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1 Introduction

Abstract: The conventional blasting rock excavation
method is the main means of rock breakage because of
its high productivity, and it is relatively inexpensive compared to other methods. However, it raises safety concerns
and can negatively impact the environment. The major
disturbances that may be induced by this method include
ﬂyrock, gas emissions, and vibrations. This review discusses some nonexplosive rock breakage methods, particularly the hydraulic splitter and expansive chemical
agents, that can be employed instead of the conventional
blasting method and analyzes their potential eﬀectiveness
in rock breakage. Hydraulic splitting machines and expansive chemical agents were studied in the context of the
literature. This review showed that hard rock breaking
can be executed eﬀectively and safely using alternative
methods, which have a wide range of advantages, including safe operation, ease of use, and environmental friendliness, over conventional explosive methods. Moreover, as
modern nonexplosive methods, hydraulic splitting machines
and expansive chemical agents can generate pressure of
up to 43 and 30–44 MPa to induce stresses in rocks,
respectively. Owing to safety and environmental restrictions on conventional blasting, the application scope of
the modern methods can be increased in the future.

Rock excavation is an essential phase in mining and civil
engineering projects; it can be deﬁned as the process of
removing hard, compacted, or cemented material by
using conventional or alternative blasting methods. Many
methods have been used since the ancient times to break
rocks for their use in subsequent processes. In the seventeenth century, black powder was used as a means of
breaking rocks in mining and construction projects, while
mechanical methods began to be employed in this ﬁeld
approximately 120 years ago [1]. Despite the accelerating
progress in the mining industry as well as other related
industries, conventional drilling and blasting remain the
preferred options for rock breakage. Compared to other
methods, conventional drilling and blasting provide more
realistic solutions to the two most important mining issues,
i.e., mining cost and production eﬃciency [2,3]. However,
there are certain direct negative impacts that can arise
when using these conventional methods for rock breakage.
These impacts include ﬂyrock, ground vibrations, air overpressure, back-break, and gas emissions [4–6]. Moreover,
blasting can inﬂuence the stability and safety of the
remaining rock mass and the surrounding structures in
underground stopes, such as barrier pillars, backﬁlls, and
vertical sidewalls [7–9]. To minimize the aforementioned
negative impacts, artiﬁcial neural network (ANN) and
another artiﬁcial intelligence techniques have been applied
recently for predicting the undesirable eﬀects induced by
blasting (Table 1) [10–14].
Against this background, this review investigates
both conventional and unconventional rock breakage
methods to highlight the potential negative eﬀects of
the conventional methods. In addition, we discuss the
advantages of modern alternative rock breakage methods,
including environmental protection and enhanced safety
during the rock breakage process. The methods used in
rock breakage date back to the beginnings of human civilization. Over time, many developments have been made.
This chronology will be traced brieﬂy as an introduction to
this review article to understand the evolution of these
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Table 1: Artiﬁcial intelligence techniques and their model reliability in predicting blasting-induced impacts
Reference

Year

Data set

Technique

Environmental issue

Model reliability

Mohamed [10]

2011

162

Ground and air vibrations

Ghasemi et al. [11]
Nikafshan Rad
et al. [12]
Monjezi et al. [13]
Murlidhar et al. [14]

2014
2020

385
70

2014
2018

–
111

Fuzzy logic and artiﬁcial neural
network (ANN)
ANN
Recurrent fuzzy neural network (RFNN) and
genetic algorithm (GA)
ANN
Hybrid imperialism competitive algorithm
(ICA)–ANN

Accurate
prediction
Eﬃcient prediction
Superior
prediction
Well prediction
Good prediction

1.1 Evolution of rock breaking methods
Mining development dates back to the Stone Age, where
stone tools were used [15]. Gradually, these primitive
tools developed with the discovery of iron, copper, and
bronze. Hammers and pickaxes became the main tools
in mining production and directly contributed to the
increased productivity. The invention of explosive black
powder (also known as gunpowder) brought about a
revolution in mining engineering and with it emerged a
new period in mining engineering. The black powder
used was a mixture of sulfur, charcoal, and potassium
nitrate in various proportions [16,17]. Dynamite, patented
by Alfred Nobel in 1867, marked a pivotal point in the
development of mining engineering, and for 70 years, it
remained known as the workhorse explosive of the world.
Ammonium nitrate begun to be gradually used in the
mid-twentieth century (Table 2 and Figure 1) [18]. Since
then, this explosive material has played a signiﬁcant role

