearing capacity 
and curing time for two distinct classes of Rock 
Mass Rating (RMR), to estimate the bearing capac-
ity of cemented friction bolts, taking into account 
the curing time and the quality of the rock mass, 
the following expression is proposed:

BC(KN)=1,7Ct+1,3 RMR – 25      	  (4)

Where:
BC: bearing capacity (KN)
Ct: curing time (hours)

Fig.13. Pull-out bearing capacity with Curing Time

These results indicate that the setting time plays 
a crucial role in enhancing the strength of the ce-
mented bolt. The analysis of the obtained data sig-
nificantly confirms the positive effect of setting time 
on the strength of the cemented bolt.

3.4 Impact of groundwater on bearing capacity
Zhang et al. studied the impact of groundwater 

on the load-bearing capacity of anchor bolts in a coal 
mine, using the rating of water condition (Rw) index 
of the RMR classification to estimate the water flow 
in the underground structures of the mine. The re-
sults showed that the presence of groundwater had 
a significant impact on the load-bearing capacity of 
the anchor bolts (Zhang et al., 2017).

The Rw rating of water condition is a parameter 
used in the Rock Mass Rating (RMR) system for rock 
mass classification. It was introduced by Z.T. Bie-
niawski in 1973 and provides a quantitative estimate 
of the quality of water seeping through rock disconti-
nuities. The Rw value ranges from 0 to 15 and depends 
on the water pressure, flow rate and chemical activity. 
Higher values represent drier conditions with low wa-
ter pressure and flow, while lower values are assigned 
to wet rock with active water seepage and high pres-
sure (Aziz et al., 2017).

Water present in rock masses can have a signif-
icant influence on the bearing capacity of friction 
anchor bolts used in underground structures. To 
quantify this impact on the bearing capacity of the 
bolts, we estimated the water flow rate in the under-
ground structures of the mine using the Rw index of 
the RMR classification shown in Table 3.
Table 3: Parameter of water presence in the RMR 
index

Inflow per 
10m length

(l/m)
0 <10 10-25 25-125 >125

Condition dry Damp Wet Dripping Flowing
Rw Rating 15 10 7 4 0

To investigate the impact of groundwater presence 
in imiter rock mass on the load-bearing capacity of ce-
mented bolts, we recorded the pull-out displacements 
of four bolts installed in four mining sectors (Imiter 
1, Imiter 2, ImiterSud, and Igoudrane). These sectors 
exhibit varying levels of groundwater presence. The 
four mining zones under study share the same over-
all rating of RMR=60; however, the rating of the Rw 
parameter, representing the groundwater presence in 
the mass, varies across the zones (Figure 14).

Fig.14. Pullout load-displacement with groundwater 
factor for RMR=60
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To establish a correlation between the load-bear-
ing capacity of cemented bolts and the presence of 
water in the rock mass, we graphically represent 
the values of the load-bearing capacity as a function 
of the rating of the Rw parameter, which charac-
terizes the groundwater presence according to the 
RMR index (Figure 15).

Fig.15. Pull-out bearing capacity with groundwater 
factor for RMR=60

To quantify the correlation between the tensile 
strength and the Rw index, the following expression 
is proposed:

BC(KN)=32,83 e0,074 .  Rw   ; R² = 0,97		     (5)

The analysis of the results leads to the conclusion 
that the pull-out load capacity of cemented friction 
bolts decreases proportionally with the presence of 
water in the rock mass. Here are some proposed ex-
planations for this impact:

Reduction of friction: When water infiltrates 
into cracks and joints in the rock, it can reduce the 
friction between the anchor bolt and the rock wall. 
This can weaken the holding capacity of the bolt, re-
sulting in a reduction in load-bearing capacity.

Rock erosion: Water can cause erosion of the 
surrounding rock, weakening the overall structure 
of the rock wall. This can decrease the rock’s ability 
to support the load exerted by the anchor bolt, thus 
reducing its load-bearing capacity.

Corrosion of the anchor bolt: Water can also 
lead to corrosion of the anchor bolt, especially if it 
is made of steel. Corrosion weakens the bolt, dimin-
ishing its strength and load-bearing capacity.

Rock swelling: In certain situations, when wa-
ter penetrates into the rock, it can cause the rock to 
swell. This swelling can act like a lubricant on the 

anchor bolt, thus reducing its load-bearing capacity.
To mitigate the effects of water on the load-bear-

ing capacity of friction anchor bolts, several meas-
ures can be taken, such as using corrosion-resistant 
materials and implementing drainage systems to 
remove water.

3.5 The effect of Rock Bolt-Drilled Hole diamet-
rical difference on pull-out resistance

The installation time of rock bolts into boreholes 
can be used as an indicator of the difficulty encoun-
tered by the drilling equipment during the bolt in-
sertion process. This installation time parameter 
can be linked to Bolt-Hole diametrical difference 
(BHDD) then be correlated with the force required 
to extract the rock bolt from the borehole in pull-
out testing. 

An experimental investigation was conducted to 
determine the influence of rock bolt installation rate 
on the pull-out resistance for varying bolt-borehole 
diametrical differences. The study involved instal-
lation of 34 mm, 36 mm, and 38 mm diameter rock 
bolts into 33 mm diameter boreholes drilled in a 
rock mass of moderate quality, with an RMR of 60 
and Q-value of 5. The insertion time was measured 
for each bolt diameter and correlated to the maxi-
mum pull-out load obtained from extraction testing. 
The results shown in Figure 16 demonstrate that 
longer installation times, corresponding to slower 
drive speeds, lead to higher ultimate pull-out loads 
for increased diametrical differences between the 
bolt and borehole diameters examined. Excluding 
anomalous outliers, a clear trend is observed where 
slower insertion s, and therefore higher bolt-bore-
hole diametrical differences, produce increased 
pull-out resistance.
a) BHDD=1mm
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b) BHDD=3mm

c) BHDD=5mm

Fig.16. Pullout load-displacement with  drive time 
for a) D =34 mm, b) D =36 mm and c) D =38 mm

Results from field pull-out tests demonstrate 
that the more the drilled hole is smaller than the 
rock bolt diameter the more the bolt necessitate a 
longer drive time for placement into the borehole. 
This increased duration of the rock bolt insertion 
process for reduced bolt diameters directly relates 
to an increase in the measured pull-out resistance. 
This observation suggests that increasing the rock 
bolt diameter leads to greater friction and mechan-
ical interlock between the bolt and the borehole 
wall. 

The regression curves of the drive time for each 
Bolt-Hole diametrical difference (BHDD) are given 
by the following expressions:

UC(BHDD=1mm)=53 ln(Dt) - 56.3                             (6)
UC(BHDD=3mm)=32.56 ln(Dt) - 4                             (7)
UC(BHDD=5mm)=32.1 ln(Dt) - 18.7                          (8)

Overlaying the regression curves of each Bolt-
Hole diametrical difference on a single graph pro-
vides a clear understanding of the pull-out resist-
ance domains based on the drilling advancement 
speed (Figure 17).

Fig.17. Pullout load-displacement with drive time

By utilizing the provided regression equations 
for the different bolt diameters, it becomes possible 
to estimate the pull-out resistance based on driving 
time and Bolt-Hole diametrical difference. This es-
timation can be used to evaluate bolt performance 
under specific conditions and make appropriate de-
cisions regarding design and safety.

3.6 Impact of Water-to-Cement Ratio on Rock 
Bolt Resistance

As the water increases in a water-cement ra-
tio, the strength and durability of cured concrete 
will decrease (Aziz et al., 2017), This is due to an 
increase in water particles between the cement 
particles, as the water evaporates over time air 
will replace the water, leaving the concrete porous 
(Wong and Buenfeld, 2009). These pores offer lit-
tles structural support and therefore will reduced 
the strength of the concrete structure. 

The water-to-cement ratio (w/c) is the most im-
portant factor in concrete mix design as it controls 
the mechanical properties and durability of hard-
ened concrete. The water-to-cement ratio repre-
sents the mass ratio of water to cement in freshly 
prepared concrete, and it is defined by dividing the 
amount of water in the mix by the weight of cement, 
both of which are fixed in the same concrete mix.

WCR = 		  (9)

A pullout test was conducted on four bolts in-
stalled with four different water-to-cement ratios, 
after 28 days from the date of their installation. In 

w
c
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order to avoid the influence of water presence and 
the quality of the rock mass, it was decided to in-
stall the bolts in dry blocks with an RMR rating of 
60 (Figure 18).

Fig.18. Pull-out bearing capacity with WCR ratio 
(RMR=60; Curing time=28 Days)

We propose the following model:

BCWCR (KN)=a+b.WCR			   (10)

Table 3. Parameter of adjusted linear model

Coefficients Optimized Values 
A 950,7 ± 69,18
B -2141,5 ± 186,63

R² 0,98

Experimentally, a ratio of 0.34 provides the best 
bolt-rock resistance; however, other issues arise 
with this ratio. The pumpability of the grout decreas-
es, and several difficulties arise during application. 
Pumpability increases as the ratio becomes higher, 
which facilitates the filling of the boreholes. Howev-
er, this reduces the bond strength.

4.Conclusion
In conclusion, the study demonstrates the effec-

tiveness of cementitious concrete injection in en-
hancing the bearing capacity of friction anchor bolts 
and reinforcing their anchorage in underground 
structures. The injection of a cement-based mixture 
comprising cement, sand, and additives into the bolt 
leads to internal expansion, resulting in increased 
volume and improved frictional interaction between 
the bolt and the rock mass. The main conclusions 
and advantages of this method can be summarized 
as follows:

Increased Adherence: The radial force exerted 
by the expanded concrete enhances the adhesion 
between the bolt and the rock mass, improving the 
bolt’s ability to resist pull-out forces.

Enhanced Load Transfer: The radial force trans-
mitted by the expanded concrete aids in transferring 
applied loads from the bolt to the rock mass, result-
ing in reduced local stresses on the bolt and better 
distribution of forces, thereby enhancing overall 
pull-out resistance.

Void Filling: The expansion of the concrete helps 
fills voids inside the bolt and between the bolt and 
the rock, ensuring closer contact between the bolt 
and the rock. This improves the efficiency of anchor-
age.

Overall Stability: The increase in concrete vol-
ume contributes to the overall stability of the sup-
port system by reinforcing the bolt anchorage. It 
reduces undesired movements or deformations of 
the bolt and rock mass, enhancing the strength and 
durability of the support structure.

Silicate-Based additive: The incorporation of a 
silicate-based additive accelerates the curing time 
of the cement, enhancing the strength of the bolts. 
This allows for immediate support after the injection 
process.

Influence of Groundwater: The study highlights 
the significant influence of groundwater on the bear-
ing capacity of cemented bolts. It emphasizes the im-
portance of considering groundwater conditions in 
the design and application of cemented friction an-
chor bolts.

The pullout tests conducted on various rock mass-
es demonstrate that higher rock mass quality and 
longer cemented bolts result in increased pullout re-
sistance. The length of the anchorage bolt plays a sig-
nificant role in the bearing capacity, with longer bolts 
exhibiting higher tensile strength and pull-out resist-
ance. The proposed empirical equations provide esti-
mates for the bearing capacity based on the rock mass 
quality and cemented bolt length.

Overall, the cemented concrete injection technique 
offers a promising approach to enhance the strength 
and anchorage of friction anchor bolts in underground 
structures. It provides specific advantages such as in-
creased adhesion, load transfer, and overall stability 
of the support system. The use of a silicate-based ad-
ditive accelerates the curing time, further enhancing 
the strength of the bolts. Considering groundwater 
conditions is crucial for optimal performance.
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While this study demonstrates the potential of 
cementitious concrete injection to enhance fric-
tion anchor bolts, there remains significant scope 
for further optimization through ongoing research. 
Comparative analysis against traditional bolting 
solutions will help refine the technique and quantify 
potential disadvantages to be mitigated. The instal-
lation of hollow split rockbolts requires additional 
procedural steps compared to traditional bolting 
methods. These extra operations reduce the pur-

ported technological superiority of split bolts over 
conventional supports. Moreover, the lower elastic 
modulus of a cement mortar bolt relative to a hol-
low bolt may have detrimental effects. The reduced 
elasticity could lead to worsening of adhesion prop-
erties at the bolt-rock mass interface as blasthole 
diameter enlarges resulting from progressive rock 
fracture during mining activities. This potential ad-
hesion deterioration and loss of friction should be 
thoroughly examined.
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In this work, the use of water (W) as a grinding additive in addition to waste/by-products such as olive black water (BW) and residue 
of olive black water (RBW) in calcite dry grinding to be sized in microns was investigated at a laboratory scale. The test results were 
evaluated in terms of particle size and powder flowability as a function of liquid material dosage and grinding time. The study revealed 
that the use of any kind of liquid materials tested improved the grinding process compared to the without-aid condition. Removing the 
water content (RBW) in BW resulted in further improvements in both particle size and powder flowability. The findings from both the 
BW and W data revealed that the dose increase does not yield favorable outcomes in relation to the ffp index. Nevertheless, there was 
a noticeable enhancement in particle fineness.
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Introduction
With the improvement of technology, micronized 

calcite (<10 µm) is used as a filler raw material, par-
ticularly in sectors such as plastic, paper, and paint. In 
our country, calcite in micron sizes is manufactured 
and marketed to the aforementioned industries us-
ing dry techniques.  In addition to situations where 
dry processes are mandatory and advantageous (ce-
ment, calcite, etc.), the importance of dry processes 
is increasing with the increasing use of water day 
by day. It is also important to use dry processes and 
to increase the studies on this subject, especially 
in countries where water is limited and in regions 
where environmental sensitivity is important. Dry 
grinding additives are one of the subjects on which 
important studies have been carried out recently in 
dry grinding. With the increase in the surface area 

of the material in dry grinding processes (especially 
in micronized grinding), intermolecular attraction 
forces and regional forces and particle-particle inter-
action increase, and this leads to a change in the flow 
properties of the material. In dry grinding, this situ-
ation is tried to be kept under control with grinding 
additive chemicals. In the reported studies, the use 
of pure and commercial chemicals was carried out 
and their positive influences were presented (Para-
masivam and Vedaraman, 1992; Katsioti et al., 2009; 
Zhang et al., 2015; Gökçen et al., 2015; Toprak et al., 
2018; Çayırlı, 2018; Çayırlı, 2022). Also employed as 
grinding additives were several waste materials and 
by-products (Gao et al., 2011; Leoneti et al., 2012; Li 
et al., 2015; Akar and Canbaz, 2016; Li et al., 2016; 
Zhang et al., 2016; Li et al., 2017; Li et al., 2018; 
Çayırlı et al., 2020).1
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In particular, these chemicals create an extra cost 
as they are used extensively in grinding processes. 
Accordingly, the utilization of waste materials or 
by-products as a grinding additive can be considered 
as an alternative. Starting from this, the possibility of 
using olive black water (BW) as a grinding additive 
in the dry micronized grinding of calcite was inves-
tigated. In addition, distilled water (W) and residue 
of olive black water (RBW) were tested in order to 
better demonstrate the effectiveness of BW, and 
comparisons were performed with W and RBW. The 
grinding experiments were evaluated in terms of 
particle size and powder flowability as a function of 
liquid material dosage and grinding time.

1. Meterials and Metods
1.1. Materials

For the dry grinding experiments, a calcite sam-
ple (98.838% CaCO3) by Mikron’S Inc., Türkiye with 
a median particle size of x50: 83.77 µm was used. Its 
specific gravity was found to be 2.71 using a helium 
pycnometer. 

In the previously reported study (Çayırlı et al., 
2023), the effect of BW on calcite grinding was inves-
tigated along with various grinding additives. In order 
to reveal the effect of BW in more detail, the research 
was continued, and the distilled water and residue of 
olive black water were added to the agenda and con-
stituted the main subject of this study. In this context, 
three liquid materials (BW, W and RBW) were used 
as grinding additives. Distilled water was preferred in 
terms of representing the water part of BW. The BW 
sample was collected from Dalan Oil Industry Inc. in 
Türkiye. The values of free fatty acids, specifically in 
terms of oleic acid, in BW, were determined by the 
analyses made in the Food Engineering Laboratory 
of Niğde Ömer Halisdemir University. In this context, 
free fatty acidity values were found to be 2-3%. In or-
der to increase the fatty acid concentration in BW and 
to observe the influences of the water in it on the ex-
perimental results, RBW was obtained by evaporating 
84% of the water in the BW content at 100°C. 

1.2. Methods
The grinding experiments were conducted using 

a vertical batch-type laboratory stirred ball mill (Fig-
ure 1). As introduced in a former study (Çayırlı et al., 
2023), the mill is equipped with a cylindrical 1200 ml 
grinding chamber made of steel and equipped with 
a water jacket. Both, shaft and stirrers (pin type) are 
also made of stainless steel. After weighing the sam-
ples and balls in accordance with the test conditions, 
the balls were fed first into the grinding chamber, and 

then the sample was placed second. The liquid ma-
terial was added to the calcite sample. The shaft was 
placed into the chamber by adjusting the speed of the 
agitator to ~100 rpm. After all the settings of the mill 
were made, the cap was sealed, the planning speed 
was set, and the milling operation began. The mill was 
stopped at the determined grinding time. Experimen-
tal conditions are summarized in Table 1 and related 
calculations are given in Equation (1), (2) and (3). At 
the end of the experiment, the mill cap was opened 
first and the material and balls were removed from 
the grinding chamber and their separation was made 
by sieving. According to sample division techniques, 
representative samples from the obtained products 
were taken for size and flowability measurements.

Figure 1. Vertical batch-type laboratory stirred ball 
mill, pin-type stirrer and grinding tank

Table 1. Test conditions for dry grinding (Çayırlı, et al., 
2023)

Parameter Value
Stirrer velocity (m/s) 4

Ball loading (J*) 0.60
Powder-ball loading (U*) 0.80

Liquid material dosage (g/t) 0, 500, 1000, 2000, 4000
Ball diameter (mm) 2.8-3.2 (average 3) 

Density of ball (g/cm3) ~3.7
Milling time (min) 5.5, 7.5, 9.5

*J=			                                             	 (1)

                                                 
*fc=						      (2)

     
*U=                                                                                  (3)

mill volume  
1.0mass of balls/ball density ×

0.60 

mill volume  
1.0mass of powder/powder density ×

0.60 

fc
0.40J
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The particle size distributions of the product 
samples were measured by laser diffraction using 
Malvern 2000 Ver. 2.00 with Hydro 2000 MU attach-
ment (Malvern Co., Ltd., UK). The device repeats the 
measurement of each sample at certain intervals 
and measures three times and gives the average of 
these three measurements.

The powder flowability was analyzed using a 
ring shear tester (230VAC-Brookfield, UK) (Figure 
2). The sample cell of the device (230 cm3, 6in di-
ameter) consists of a movable upper disc and a still 
lower chamber. In the upper disc, there are 18 cham-
bers in order to create shear stress in the powder 
whose flowability is desired to be measured. The 
lower chamber is designed as a perforated plate to 
prevent the sliding movement of the powder mate-
rial on the surface. While the lower chamber is sta-
tionary, the upper disc applies consolidation stress 
(σ1) at varying rates with downward linear move-
ment and at the same time causes unconfined yield 
strength in the powder sample with its rotational 
movement. The basic measurement principle of the 
powder flow tester is based on measuring the pow-
der material’s necessary shear stress (σc) to be-
gin to flow or deform after the compression stress 
is applied (Slettengren et al., 2015; Çayırlı et al., 
2023). At this point, the flowability index ffp, which 
is defined as the ratio between consolidation stress 
σ1 and unconfined yield strength σc (see Equation 
4), is used to qualify the powder flowability:

ffp= 					      (4)

Powder flowability can be categorized using the ffp 
value, according to Jenike (1964). In the range ffp<1, 
1<ffp<2, 2 < ffp < 4 and 4 < ffp < 10, 10<ffp a powder 
is non-flowing, very cohesive, cohesive, easy-flowing 
and free-flowing, respectively.