Table 2: Consumption of explosives (kilotons) by the United
States [18]
Year

1800
1850
1900
1925
1950
1975
1985

Black powder

0.2
9.1
100
115
10
0.1
0.1

Nitroglycerin
dynamites

100
200
310
120
80

Ammonium
nitrate

Backbreak
Rock fragmentation

in mining engineering, especially for hard rock that
requires considerable blast energy for excavation. The
consumed explosives by the United States have been
increased to 3,590.9 kilotons in 2015 [19].
Owing to the dynamic increase in the world’s production of mineral resources (Figure 2), 18,188.7 kilotons of
explosives have been consumed in 2015 [19]. This value is
expected to reach 22,400 kilotons in 2020 and 29,100
kilotons by 2027 [20]. Currently, mining projects are
being carried out in 168 countries worldwide [15]. From
underground mining only, the expected daily metal production in 2020 was estimated to be 480,000 tons per day
[21]. According to economists’ reports, this expansion of
mining operations will have a direct impact on the size of
the explosive materials market (Figure 3) [22].

2 Negative impact of blasting
Conventional blasting in open-pit mining and civil engineering projects has negative impacts on safety and the
environment [23]. The accelerated exploitation of mineral
resources and materials in recent years has led to an

Explosive consumpon (kilotons)

methods and their positive contributions to the mining
and construction projects.

Flyrock
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Figure 1: Trend of explosive consumption in the United States [18].
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Figure 2: Mineral resource and material production 1984–2013 [16].

increase in the demand for explosive materials, and consequently, safety concerns and environmental accidents
have increased. In the United States alone, 107 blastingrelated injuries were reported from 1994 to 2004 [24].

2.1 Flyrock
Flyrock, which can be deﬁned as fragmented rocks that
are unexpectedly pushed out of the blasting area or
moved by the force of the explosion, is considered the
biggest concern during blasting (Figure 4) [25,26]. Propelled ﬂyrock can travel a distance greater than 600 m

Figure 3: World industrial explosive market (USD million) [22].

Figure 4: Flyrock poses a potential hazard [29].

at a speed that can reach 650 km/h [14]. According to
several studies conducted in this ﬁeld, ﬂyrock caused
27% of explosive-related accidents in China [23], while
it accounted for 20% of blasting accidents in India [27].
The main factors that can cause the generation of ﬂyrock
include geological structure discontinuity, poor layout
and loading of the blast hole, insuﬃcient burden, and
inappropriate stemming and delay time [28].

2.2 Vibration
Environmental problems related to the blasting process
can aﬀect both businesses and residents [30]. Vibration
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particle velocity can be classiﬁed into four categories,
which range from no damage to major damage (Table 3)
[32].
Owing to the hazards associated with vibration, many
countries have limited the permissible values of vibrations
resulting from the blasting process. Determining these
values is very signiﬁcant and is subject to very strict
standards. However, these values are aﬀected by the
reliability of the instrumentation and the analysis methods
used [35].
Figure 5: Types of blasting waves [31].

2.3 Air overpressure
induced by blasting in mining and construction projects
is a major environmental concern; it can cause damage to
the neighboring structures and buildings. For example,
ground vibrations aﬀect the surrounding houses through
basements and foundations, while airwaves enter buildings over walls and roofs (Figure 5) [31]. Humans feel and
react to vibrations whose intensities are lower than that
considered as the threshold for structural damage [32–34].
Vibration-induced damage is evaluated based on the frequency, magnitude, and duration of the vibration as well as
the exposed building type. Damage based on the peak

In the open-pit mine, air overpressure (air blast) induced
by blasting operations is a major concern. It poses a risk to
the surrounding buildings and structures. Air overpressure
is creating due to the released energy from explosion. The
study conducted in this ﬁeld showed that 80–85% of explosive energy is wasted and generated a negative impact on
the environment [6]. Air overpressure can be aﬀected by
spacing, burden, hole depth, hole diameter, speciﬁc charge,
stemming, delay times, geological conditions, and rock
mass characteristics (Figure 6) [36,37].

Table 3: Classiﬁcation of vibration-induced damage [32]
Classiﬁcation

Damage description

Threshold limit
Cosmetic damage

No visually evident cracks or deformation in the wall of the structure due to blasting
Loosening of paint; small plaster cracks at joints between construction elements; initiation of hair line cracks;
lengthening of old cracks
Loosening and falling of plaster; cracks in the masonry around openings near partitions; hair line to 3 mm cracks;
falling of loose mortar/plaster
Cracks of several millimeters in walls; rupture of opening vaults; structural weakening; fall of masonry;
detachment of bricks from walls, etc.