Figure 2. Powder flow tester

2. Results and Discussion
2.1. Comparison in terms of product fineness

The influence of the liquid material type and its 
level of concentration on the fineness of the product 
was examined by wet particle size measurements, as 
depicted in Figure 3. Without aid conditions, parti-
cle sizes of 8.05, 7.49, and 6.18 µm were obtained at 
grinding times of 5.5, 7.5, and 9.5 min, respectively. 
Regarding BW, there is a lack of significant impact on 
the d50 value when the additive concentration is low 
and the time to grind is 5.5 min, compared to when 
there are no additives.  In contrast, it has been no-
ticed that the use of BW results in a significant en-
hancement in the d50 size at concentrations of 1000 
and 2000 g/t. Higher BW dosing (4000 g/t) result-
ed in poor grinding performance. This result can be 
explained by the fact that as the amount of BW in-
creases, the amount of water in the sample concen-
trate also increases. Because there is a high amount 
of water in BW. Additional water dosing (liquid 
bridging) generates forces of adhesion that are rel-
atively strong, which in turn raises powder cohesion 
(Rumpf, 1974). Moreover, for each evaluated grinding 
time, the positive impact of BW at concentrations of 
up to 4000 g/t was seen. The results also showed that 
the d50 sizes decreased from 7.92 to 6.31 µm when 
BW was increasing at dosages ranging from 500 g/t 
to 2000 g/t at a shorter milling period as opposed to 
the without-aid condition, which had an 8.05 µm d50 
value at a 5.5 min grinding time as already shown in 
the former study (Çayırlı et al., 2023).

In comparison to the without-aid condition, the 
d50 size was reduced with increasing RBW dosage for 
each milling period of time. In addition, as the grind-
ing time increased, the use of more RBW resulted in 
finer particle size. In other words, at each grinding 
time, the effect of the RBW dosage was observed.

In the case of using water, the d50 size did not 
change (compared to the without-aid condition) for 
the short grinding time (5.5 min) as its dosage in-
creased. As the grinding time increased, the d50 size 
decreased, particularly at a 1000 g/t dosage. Further 
dozing (2000 g/t) adversely affected the milling per-
formance. It was also determined by Toraman et al. 
(2016) that the increasing concentration of water 
has a negative effect on grinding. In their work, they 
investigated how water affects particle fineness and 
surface area, indicated that it had a positive effect on 
grinding performance up to a certain amount and 
observed that the administration of higher dosages 
resulted in a negative impact.

σ1

σc
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Consequently, in 5.5 min grinding experiments 
using BW, the finest particle size, d50: 6.31 µm, was 
obtained by using 2000 g/t BW. Similarly, a particle 
size of d50:5.94 µm was attained using a dosage of 
2000 g/t RBW, also within a 5.5 min grinding du-
ration. Additionally, W achieved a particle size of 
d50:7.71 µm at 1000 g/t in 5.5 min experiments. At 
the end of the grinding process lasting 7.5 min, the 
most refined particle sizes were achieved with d50 

values of 5.79 and 5.75 when utilizing 2000 g/t in 
BW and RBW, respectively. However, a d50 value of 
6.61 was obtained at a concentration of 1000 g/t 
when employing W. Within the experiments, the 
longest grinding time utilized was 9.5 min, result-
ing in the acquisition of the finest particle sizes 
when employing a dosage of 2000 g/t for both BW 
and RBW. The particle sizes acquired are 5.34 and 
4.82 µm, respectively. The utilization of W resulted 
in the attainment of the particle size d50:5.42 µm at 
a concentration of 1000 g/t.

Figure 3. The influence of all tested liquid materials 
on particle size

2.2. Comparison in terms of powder flowability
The impact of liquid materials on the flowa-

bility of powders is depicted in Figure 4, which 
presents the ffp indices of the product powders. 
Among the all investigated liquid materials, only 
RBW affected the powder flowability compared 
to the without-aid condition. As the grinding time 
increased, the use of more RBW resulted in fin-
er particle size. It can be said that the influence 
of RBW dosage is demonstrated at every milling 
time. Surprisingly, the BW and W powder flow-
abilities were lower than the results from the 
without-aid condition. To put it another way, the 
data from BW and W indicated that the ffp index 
would not benefit from the dosage increase.

Although the use of water and BW has an in-
fluence on the size, they do not cause any change 
in the powder flowability, an indication that the 
positive influence on grinding cannot only be ex-
plained by the powder flowability. Prziwara et 
al. (2018) also examined the effects of different 
types of grinding aids on grinding performance 
and powder flowability and determined that 
some of them had positive effects on particle 
size, although they did not have a positive effect 
on agglomeration and powder flowability.

In terms of powder flowability values, 2.08, 
1.92 and 1.81 ffp values were obtained in the 5.5, 
7.5 and 9.5 grinding time experiments, respec-
tively, in the condition where without grinding 
aid was used. In 5.5 min, grinding time exper-
iments, the highest fluidity values for BW, RBW 
and W were achieved when 2000 g/t was used, 
and 1.81, 2.43 and 1.78 ffp values were obtained 
at this amount, respectively. During the experi-
ments with a grinding time of 7.5 minutes, it was 
observed that the maximum ffp value in BW was 
1.61 at a concentration of 500 g/t. Similarly, the 
highest ffp value in RBW was 2.22 at a concentra-
tion of 1000 g/t. Additionally, the highest ffp val-
ue in W was recorded as 1.75 at a concentration 
of 2000 g/t. Finally, during the experiments with 
a grinding time of 9.5 min, it was observed that 
the maximum ffp value in BW was 1.78 at a con-
centration of 4000 g/t. Similarly, the highest ffp 
value in RBW was 2.00 at a concentration of 2000 
g/t. Additionally, the highest ffp value in W was 
recorded as 1.72 at a concentration of 2000 g/t. 
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Figure 4. The influence of all tested liquid materials 
on ffp index

To better determine the effectiveness of BW, dis-
tilled water experiments to represent the water part 
of the olive black water and residue experiments to 
represent the main substance group were carried 
out. According to these results, it has been revealed 
that RBW is more effective than W and BW in terms 
of particle size. According to these results, it has 
been revealed that the RBW is more effective than 
W and BW in terms of product fineness. In addition, 
it was found that the ffp values overlapped with the 
particle size results. In other words, BW is worse 
than RBW and better than W in terms of flowabili-
ty/grinding performance. However, BW having high 
water content, reduced the fluidity of the product 

(according to the without-aid condition), unlike 
RBW. It is thought that this finding is caused by the 
substance group increasing the powder flowability 
(residue-free fatty acidity 2-3%). Studies from the 
scientific literature can be presented as evidence 
for this comment. Paramasivam and Vedaraman 
(1993) investigated the effect of six types of fatty 
acids (stearic acid, lauric acid, palmitic acid, sodi-
um lauryl sulfate, calcium stearate, and magnesium 
stearate) on the dry grinding of calcite. According 
to the findings of this study, it was determined that 
the fineness, bulk density and packaged bulk den-
sity of the milled product increased with the use of 
any tested fatty acid, while the compressibility and 
tensile strength of the powder bed of the milled 
product decreased. The reason for the change in 
these flow characteristics inside the mill was the 
adsorption of the tested long-chain fatty acid mole-
cules on the particle surfaces, reducing the friction 
forces and adhesion interactions between them. In 
another study, the grinding performance of fatty 
acids (capric acid, lauric acid, myristic acid, palmit-
ic acid, and stearic acid) used in grinding chitosan 
powder in a vibrating mill was examined according 
to fatty acid length. According to the results, it was 
determined that all fatty acids tested improved the 
grinding performance compared to the condition 
without grinding aid, and the best performance 
was obtained with stearic acid (having the longest 
carbon chain) (Fukumori et al., 1998). BadJena and 
Mishra (2011), in their study, found that stearic acid 
is a better grinding aid than paraffin wax and oxal-
ic acid in grinding brass powder. Ma et al. (2013) 
also examined the effect of oleic acid in grinding ce-
ment. The results showed that the use of oleic acid 
improved the surface area and especially the rheo-
logical properties of the cement. 

On the other hand, some sources from the litera-
ture confirm that water can indeed increase grind-
ing efficiencies (Parks, 1984; Sohoni et al., 1991; 
Sverak et al., 2013; Çayırlı, 2014; Toraman et al., 
2016; Prziwara and Kwade, 2020). As is common-
ly known, water molecules have a significant polar 
attraction, which results in relatively strong affin-
ities for polar regions on the solid surface, similar 
to the polar functional groups found in convention-
al grinding additive molecules, hence lowering in-
tergranular adhesion forces (Prziwara et al., 2018; 
Prziwara and Kwade, 2020). Parks (1984) observed 
in his research that it reduces the surface energy 
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between quartz particles. In parallel with these 
comments, in the current investigation, it may be 
assumed that BW (with the existing water con-
tent) created a grinding environment by reducing 
the flowability in the grinding chamber which will 
enable the particles to be stressed more effectively 
by the balls. Thus, in light of the findings and com-
ments obtained with BW in the current study, it is 
thought that both the residue part and the water 
part contribute to the grinding separately.

3. Conclusion
Experimental studies on grinding performance 

using calcite in a stirred ball mill have been carried 
out. The influences of liquid materials used as a 
grinding additive (olive black water, distilled water 
and residue of olive black water) on the particle size 
and powder flowability were examined. The dry 
grinding experiments and analyses showed that:

- The study revealed that using any of the liquid 
materials evaluated enhanced the grinding process 

versus the without-aid condition.
- In other words, at the longest grinding time 

tested, d50 values of 5.42, 5.34, and 4.82 μm were 
reached at certain concentrations W, BW, and RBW, 
respectively, whereas a product with a d50 size of 
6.18 μm was obtained at the without-aid condition.

- Considering RBW, powder flowability improved 
as liquid material concentration increased. Namely, 
while ffp values varied between 1.81 and 2.08 in the 
without-aid condition, the flowability index of the 
products obtained with the use of RBW increased 
from 1.81 to 2.43. Surprisingly, the BW and W find-
ings showed that the rise in concentration was not 
advantageous regarding the ffp values; however, the 
improvement in particle fineness was clear.

-Removing the water content (RBW) in BW re-
sulted in further improvements in both particle size 
and powder flowability.

- Finally, it can be concluded that both the resi-
due part and the water part of BW contribute to the 
grinding separately.
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A B S T R A C T
This paper provides a study on dust pollution in open cut coal mines and related characteristics and emission prevention measures. 
Dust laden soil samples were collected from open cut coal mines and subjected to alkaline digestion testing to determine the content 
of heavy metal pollutants and total pollutants. Then, the physical and chemical properties of the soil samples were measured and 
analysed. The effects of different phosphorus treatments on the pH value and water-soluble phosphorus of dust laden soil samples, 
as well as the content of water-soluble lead, zinc, and exchangeable lead and zinc in the soil samples were investigated. On this basis, 
multi-directional dust pollution control measures with public participation in construction dust supervision and control as the core 
are put forward. The test findings demonstrate that after the treatment, the amount of dust is decreased, the contaminated open cut 
coal mines soil may be repaired, and a satisfactory soil remediation impact is achieved. This study helps with the green and sustai-
nable development in the area of intelligent coal mines and is a useful resource for addressing the issue of dust pollution in open cut 
coal mines.
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Introduction
Although coal is still the largest source of pri-

mary energy consumption in all countries, the in-
fluence of environmental protection factors such 
as haze has led many countries to introduce coal 
restriction policies (Meha et al., 2020). Coal indus-
try is one of the important sources of global ener-
gy production and consumption, but it is also one 
of the main pollution sources of environmental 
pollution and resource waste (Jiskani et al., 2021). 
This is mainly because coal mining will produce 
dust, waste gas, waste water, solid waste and other 
pollutants which could have a serious impact on 
the mining environment and public health. There-
fore, the coal industry needs to take measures to 
reduce the emissions of these pollutants to protect 
the environment and public health. At the same 
time, the coal industry also needs to improve en-
ergy efficiency, increase operational efficiency, 
and address environmental and energy challeng-
es such as climate change. In the future, the coal 
industry must develop towards green mining and 

clean utilisation to achieve sustainable develop-
ment (Jiskani et al., 2022). In the coal industry, 
coal production capacity is controlled by means 
of annual working hours and output targets, and 
coal mines with low safety levels and high produc-
tion costs are closed, mainly open cut coal mines. 
The reasons are multifaceted: open cut coal mines 
have a high level of safety and fewer serious casu-
alties; Low production cost of open pit coal mines, 
adapting to the current industry downturn situa-
tion; The production of open cut coal mines is easy 
to control and can respond to changes in market 
supply and demand relationships (Coglianese et 
al., 2020). It is expected that the output of open 
cut coal mines will further increase in the propor-
tion of the total domestic coal output (Trechera et 
al., 2021). The new open cut coal mines pay more 
attention to water shortage areas, where there 
are many rocks, dry soil, less rain, and some ar-
eas may also encounter sandstorms. In open are-
as, coal mines are more likely to produce a large 
amount of dust during mining. Therefore, the calls 

http://
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for environmental protection from the entire socie-
ty is increasing, mostly for controlling coal produc-
tion and consumption, especially for the coal mines 
that cause environmental pollution. This requires 
that dust emissions must be controlled externally 
during the production and use of coal (Jing et al., 
2021). Studying the mechanism and laws of the oc-
currence, accumulation, migration, and diffusion of 
dust in open-out mines is a necessary link for the 
development of green mining in this area. This has 
certain guiding significance for dust control and 
dust reduction in open-pit mines.

In recent studies on dust emissions, Luo et al. 
(2021) studied the problem of PM concentration 
in hawusu open cut coal mine, and analysed the 
characteristics of PM changes and its relationship 
with meteorological factors. The average PM con-
centrations in the study area were lower than the 
average daily limit of China’s national ambient air 
quality standard (GB 3095-2012). However, the av-
erage PM10 concentration in December exceeded 
the national limit value.The order of PM concentra-
tion was December > January > February. Among 
them, PM concentration was positively correlated 
with humidity and negatively correlated with wind 
speed. In December, temperature was positively 
correlated with PM concentration, while in Janu-
ary, temperature was negatively correlated with 
PM concentration. Therefore, under the combined 
effect of several meteorological factors, the order 
of influence on winter PM concentration at the bot-
tom of the open pit is: humidity > temperature > 
wind speed > temperature difference. The findings 
of this study are helpful for green mining. Wang et 
al. (2022) investigated the dust pollution of open 
cut coal mines in cold areas and explored the main 
causes and influencing factors. The study deter-
mined the characteristics of dust pollution through 
statistical analysis and calculated the main factors 
affecting dust concentration using the comprehen-
sive gray correlation. The results show that mete-
orological factors with significant effects on dust 
concentration vary by season, including dew point 
temperature in spring, solar radiation in summer 
and autumn, and boundary layer height in winter. 
Winter, followed by autumn and spring, is the most 
polluting season for mining activities. Based on 
the study findings, optimal mine design strategies 
can be developed to reduce dust pollution in min-
ing and adjacent areas. Ding et al. (2019) proposed 

the effect of viscosity of polymer stabilizer on the 
structural strength and dust pollution resistance of 
red sand. The higher the solution viscosity is, the 
better the crust strength and dust corrosion resist-
ance of red sand surface are. Therefore, the viscos-
ity of polymer solution can effectively predict the 
structural strength of crust and the ultimate ero-
sion resistance of sand after treatment. Heidari et 
al. (2021) proposed a quantitative source allocation 
and ecological health risk assessment of heavy met-
al pollution in urban and heavily polluted suburban 
road dust. They also analyzed the sources of heavy 
metals (as, CD, Co, Cr, Cu, Mn, Ni, Pb, and Zn) in road 
dust from Abbas City and its western suburbs in 
Iran, and evaluated their ecological and health risks. 
Although this study did not analyze the comprehen-
sive factors, it emphasized the attention to traffic 
emission, which proved that traffic emission was 
the main source of heavy metals in road dust in the 
suburbs of Banda Abbas. Therefore, the character-
istics and prevention measures of dust pollution in 
open cut coal mines were put forward, and effective 
conclusions were drawn. Through the summary of 
the above research, it can be found that the problem 
of dust pollution in open cut coal mines is relatively 
serious, and its harm level is far higher than other 
pollution sources in industrial production. There-
fore, it is necessary to conduct further research on 
the dust pollution problem in open cut coal mines. 
After analyzing the characteristics of dust pollution 
in open cut coal mines, the study proposed some ef-
fective prevention and control measures, aiming to 
provide reference for relevant research.

1.1.Comprehensive influence characteristics of 
dust pollution on atmospheric environment in 
open cut coal mine
Dust Pollution Structure in Open Cut Coal Mines

In the field of modern environmental research, 
open cut coal mines dust mainly refers to all solid 
particles that can be suspended in the air for a long 
time in the area. The particle size range is generally 
1-100 μm. According to the size expansion space of 
10μm, the dust of open cut coal mines can be further 
divided into falling dust or fugitive dust (Markovi et 
al., 2021). Polluting dust generated during the con-
struction of open cut coal mines is mainly the pollu-
tion dust of medium-sized particles with a particle 
size of about 65 μm, which is the most important 
source of environmental dust pollution in open cut 
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coal mines (Benitez-Polo and Velasco, 2020). Dust 
sources can be divided into topsoil stripping dust 
and dust generated during production processes, 
such as mining equipment operations, transporta-
tion operations, dumping sites, and coal processing 
and storage in mining areas. The detailed propor-
tion is shown in Figure 1.

Figure 1. Particle size distribution of atmospheric 
dust from various sources in open cut coal mines

The high-precision definition of dust range in 
open cut coal mines plays an obvious role in the 
control of modern urban environmental dust pollu-
tion (Ma et al., 2020). The traditional field of surface 
coal mine dust research has confused industrial 
dust with domestic dust. This has tended to lead to 
the definition of the hazards of dust pollution in in-
dustry, especially in surface coal mining projects. As 
a result, the hazards of dust pollution to the atmos-
pheric environment and human health have been 
grossly underestimated and control methods have 
lacked real effectiveness. According to the specific 
characteristics of different dust and signs, such as 
physical properties, composition, particle size, etc., 
dust in open cut coal mines can be reasonably clas-
sified (Finke et al., 2020; Tong et al., 2019).

1.2.Characteristics of Influence of Dust Pollu-
tion on Air Environment in Open Cut Coal Mines

The mining sequence of open cut coal mines de-
termines that some coal seams are in an exposed 
or semi exposed state. The coal seam undergoes a 
slow oxidation reaction after being exposed to oxy-
gen, and the heat generated accumulates in the coal 
temperature under conditions where effective dif-
fusion cannot be achieved. When the temperature 

rises to the point of coal seam combustion, coal will 
undergo spontaneous combustion (Guo et al., 2021; 
Kazi et al., 2019). The combustion process is often 
inadequate and produces a large amount of smoke 
and dust, as shown in Figure 2. 

Figure 2. Smoke dust produced by spontaneous com-
bustion of coal seam

The statistical value and experience of dust 
emission from dust sources in various links such as 
drilling, blasting, loading, hauling and drainage of 
open cut coal mines are shown as follows:

(1) Drilling
At present, the rotary drilling is mostly used in 

open cut mines, and the wet dust removal is used. 
The dust emission of the rotary drill is 1.05 kg/
(unit·h) on average according to the field measure-
ment. Some equipment with good dust removal ef-
fect can reach 0.22 kg/(set·h).