Minor damage
Major damage

Figure 6: Parameters aﬀecting air overpressure [37].
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2.4 Air dust
A lot of dust is generated from open-pit mines processes,
starting from mine development until operation. This dust
can be a source of signiﬁcant damage to the surrounding
atmosphere and create an unsafe condition for work [38].
Investigated studies showed that drilling and blasting are
most harmful due to the total amount of emitted dust
while conducting these operations. Around 90% of the
dust in the atmosphere is generated from drilling and
blasting, while 10% from other mining operations [39].

2.5 Gas emissions
The regulations governing the mining industry are becoming stricter owing to the environmental impact of mining,
particularly the impact of gases such as nitrogen oxides
(NOx) emitted during blasting operations to the atmosphere [40]. Based on the available literature, the middle
range of annual NOx emissions from mining blasting is
195.1 t. Blasting is the second-largest source of gas emissions after haul trucks (Figure 7) [40]. Studies conducted
to analyze NOx emissions have showed that the detonation
reaction and blasting performance inﬂuence the quantity
and attributes of the emitted gas [32]. For example, ﬁner
ammonium nitrate/fuel oil (ANFO) produces more NOx
fumes than coarser-grained fuel oil. This is because ﬁnegrained ANFO reacts faster than coarser-grained fuel oil,
and more oxygen is available to drive more NOx formation [41].

Figure 8: Levels of NOx fumes [42].

To monitor the blasting process and control NOx
emissions, a blasting register must be provided and ﬁlled
by the site superintendent. The blasting register includes
detailed fume information for every ﬁred shot. The registered fume information can be used to determine the
fume rating, which is scaled based on the color and intensity of the fume cloud (Figure 8) [42].

3 Nonexplosive rock breaking
methods

Figure 7: NOx emissions from mining [40].

Conventional explosive blasting has several drawbacks.
The drilling, blasting, and scaling processes are complex;
people and equipment need to be evacuated before blasting; safety is compromised; and the environment is negatively impacted [43]. Furthermore, the use of explosive
blasting methods close to residential and populated areas
requires strict procedures and precautions, which mainly
aﬀect the continuity of the rock excavation process. To
overcome the drawbacks of conventional blasting and
ensure the continuity of the rock excavation process,
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several modern approaches have been developed as practical solutions for rock breaking under safe and environment-friendly operating standards [44,45].
The modern techniques developed have been introduced as unconventional methods for hard rock and
concrete excavation and alternatives to the explosive blasting method. The application of these modern methods in
the ﬁeld of mining also contributes to continuity in the
excavation process, reduces ore dilution and mineral
losses, decreases the number of laborers required, and
ensures safe conditions for mining operations [46]. Some
modern methods such as water jet and high-pressure
gas systems have been reviewed and compared [47].
Hydraulic ﬂuid was patented to be used for hard rock
breakage, and its eﬀectiveness has been proven [48]. In
addition, expansive chemical agents have been identiﬁed
for the same purposes [49]. Herein, the hydraulic splitting method and expansive chemical agents are reviewed,
highlighting their work process, applications, and potential eﬀectiveness.

3.1 Hydraulic splitting method
Hydraulic splitting is a widely used method that has
many advantages, such as ease of work, safe operation,
and environmental protection [50]. This technique was
designed and introduced based on the tensile strength
concept, which can be explained by the fact that the
compressive strength in rocks is much greater than the
tensile strength [51–53]. Tensile strength is the stress at
which a rock specimen fails under uniaxial tension [54].
The stress required to break a rock in tension is only
6–15% of the stress required to break the same rock in
compression [50,55]. The ratio between the tensile and
compressive splitting strengths of concrete has been studied, and the results have revealed that the ratio ranges
from 5 to 10% [56].
According to the principle of the work, orientation,
and type of the generated force, several hydraulic splitters have been manufactured [45]. Generally, a hydraulic
splitting machine comprises two parts: a splitter and a
power station (Figure 9). The splitter consists of a power
cylinder with multiple pistons or wedges (based on a
machine model) that apply pressure into a drilled hole,
pushing the rock toward the free face. The power station
consists of a hydraulic pump, hydraulic pipe, and control
panel.
As for the work process, a hole with a rather large
diameter is ﬁrst drilled, for example, a 80 mm hole can be

Figure 9: Hydraulic splitting (the Powerking model).