(2) Blasting
The amount of dust generated during blasting 

operation is large, and is affected by different charg-
ing methods, blasting mesh methods, and initiation 
sequences. There are two feasible evaluation meth-
ods. One is to establish a monitoring system in the 
mine to observe the smoke and dust during and after 
blasting; The Salingermann series method is used 
to calculate the average concentration of smoke and 
dust, and the ray recovery method is used to obtain 
the volume of smoke and dust, thereby calculating 
the amount of dust. Second, the amount of dust pro-
duced by blasting is about 0.0011% of the amount 
of blasting. The error of the second method is large, 
so the result can only be used to estimate the order 
of magnitude.
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(3) Loading
The dust generated during truck and shovel 

loading operations, and the amount of dust gener-
ated can be calculated by the following equation 
(Wirth et al., 2020):
Qm=YnxDfxScxEv			   (1)

Where, Qm is the dust emission intensity [kg/h],  
Yn is the ambient wind speed [m/s], Df is the un-
loading height of the shovel [m], Sc is the moisture 
content of the material [%]. Ev is the loading capac-
ity per unit time [m3/h].

(4) Transportation
The dust produced by railway transportation is 

small, while the belt conveyor transportation can be 
controlled by the construction of belt corridor, but 
the dust in truck haulage is not only large, but also 
difficult to control. At present, the mainstream of 
most open cut mines is truck transportation, which 
is responsible for approximately 60% of the total 
dust generation in open cut mines. The dust emis-
sion from a single truck can be calculated as follows:

Qr=FbxHexJz			   (2)

Where, Qr is the dust emission of a single truck 
[kg/km]; Fb represents the truck running speed, the 
unit is km/h; He represents vehicle load with unit t; 
Jz represents the amount of road surface material, 
and the unit is km/m2.

(5) Soil dumping link
The dust generated during dumping operations 

includes unorganized dust generated during truck 
dumping operations and when the dumping site 
is exposed to the air and blown by the wind. The 
former can be calculated according to equation (1), 
but the latter dominates in the total dust emission. 
However, the amount of dust raised is directly re-
lated to the implementation of greening and recla-
mation operations in the waste dump, and there is 
currently no unified formula.

2. Experimental analysis
2.1. Materials and methods
(1) Collection of soil samples from opencast coal 
mine dust pollution

In the process of setting up sampling points for 
dust contaminated soil in open cut coal mines, full 
consideration should be given to the land in front 
of the chromium slag pile in the research area. The 

pollutants were not treated for anti-seepage or cov-
erage during the initial stage of accumulation. After 
several years, although the accumulated slag was 
treated accordingly, due to the relatively backward 
technology level, the soil and groundwater were 
severely polluted due to mining. It can reflect the 
overall environmental conditions of the study area. 
In addition, the layout of sampling points should 
strictly comply with the relevant requirements in 
the Technical Specification for Soil Monitoring (Shi 
et al., 2021). When collecting soil samples at each 
layout point, attention should be paid to multiple 
samples (at least three), mixed evenly, and then 
around 100g of soil samples should be selected and 
placed in clean plastic bags, and brought back to the 
laboratory. The soil samples brought back should 
be air dried in a constant temperature drying oven 
not exceeding 40℃, and attention should be paid to 
dust pollution and the entry of alkaline gases during 
the air drying process of the samples. Use a 10 mesh 
nylon sieve to remove debris such as gravel and an-
imal residues from the air dried soil sample; Using 
the quartet method, select 100g of selected soil and 
grind it with a wooden stick or mortar; Treat with 
a 100 mesh nylon sieve and place it in a self sealing 
bag for later use.

(2) Soil sample treatment and determination
GB 5085.3-207 was used to carry out alkali diges-

tion of the above collected soil samples, and GB/T 
15555.4-95 was used to determine the content of 
heavy metal pollutants in the soil samples after al-
kali digestion; General analysis TAS990 atomic ab-
sorption spectrophotometer was used to determine 
the content of total pollutants in the soil samples; 
And the physicochemical properties of soil samples 
were determined and analyzed by conventional ag-
ricultural chemical analysis method.

(3) Assessment of mining area pollution soil form 
method

The morphological method is a screening meth-
od to achieve the purpose of diagnosis and identi-
fication by identifying the macro morphology or 
microstructure of tissue samples or other samples. 
It is a common research and diagnostic method in 
the fields of medicine, biology and so on. In order to 
realize the accurate detection of soil morphological 
characteristics, the morphological method is main-
ly used to classify the pollutants in the soil pollution 
samples in the mining area.
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(4) Data analysis
All experimental data were plotted using Micro-

soft Office Excel 2003, Microsoft Office Visio 2003 
and SigmaPlot 9.0. At the same time, SPSS software 
was used to analyze the experimental data, and LSD 
and Duncan were used to process the significant 
correlation test between the data, so that the signif-
icance level is P < 0.05. The overall flow of the study 
method is shown in Figure 3.

Figure 3. Overall flow of the study methods

2.2. Analysis and Discussion of Results
Based on the above evaluation results, taking Pb 

and Zn contaminated soil as an example, the reme-
diation effect of soil with P/Pb molar ratios of 0.6, 
1.2, 1.8, 3.0, and 4.0 on open cut coal mine dust was 
analyzed under simulated room temperature con-
ditions.
(1) Effect of different P treatment on pH and water 
solubility P of soil polluted by dust in open cut coal 
mine

The pH value of the open cut coal mines’ dust-con-
taminated soil is significantly decreased when SSP is 
added to the soil samples. As the added dose level 
is increased, the pH value gradually decreases, with 
the range being between 0.5 and 1.5 units. Naturally, 
this is the case as acidity controls SSP in and of it-
self. On the contrary, if MPP is added to the dust con-
taminated soil samples of open cut coal mines, the 
soil pH value will be increased. The pH value of dust 
contaminated soil in open cut coal mine increases 
from 5.7 units to 6.3 - 6.8 units after the addition of 
MPP. The pH value of dust contaminated soil in open 
cut coal mine showed an increasing first and then 
decreasing trend. Among them, when the MPP dose 
level is 1.2, it reaches the peak, which may be caused 
by the competition of hydrogen phosphate for the 
adsorption point in the dust contaminated soil of 
open cut coal mine. KH2PO4 is a strong base and 
weak acid salt, which usually exists in the form of 
H2PO4- after it is added to the dust contaminated soil 

samples of open cut coal mine. The ion exchange of 
H2PO4 causes the desorption of OH ions adsorbed on 
the dust polluted soil of open cut coal mines, leading 
to an increase in soil pH value.

(2) Effect of different P treatments on water soluble 
Pb and Zn in soil polluted by surface coal mine dust

The concentrations of water-soluble Pb and Zn 
heavy metal elements in the dust contaminated soil 
samples of open cut coal mine after the addition of 
substance P have significant influences. However, 
due to the different varieties of substance P added, 
the influences are significantly different: The con-
tent of water-soluble Pb in the dust-contaminated 
soil of open cut coal mine treated by MPP is signifi-
cantly higher than that of blank control (CK); When 
the phosphorus dosage level is below 1.8, the Pb 
content increases with the increase of phosphorus 
level. When it is above 1.8, the water-soluble Pb el-
ement content decreases with the increase of P lev-
el. On the contrary, the addition of SSP significantly 
reduced the content of Pb in the dust-contaminated 
soil samples of open cut coal mines, and the reduc-
tion range was 68% - 98%. Especially when SSP1.8 
and SSP4.0 were used to treat the dust-contaminat-
ed soil samples of open cut coal mines, the content 
of water-soluble Pb in the soil was lower than the 
detection limit. The Zn content using SSP is less 
affected by the substance P contained, and the Zn 
content after MPP treatment changes very little, 
without reaching a significant difference. It can be 
seen that the difference in the influence of SSP and 
MPP on the concentration of water-soluble Pb and 
Zn heavy metals in soil samples contaminated by 
dust in open-pit mines is caused by the difference in 
PR. First, SSP contains abundant Ca2+ ions, but MPP 
does not. The existence of Ca2+ ions may promote 
the P-Pb precipitation reaction in the dust-polluted 
soil of open pit coal mine. Secondly, SSP is an acid-
ic substance, while MPP is a neutral substance. Af-
ter adding it to the dust pollution of open cut coal 
mines, the soil pH value in the samples will vary, 
and the impact of recent soil activities will also be 
different. The correlation analysis between the im-
pact of dust pollution in open cut coal mines on the 
concentrations of water-soluble Pb, Zn, and Ca and 
the pH value of soil samples shows that the Zn con-
tent in the samples is negatively correlated with the 
soil pH value. This indicates that the activity of Zn 
in the dust polluted soil of open cut mines is rela-
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tively low. The content of Pb and Ca in soil samples 
contaminated by dust from open cut mines shows 
a significant negative correlation, indicating that Ca 
in polluted soil also plays an important promoting 
role in the chemical reaction process of P and Pb.

(3) Effect of different P treatments on the content 
of Pb and Zn in the soil polluted by opencast coal 
mine dust

The effects of the addition of different types and 
dosage levels of P-containing substances on the 
content of exchangeable Pb and Zn in soil contami-
nated by opencast coal mine dust are shown in Fig-
ures 4 and 5.

Figure 4. Effect of P on the content of exchangeable 
Pb in soil polluted by coal mine dust.

Figure 5. Effect of P on the content of exchangeable 
Zn in soil polluted by open cut coal mine dust.

This indicates that in soil samples contaminat-
ed by dust from open cut coal mines, the reduction 

effect of water-soluble P composite MPP on heavy 
metal Pb plants is significantly higher than that of 
water-soluble P composite SSP. This may be relat-
ed to the concentration level of water-soluble P 
substances containing P. The experimental results 
indicate that after MPP treatment, the Pb content 
of soil samples contaminated with heavy metals in 
dust sharply decreases with the increase of phos-
phorus levels, and the trend of change is significant. 
It can be divided into two regions: one region is a 
rapidly decreasing region, which is 0.6 < P < 1.8; 
The other area is a slightly decreasing area, that is, 
the P > 1.8. In this case, after the P level is increased, 
the content of exchangeable Pb heavy metals in the 
dust-polluted soil samples of open cut coal mines 
does not change significantly.

Through correlation analysis of Zn and Pb ex-
changeable heavy metal content in soil samples 
contaminated by dust from open cut mines, it was 
found that Pb is only negatively correlated with wa-
ter-soluble P and soil pH value in the soil. Howev-
er, the exchangeable heavy metal element Zn in the 
soil was negatively correlated with the soil pH value 
and water-soluble P. Previous studies have shown 
that the content of heavy metal elements Zn and Pb 
in soil contaminated by open cut coal mines dust is 
mainly affected by the water-soluble phosphorus 
content in the soil. In addition, MPP treatment is 
more beneficial for SSP to reduce the Pb content in 
the dust polluted soil of open cut mines, while the 
plant availability of Zn is influenced by phosphorus 
content and soil pH value.

3. Measures for control of dust pollution in open 
cut coal mines
3.1. Prevention and Control of Dust Pollution by En-
gineering Units

The engineering materials such as sand, cement, 
and crushed stones required for open cut coal 
mining projects should be stockpiled in designat-
ed places. Sealing facilities such as retaining walls 
and coverings should be installed around the area 
to prevent dust from spreading widely into the air. 
Fine, low density, small particulate materials that 
are prone to dust should be stored in a completely 
closed warehouse or container. In addition to the 
construction site set up soil or cement mixer con-
struction units, the machine must be equipped with 
dust at the entrance and exit dust-proof devices. 
When there is a grade-4 or above wind in a construc-
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tion city, it is necessary to prohibit the construction 
of all large open cut coal mines projects and the rel-
evant earthwork construction on the foundation, 
the transportation of construction garbage and the 
transportation of relevant dregs. The Construction 
waste generated in the construction of the open pit 
coal mine can be treated and transported by taking 
corresponding dust spraying and pressure meas-
ures. The excavation, support, and transportation 
time of the foundation soil during the construction 
process of open cut coal mines should also be strict-
ly controlled. When transporting vehicles to load 
and unload construction garbage, it is strictly pro-
hibited to throw construction garbage directly into 
the air and unload them randomly so as to eliminate 
the pollution caused by secondary fugitive dust.

3.2. Control of Dust Pollution in Open Cut Coal Mines
Based on the people’s enthusiasm for living en-

vironment and human health, the typical dust pol-
lution events in open cut coal mines are discussed 
openly and universally. Especially after large-scale 
open cut coal mine pollution incidents or medical 
and health incidents occur, reasonable public opin-
ion guidance can be used to raise public awareness 
of dust pollution in open cut coal mines. This can 
attract more attention, promote the formation of a 
sense of crisis among the public, and spontaneously 
supervise urban construction activities. In addition, 
the relevant streets, neighborhood committees can 
organize people-oriented supervision team, directly 
involved in the construction of open cut coal mines 
supervision. Relevant departments can set up air 
monitoring points in densely populated areas of ur-
ban construction projects. This method enables the 
supervision team and the public to clearly and in re-
al-time observe the concentration data of pollution 
dust generated during the construction process of 
open-pit coal mines. This intuitive data expression 
can make the public more aware of the serious-
ness of the dust pollution during the construction 
of opencast coal mines and can have direct contact 
with the activity of air concentration than the med-
ical health report and the numbers described by 
reporters and relevant experts in the public media. 
In addition, for some long-term environmental pro-
tection volunteer teams, it is necessary to change 
the mode of urban environmental protection activ-
ities. In addition to the environmental protection 
department’s own fixed environmental protection 

volunteers, the majority of the public are random, 
short-term one-time participation. This kind of par-
ticipation cannot meet the requirement of popular-
ization of dust pollution knowledge and continuous 
improvement of environmental protection.

3.3. Improving Government Governance Initiatives
Clarifying the overall positioning standards 

is the basis for taking measures to protect the at-
mospheric environment and control the dust pol-
lution of surface coal mines. Relevant environmen-
tal protection departments need to improve the 
positioning standards for dust pollution of surface 
coal mines. The relevant governance departments 
should take into account the protection of public 
health and the protection of the atmospheric envi-
ronment, and formulate and clarify standards for 
atmospheric dust pollution during the construction 
of open cut coal mines. In addition, government de-
partments need to rationally use economic means 
to change surface coal mine dust pollution control 
into government behavior. The concept of urbaniza-
tion has led to the continuous increase of new con-
struction projects in modern cities and serious dust 
in the open cut coal mine construction.

4. Conclusions and recommendations
Based on the above analysis and tests, the fol-

lowing conclusions have been drawn:
(1) Adding SSP to the soil samples polluted by 

coal mine dust in the open cut obviously reduced 
the pH of the soil; Adding MPP increased the pH of 
the soil, which was related to the acidity and alka-
linity of the soil added with substance containing P.

(2) With the addition of phosphorus containing 
substances, the water-soluble phosphorus content 
in the dust polluted soil of open cut coal mines sig-
nificantly increases, but the impact of different vari-
eties on their phosphorus content is different, with 
MPP>SSP.

(3) The decrease in Zn content in soil samples 
contaminated by dust from open-pit coal mines is 
similar to that of Pb, with MPP>SSP, but different 
from Pb.

(4) Both SSP and MPP can significantly reduce 
the heavy metal content of Pb and Zn in the soil pol-
luted by open coal mine dust, and the order of de-
creasing is MPP > SSP.

(5) The exchangeable heavy metal element Pb 
was only negatively correlated with water soluble 
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P in soil; While the exchangeable heavy metal ele-
ment Zn was negatively correlated with both soil 
pH and water soluble P, but was mainly controlled 
by soil pH.

Although this study can effectively analyze 
the dust pollution characteristics of open cut coal 
mines, only the LSD method and Duncan method 
were used to test the significance of the data dur-
ing the experimental process. To ensure the effec-
tiveness of the dust pollution control methods pro-
posed in the study, more methods need to be used 
to validate them, including practical applications, in 
order to improve the effectiveness of testing.

From the point of view of monitoring, evalua-
tion and control, there are a lot of research work to 
be done in depth, such as: Improving the real-time 
monitoring system and early warning system for 
open cut dust; Studying the calculation model of 

dust concentration in open cut mines; Studying the 
influence of dust on the production cost of mines, 
revealing the harm of dust pollution, and improv-
ing the subjective initiative of mine enterprises in 
controlling dust; Studying the measures for reduc-
ing, suppressing and removing dust in open cut 
mines, etc. The further in-depth research will help 
promote the development of green mining technol-
ogy, reduce the impact of coal mining on the envi-
ronment, improve the society’s awareness of coal 
damage to the environment, and contribute to the 
healthy development of the coal industry.
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A B S T R A C T

Roadheaders are extensively utilized for tunnel heading rock engineering applications all over the world. To create a work plan and 
calculate costs, it is critical to forecast roadheader performance as precisely as possible. Machine utilization time (MUT) is required for 
the calculation of daily advance rate of roadheaders. This paper investigates the values of MUT for roadheaders used in underground 
coal mines. The performance measurements were conducted on fifty different locations for axial machines and thirty-nine different 
locations for transverse machines. MUT values vary from 15 % to 37.5 % with an average of 26.3 % for axial roadheaders, and vary 
from 6.9 % to 37.9 % with an average of 18.4 % for transvers roadheaders. The average MUT is 25.4% for all measurements. The per-
centage of average support time approximately equals to the average MUT. Multiple regression and artificial neural network models 
were also developed for estimating MUT. Concluding remark is that the determined MUT values and the derived estimation models for 
roadheaders will be very useful for coal miners. 
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Introduction
In rock engineering projects, rocks are excava-

ted by drilling and blasting method or by mecha-
nized excavation method. Mechanical cutting of 
rocks and coals has been increasing day by day in 
developed and developing countries. Roadheaders 
are commonly used in mining for gallery drivages 
and in civil engineering for tunnel excavations. It 
is essential to predict roadheader performance as 
accurately as possible for making a work schedule 
and estimating costs.

Different investigators have proposed several 
performance prediction equations for roadhea-
ders (Gehring, 1989; Bilgin et al., 1990; Rostami 
et al., 1994; Copur et al., 1998; Thuro and Plinnin-

ger, 1999; Göktan and Güneş, 2005; Tumac et al., 
2007; Ocak and Bilgin, 2010; Ebrahimabadi et al., 
2011; Abdolreza and Yakhchali, 2013; Kahraman 
and Kahraman, 2016; Kahraman et al., 2019). Using 
these models, net cutting rate (NCR) is calculated. 
However, machine utilization time (MUT) is requi-
red for the calculation of daily advance rate (ARd) of 
roadheaders as shown in the following equations:

ARd = V/A                                                  (1)
V = NCR.MUT.WTd                                  (2)
where, ARd, is daily advance rate (m/day), V 

is daily excavated volume (m3/day), A is cross-se-
ction area of tunnel (m2), NCR, net cutting rate 
(m3/h), MUT is machine utilization time (%), and 
WTd is daily working time (h/day).

http://
https://orcid.org/0000-0001-7903-143X
https://orcid.org/0000-0001-5411-6939
https://orcid.org/0000-0002-2680-4192
https://doi.org/10.30797/madencilik.1356042
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Table 1. The parameters affecting MUT for axial roadheaders.  