drilled to a depth of 1–3 m; then, the power cylinder or
wedge is inserted into the drilled hole. A pressure up to
43 MPa can be generated through pistons or feathers to
induce a stress that pushes the rock toward the free-face
side (Figures 10 and 11) [50,57,58].
The average tensile strength for hard rock, i.e.,
Laurentian granite, calculated by a dynamic Brazilian
disc method is approximately 35 MPa [59]. The splitting
process takes place within a few minutes. Many numerical
and experimental investigations have been conducted to
study the factors inﬂuencing rock breakage. From the
highest to the lowest impact, these factors include the
margin of the borehole, conﬁning pressure, depth, and
diameter of the hole [58]. In addition, factors aﬀecting
hydraulic splitting productivity include the hardness of
the rock, the free face, and the direction of rock breakage.
In the past, rock fragmentation by the splitting method
was considered a secondary process. However, in recent
years, researchers have considered splitting as the primary rock breakage method [60]. The hydraulic splitting
method was successfully tested on limestone and granodiorite [61]. In addition, it is common and widely used
in quarries in the United States, where eﬀective related
techniques have been developed based on this method.
Furthermore, it is used in the mining of precious stones
as well as rare mineral ores. In terms of hydraulic splitter
machine manufacturers, China entered this ﬁeld late but
now has become a global leader [51].

3.2 Expansive chemical agents
Expansive chemical agents are nonexplosive agents that
oﬀer many advantages when used in mining and civil
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Figure 10: Rock breakage process using the hydraulic splitting method: (a) hydraulic splitter insertion, (b) hydraulic propelling force, and
(c) induced fracture [58].

projects for rock breakage. Compared to conventional
explosives, they are much safer, producing lower levels
of noise, vibrations, and ﬂyrock. Furthermore, expansive
chemical agents can be applied without any restrictions,
unlike explosives that are subject to strict regulations.
Based on the rating issued by the environmental protection department of the Hong Kong government, this
method has been ranked ﬁrst among the methods that
generate little to no noise in the ﬁeld of rock and concrete
breakage (Table 4) [62].
The work process commences when expansive chemical agents are mixed with water. The slurry mixture is
then poured into a predrilled hole. Over a few hours, the
injected slurry will expand, owing to a chemical interaction, and the rock will crack when the tensile stress
exceeds the tensile strength (Figure 12). Typically, calcium oxide (CaO), also known as burnt lime, is an active
ingredient. To release heat, a hydration reaction is used.

The expansion volume in the predrilled hole generates an
expansion pressure that breaks the rock.
The compound temperature can be increased up to 150°C
by a chemical reaction [4,63]. According to experiments,
the generated expansion pressure reaches 30–44 MPa,
while the pressure required to break the soft rock or concrete is 10–20 MPa [51].
Soundless chemical demolition agents (SCDAs) were
introduced in the 1970s as an alternative rock breakage
method but were not used in mining. Later, this method
proved its eﬀectiveness as a potential alternative method
for rock breakage with clear advantages compared to
others (Table 5) [66]. SCDAs can be used to induce fractures in water- and oil-saturated rocks for underwater
applications [67]. Moreover, they can also be used in
deep geological reservoirs [68]. However, the applications of SCDAs in underground and inundated conditions
are still limited because of their dilution eﬀect, washout
mass loss, and delay in the generation of expansive pressure [69].

Table 4: Sound pressure levels of the methods used for rock and
concrete breakage [62]

Figure 11: Rock breakage by the hydraulic splitting method [58].

Equipment or method

Sound pressure level in dB(A)
at 7 m from source

Excavator-mounted breaker
Handheld breaker
Chemical expansion agent
Hand-held concrete crusher
Quieter type wire saw or
diamond wire saw
Quieter type blade saw
Hydraulic crusher for
concrete breaking
High-pressure water jetting

95–105
85–104
60–65
67–69
76–81
76–81
67–69
79
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Figure 12: Mechanism of rock breakage by expansive chemical agents in tow drilled holes [64,65].

Although many variations of SCDAs exist, the chemical composition presented in Table 6 is the most
common, with a high proportion of CaO.
Generally, the factors aﬀecting SCDA performance
are water content, ambient temperature, and borehole
diameter (Figures 13–15) [4,70–73]. Because they have
low eﬃciencies, require large volumes of water, and
take a long time (>10 h) to induce rock cracking, expansive chemical agents are not widely applied. In addition,

despite the commercial availability of SCDAs, to date,
research on their performance is limited [4].

Table 5: Comparison of rock breakage methods [66]
Explosives
(dynamite)

Hydraulic
splitter

SCDA

Breaking power
Noise
Figure 13: Eﬀect of ambient temperature on SCDA temperature with
time [4,72,73].

Ground vibration
Dust/gas
Flyrock
Safety
Economy
: superior,

: good, : inferior.

Table 6: Chemical composition of SCDA [4,66]
Chemical component

Mass (%)

SiO2
Al2O3
Fe2O3
CaO
MgO
SO3

1.5–8.5
0.3–5.0
0.2–3.0
81–96
0–1.6
0.6–4.0

Figure 14: Eﬀect of ambient temperature on SCDA pressure with time
[4,72,73].
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