Statistical
parameter

Excavation time 
(MUT) (%)

Operator 
experience 

(years)

Machine 
age (ye-

ars)

Company 
experience 

(years)

Roadway 
inclination 

(o)

Roadway 
cross- sectio-
nal area (m2)

Number of 
observ. 50 50 50 50 50 50

Minimum 15.0 0.5 1.0 2.0 - 18.0 12.0
Maximum 37.5 23.0 32.0 20.0 + 4.0 23.5
Average 26.3 8.3 18.0 13.4 -3.70 20.6

Standard 
deviation ± 6.2 ± 8.1 ± 13.8 ± 8.0 ± 7.9 ± 3.9

MUT is the percentage of time used only for excava-
tion during the entire shift or day. Several operational 
and organizational variables affect MUT. The remaining 
time from MUT consists of pauses such as support ins-
tallation, muck haulage, breakdown, and maintenance. 
The correct selection of MUT is at least as important as 
the NCR estimation. Even if NCR is estimated correctly, 
if the MUT is selected incorrectly, the average advance 
rate and project duration will be incorrectly estimated. 
Therefore, often unrecoverable problems and large fi-
nancial losses occur.

There is no detailed study in the literature on the 
MUT values of roadheaders. McFeat-Smith and Fowell 
(1979) evaluated roadheader performances in sands-
tone, mudstone and siltstone formations and observed 
that the MUT values ranged between 40 % and 60 %. 
Copur et al. (2001) stated that MUT ranged between 25 
% and 50 %. MUT was measured as 47 % for the Kü-
çüksu sewage tunnel (Bilgin et al., 2005) and as 28.2 % 
for the Kadıköy-Kartal metro tunnel (Ocak, 2008). It is 
quite remarkable that the MUT in Hereke tunnel, which 
is 38 % in straight excavations, decreases to 8 % in up-
hill excavations (Bilgin et al., 2004). Bilgin et al. (2014) 
explain that MUT varies from 20 % and 35 % for the 
tunnel excavation requiring steel supports, and varies 
from 30 % and 50 % for the tunnel excavation requiring 
rock bolts, shotcrete, and wire mesh. 

According to literature data, MUT can vary in a wide 
range, from 8 % to 60 %. It is quite difficult to decide 
which value should be used in coal mining. This study 
investigates the range of MUT values for roadheaders 
used in coal mines. For this purpose, the performance 
measurements of roadheaders were conducted in seven 
different underground coal mines in Türkiye and the re-
sults were evaluated to determine the MUT values.

1. Materials and methods
Underground coal mines located in different areas 

of Türkiye were visited for the field studies. Axial and 
transvers type roadheaders were observed during the 
excavation of roadways and comprehensive perfor-

mance data for were collected for the analyses.
The overall performances of roadheaders for each 

coal mine was first evaluated using pie charts and 
MUT values were calculated for each case. Then, the 
data was evaluated using multiple regression and ar-
tificial neural network analyses. Multiple regression 
and artificial neural network models were also deri-
ved for the estimation of MUT values.

2. Performance measurements  
Axial and transvers type roadheaders’ performan-

ces were measured in seven different lignite collie-
ries in Türkiye. The study covers one enterprise from 
Amasra and Dodurga region, two enterprises from 
Çayırhan region and three enterprises from the Soma 
region.

During the performance measurements, excavation 
time, support time, mucking time, maintenance time, 
machine breakdown time, electric break-down time, 
shift change time, other waiting time were recorded. 
The experience of operators, the age of machines, the 
experience of companies, the inclination of roadways, 
the cross-sectional areas of roadways were also noted.

Performance measurements were made in as 
many different conditions as possible. The measure-
ments were carried out in fifty different locations for 
axial machines and thirty-nine different locations for 
tranverse machines.

3. Results and discussions    
The summaries of the MUT values and the para-

meters affecting MUT are given in Table 1 and 2 for 
axial and transvers roadheaders, respectively. MUT 
values range from 15 % to 37.5 % with an average 
of 26.3% for axial roadheaders. For transvers road-
headers, MUT values vary from 6.9 % to 37.9 % with 
an average of 18.4 %. The values have wide ranges 
for the experience of operators, the age of machi-
nes, the experience of companies, the inclination of 
roadways, the cross-sectional area of roadways. 
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The summaries of the MUT values, the percentages 
of stoppages, and other job times are given in Table 3-9 
for each company, respectively. The overall performan-
ces of roadheaders for each coal mine were plotted as 
shown in Fig. 1.

The MUT values vary from 17.7% to 56.2% with an 
average of 31.8% for coal mine A. Support work takes 
the most time (27.1%) after the MUT value. Since there 
is no electric break down during the performance mea-
surements, the time for electric break down is zero.

For coal mine B, the average MUT value is 23.5%, 
with values ranging from 9.8% to 31.9%. Other waiting 
time is very high (35.8%) due to the breakdown of the 
main belt conveyor of the mine. Machine break downti-
me has the lowest value with 1.2%.

With an average of 26.0% for coal mine C, the MUT 
values range from 20.3% to 32.5%. The percentage of 
support time (29%) is higher than that of the MUT va-
lue. The mucking time is also relatively high (%17). The 
lowest waiting percentage is 2.9% for electric break 
downtime.

The average MUT value for coal mine D is 17.2%, 
with values ranging from 6.9% to 33.3%. Support time 
is too high (42.9%) due to the fact that mine operates 
in harsh conditions such as high depth, excessive water 
flow, and highly fractured formations. Electric break-

down time has the lowest percentage, 2.0%.
The MUT values vary from 2.3.7% to 37.9% with 

an average of 22.6% for coal mine E. The percentage 
of support time (22.8%) is the same as the MUT value. 
Electric breakdown time is also high (%15.1). Machine 
break downtime has the lowest value with 4.6%.

For coal mine F, the average MUT value is 31.2%, 
with values ranging from 15.6% to 41.6%. The per-
centage of support time (32.0%) is approximately the 
same as the MUT value.

The percentages of waiting times are zero for mu-
cking time, maintenance time, machine break-down 
time, electric break-down time. However, this perfor-
mance data only belongs to three measurements. 

The average MUT value for coal mine G is 24.6%, 
with values ranging from 9.3% to 35.4%.  Other waiting 
time is relatively high (21.2%) due to the breakdown of 
the main shaft haulage system of the mine. Maintenan-
ce time has the lowest value with 4.1%. However, this 
performance data consists of only three measurements.

The overall performances of roadheaders for all coal 
mines are listed in Table 10 and is plotted in Fig. 1h. The 
average MUT is 25.4%. The percentage of average sup-
port time (23.5%) is roughly equal to the average MUT. 
The percentage times of ucking, shift change, and other 
stoppages significantly affect the MUT value.

Table 2. The parameters affecting MUT for transvers roadheaders.   

Statistical
parameter

Excavation 
time (MUT) 

(%)

Operator 
experience 

(years)

Machine 
age (years)

Company 
experience 

(years)

Roadway 
inclination 

(o)

Roadway cross- 
sectional area 

(m2)
Number of 

observ.
39 39 39 39 39 39

Minimum 6.9 2.0 5.0 1.0 - 12.0 14.0
Maximum 37.9 15.0 39.0 15.0 + 15.0 28.0
Average 18.4 5.6 23.2 9.0 1.6 20.0

Standard  
deviation

± 8.3 ± 3.9 ± 16.5 ± 6.3 ± 7.8 ± 4.5

Table 3. The summarized data for the MUT of roadheaders used in coal mine A.

Statistical
parameter

Excava-
tion time 

(MUT) (%)

Support
time (%)

Mucking 
time (%)

Mainte-
nance 

time (%)

Machine 
bre-

ak-down 
time (%)

Electric bre-
ak-down time 

(%)

Shift 
change 

time (%)

Other 
waiting 

time (%)

Number of 
observ.

12 12 12 12 12 12 12 12

Minimum 17.7 12.5 0.0 6.2 0.0 0.0 12.5 0.0
Maximum 56.2 39.6 29.2 13.6 10.4 0.0 16.7 43.8
Average 31.8 27.1 11.9 8.4 1.0 0.0 12.8 6.9

Standard 
deviation

± 11.7 ± 8.4 ± 11.7 ± 3.3 ± 6.3 ± 0.0 ± 1.2 ± 12.8
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Table 4. The summarized data for the MUT of roadheaders used in coal mine B.

Statistical
parameter

Excavation 
time (MUT) 

(%)

Support
time 
(%)

Mucking 
time 
(%)

Mainte-
nance 

time (%)

Machine 
break-down 

time (%)

Electric 
break-down 

time (%)

Shift 
change 

time (%)

Other 
waiting 

time 
(%)

Number of 
observ.

7 7 7 7 7 7 7 7

Minimum 9.8 3.1 0.0 0.0 0.0 0.0 6.3 0.0
Maximum 31.9 37.5 25.0 9.4 8.1 12.5 12.5 77.7
Average 23.5 17.5 7.8 4.0 1.2 3.0 7.2 35.8

Standard 
deviation

± 7.4 ± 14.0 ± 8.7 ± 3.9 ± 3.1 ± 4.8 ± 2.4 ± 23.5

Table 5. The summarized data for the MUT of roadheaders used in coal mine C.

Statistical
parameter

Excavation 
time (MUT) 

(%)

Support
time 
(%)

Mucking 
time (%)

Mainte-
nance 

time (%)

Machi-
ne bre-

ak-down 
time (%)

Electric 
break-down 

time (%)

Shift 
change 

time (%)

Other 
waiting 

time 
(%)

Number of 
observ.

17 17 17 17 17 17 17 17

Minimum 20.3 20.8 11.3 6.3 0.0 0.0 12.5 0.0
Maximum 32.5 38.2 24.0 6.5 8.3 6.3 12.5 9.3
Average 26.0 29.0 17.0 6.3 3.7 2.9 12.5 2.7

Standard 
deviation

± 3.4 ± 6.8 ± 4.6 ± 0.1 ± 2.9 ± 3.2 ± 0.0 ± 3.4

Table 6. The summarized data for the MUT of roadheaders used in coal mine D.

Statistical
parameter

Excavation 
time (MUT) 

(%)

Support
time 
(%)

Mucking 
time (%)

Mainte-
nance 

time (%)

Machine 
break-down 

time (%)

Electric 
break-down 

time (%)

Shift 
change 

time (%)

Other 
waiting 

time (%)
Number of 

observ.
25 25 25 25 25 25 25 25

Minimum 6.9 8.5 0.0 0.0 0.0 0.0 6.3 0.0
Maximum 33.3 76.3 53.8 15.6 31.3 14.6 12.5 27.5
Average 17.2 42.9 12.7 4.6 4.1 2.0 6.8 9.8

Standard 
deviation

± 7.0 ± 20.9 ± 11.9 ± 5.3 ± 9.1 ± 4.1 ± 1.7 ± 9.0

Table 7. The summarized data for the MUT of roadheaders used in coal mine E.

Statistical
parameter

Excavation 
time (MUT) 

(%)

Support
time 
(%)

Mucking 
time (%)

Mainte-
nance 

time (%)

Machine 
break-down 

time (%)

Electric 
break-down 

time (%)

Shift 
change 

time (%)

Other 
waiting 

time (%)
Number of 

observ.
31 31 31 31 31 31 31 31

Minimum 2.3 0.0 0.0 0.0 0.0 0.0 2.1 0.0
Maximum 37.9 59.4 81.0 39.6 18.8 73.8 9.4 75.0
Average 22.6 22.8 14.0 4.8 4.6 15.1 5.8 10.3

Standard 
deviation

± 10.9 ± 13.4 ± 17.0 ± 7.2 ± 6.8 ± 17.0 ± 1.5 ± 14.7
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Table 8. The summarized data for the MUT of roadheaders used in coal mine F.

Statistical
parameter

Excavation 
time (MUT) 

(%)

Support
time 
(%)

Mucking 
time 
(%)

Mainte-
nance 

time (%)

Machine 
break-down 

time (%)

Electric 
break-down 

time (%)

Shift 
change 

time (%)

Other 
waiting 

time (%)
Number of 

observ.
3 3 3 3 3 3 3 3

Minimum 15.6 9.4 0.0 0.0 0.0 0.0 17.7 0.0
Maximum 41.6 45.8 0.0 0.0 0.0 0.0 17.7 57.3
Average 31.2 32.0 0.0 0.0 0.0 0.0 17.7 19.1

Standard 
deviation

± 13.8 ± 19.7 ± 0.0 ± 0.0 ± 0.0 ± 0.0 ± 0.0 ± 33.1

Table 9. The summarized data for the MUT of roadheaders used in coal mine G.

Statistical
parameter

Excavation 
time (MUT) 

(%)

Support
time 
(%)

Mucking 
time 
(%)

Mainte-
nance 

time (%)

Machine 
break-down 

time (%)

Electric 
break-down 

time (%)

Shift 
change 

time (%)

Other 
waiting 

time (%)
Number of 

observ.
3 3 3 3 3 3 3 3

Minimum 9.3 24.0 12.5 0.0 0.0 0.0 12.5 13.6
Maximum 35.4 26.0 12.5 6.2 0.0 0.0 12.5 35.5
Average 24.6 25.0 12.5 4.1 0.0 0.0 12.5 21.2

Standard 
deviation

± 13.6 ± 1.0 ± 0.0 ± 3.6 ± 0.0 ± 0.0 ± 0.0 12.4

Table 10. The summarized data for the MUT of roadheaders used in all coal mines.

Coal 
mine

Average 
excavation 

time (MUT) 
(%)

Support
time (%)

Mucking 
time 
(%)

Mainte-
nance 

time (%)

Machine 
break-down 

time (%)

Electric 
break-down 

time (%)

Shift 
change 

time 
(%)

Other waiting 
time (%)

A 31.8 27.1 11.9 8.4 1.0 0.0 12.8 6.9
B 23.5 17.5 7.8 4.0 1.2 3.0 7.2 35.8
C 26.0 29.0 17.0 6.3 3.7 2.9 12.5 2.7
D 17.2 42.9 12.7 4.6 4.1 2.0 6.8 9.8
E 22.6 22.8 14.0 4.8 4.6 15.1 5.8 10.3
F 31.2 32.0 0.0 0.0 0.0 0.0 17.7 19.1
G 24.6 25.0 12.5 4.1 0.0 0.0 12.5 21.2

Average 25.3 23.5 10.8 4.6 2.1 5.8 10.9 12.4
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Figure 1. The overall performances of roadheaders for coal mine A (a), coal mine B (b), coal mine C (c), coal 
mine D (d), coal mine E (e), coal mine F (f), coal mine G (g), and all coal mines (h).
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3.1. Multiple regression analysis 
The results were also evaluated for the deve-

lopment of the estimation models for MUT. MUT 
is influenced by a variety of factors; hence it can-
not be studied using simple regression models. 
The analysis must therefore be performed using 
multiple regression techniques. The experience 
of operators, the age of machines, the experien-
ce of companies, the inclination of roadways, and 
the cross-sectional area of roadways were all ad-
ded to the multiple regression analysis as inde-
pendent variables. The derived equations and the 
correlation coefficients (r) are as follows:

MUTa=-0.21Eo-0.31Am+0.80Ec+0.40α-0.85A+41.92	
r = 0.78		  (3)

MUTt=0.26Eo-0.12Am+1.95Ec-0.43α+2.38A-44.61	
r = 0.76		  (4)

where MUTa is the machine utilization of axi-
al roadheaders (%), MUTa is the machine utili-
zation of transvers roadheaders (%), Eo is the 
experience of operator (years), Am is the age of 
machine (years), Ec is the experience of company 
(years), α is the inclination of roadway (o), A is the 
cross-sectional area of roadway (m2). 

It can be said that the correlation coefficients 
of Eqs. (3 and 4) is strong. The scatter graphs of 
measured and predicted MUT values were also 
plotted for checking the prediction capability of 
the derived equations. The data points should 
ideally be scattered around 1:1 diagonal straight 
line on the plot of measured versus predicted 
value. A systematic deviation from this line may 
show that larger errors tend to accompany larger 
predictions, suggesting non-linearity in one or 
more variables. As illustrated in Figs. 2 and 3, the 
data points are scattered almost evenly around 
the 1:1 line. Therefore, it can be said that the mo-
dels are valid. It can be said that the equations 
can be used reliably for the estimation of MUT 
values of roadheaders.

Figure 2. Predicted versus measured MUT for Eq. (3).

Figure 3. Predicted versus measured MUT for Eq. (4).

3.2. Artificial neural network analysis
Artificial neural network (ANN) analyses were 

also performed in MATLAB environment for the 
expectation of more reliable models than the 
multiple regression models. ANNs are incredib-
ly simplified representations of the neural sys-
tems seen in the human brain. These models are 
made up of a networked assemblage of neurons, 
which are basic processing units, arranged in la-
yers. Every neuron in one layer is linked to the 
neurons in the next layer, and so on. In this rese-
arch, a Multi Layered Perception neural network 
was utilized (MLP). 
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For axial type roadheaders, a total of 50 data 
were used. The first data set, which had 34 data, 
was utilized to train the network for Model I. For 
the validation and testing of Model I, 8 data sets 
were utilized, respectively.  For transverse type 
roadheaders, a total of 39 data were used. The 
network was trained using the first data set, whi-

ch had 25 data. Model II was validated and tested 
using 7 data sets, respectively. While constructing 
the models, trial-and-error procedure was used 
to find good models. Table 11 displays the struc-
tures and algorithm used throughout the training 
phase. The training progresses were also given in 
Table 12 and 13.

Table. 12. The training progress for Model I.

Unit Initial 
Value

Stopped 
value

Target 
Value

Epoch 0 11 1000
Elapsed Time - 00:00:00 -
Performance 169 9.99 0

Gradient 269 7.03e-08 1e-07
Mu 0.001 1e-05 1e+10

Validation Checks 0 6 6

Table. 13. The training progress for Model II.

Unit Initial 
Value

Stopped 
value

Target 
Value

Epoch 0 32 1000
Elapsed Time - 00:00:00 -
Performance 224 20.9 0

Gradient 649 20.4 1e-07
Mu 0.001 0.1 1e+10

Validation Checks 0 6 6

The scatter diagrams of observed and estimated 
values can be presented in order to examine the 
estimating capabilities of the developed models. 
On a plot of estimated vs observed data, the points 

should ideally be dispersed over the 1:1 diagonal 
straight line. A point that lies on the line denotes a 
precise estimate. A systematic deviation from this 
line may reveal, for instance, that higher errors go 
along with larger estimations, which suggests that 
one or more variables are not linear. The plots for 
predicted vs. measured MUT are indicated in Figs. 
4 and 5, respectively for the Model I, and II. The fact 
that the points are distributed consistently around 
the diagonal line in the graphs suggests that the 
models are valid.

The values of mean square error (MSE) and cor-
relation coefficient (r) are listed in Table 14 for the 
ANN models. MSE values are low and r values are 
generally too high. Therefore, it can be said that 
ANN models are reasonable. In comparison to mul-
tiple regression models, ANN models’ r values are 
noticeably greater.

Table. 14. MSE and r values for the developed ANN 
models.

Model I Model II
MSE r MSE r

Training 10.83 0.83 23.72 0.81
Validation 6.01 0.97 13.26 0.93

Test 8.99 0.93 16.06 0.90

Table 11. The structures of the ANN models for the prediction of differential stress.

Model 
no

Number 
of input 
neurons

Number 
of hidden 
neurons

Number 
of output 
neurons

Network
type

Transfer 
function

Training
algorithm

I 5 6 1 Feed-forward 
back propagation

Tanjant 
sigmoid

Levenberg-Marquardt 
backpropagation algo-

rithm (trainlm)
II 5 5 1 Feed-forward 

back propagation
Tanjant 
sigmoid

Levenberg-Marquardt 
backpropagation algo-

rithm (trainlm)
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Figure 4. Predicted vs. measured MUT values for ANN Model I.

Figure 5. Predicted vs. measured MUT values for ANN Model II.
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4.Conclusions  
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The derived multiple regression equations can 
be used for estimating MUT values 

Since the correlation coefficients of the ANN mo-
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ression models, these models can be preferred for 
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It can be concluded that the determined MUT va-
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