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1. INTRODUCTION 

 

1.1. Importance of rock blasting in mining operation  

In modern mining industry, rock blasting is the most commonly used method for rock 

mass breakage (1 ) and it has been adopted for not only mining but also civil engineering 

such as tunnels, highways and dams. This technique is one of the essential part of 

working cycle in the open-pit mining excavation (2) . Typical productions of mining 

industries such as coal and metal are key materials for other industries; therefore, to 

minimize the operation costs of mine is extremely important issues for the development 

of our society with the recent decrease of the amount of such resources. Especially, in 

Japan, there are approximate ly 500 mines or quarries and half of them are limestone  

quarry as listed in Table 1.1 (3). It is only self-sufficient natural resource in Japan and 

its annual production in Japan is around 1.7 billion ton . Moreover, it is used for cement, 

concrete aggregate or smelting of iron  which are fundamental materials for  the 

infrastructure or building. For this reason, although the production value itself is just 

about 1,000 billion yen, it is said that the economic ripple effect is as much as a few 

trillion yen. Hence, mining is still one of the important industry in Japan.  

However, the unit price of limestone is considerably cheap that is less than 8 USD /t 

(4 ). Although a number of heavy machinery for excavation such as backhoe have been 

developed in recent years, it takes much time and cost to excavate by only such 

machinery. Rock blasting one of the effective way to excavate the rock mass. It can 

promptly and efficiently break and crush the objective with explosives and detonators 

in comparison to excavation by only current heavy machinery. This rock blasting 

technique have been dramat ically developed with the growth of the mining industry, 

resulting in efficient and economic mining operation. There are a number of advantages 

of rock blasting in open-pit mining excavation.  

On the other hand, in the case of actual blasting operations, however, some serious 

accidents such as flyrock, ground vibration, noise and dus t are sometimes caused by 

this technique due to the use of a huge amount of explosives  (5 ). Since these phenomena 

directly or indirectly damage surrounding structures or inhabitants, the application of 

rock blasting technique in mining is strictly regulate d by laws. Hence, the rock blasting 

have to be carefully performed in order to prevent  such negative impacts on 

surrounding environment. The mining accidents induced by blasting can be generally 

controlled by blasting designs such as charge explosive (or powder factor), burden, 

delay time, hole spacing and so on  (6) . In addition, these accidents are strongly 

depending upon the rock and/or geological conditions for example strength of rock 

mass, cracks or faults (7); therefore, blasting designs have to be carefully determined by 
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considering complex rock mass conditions of the blasting face. Moreover, besides the 

safety issues, productivity such as the size of blast-induced fragmented rocks are also 

important aspects for the mining operation. Rock blasting in open-pit mining excavation 

have to be performed by considering both safe and productivity aspects  at the same time. 

These issues make the blasting operation more difficult and complicate . 

 In order to overcome difficulties  described above, a considerable number of 

researches on rock blasting have already conducted so far. Although a perfect theory 

has not been established yet, several theories of rock fracture mechanism induced by 

blasting have been proposed based on the results of numerical simulations and/or 

laboratory experiments. In addition, the most common research is the ones that focused 

on the safe operation of mine such as ground vibration and flyrock, and a number of 

prediction equations and/or prevention methods for them have been proposed from the 

aspects of actual operations. With the growth of the technologies, especially soft 

computing technique, the researches on rock blasting have dramatically developed and 

they have achieved many meaningful progresses.  

However, the conditions of blasting face are extremely complicate and  different from 

each blasting face. Moreover, more effective rock blasting methods are required with 

the decrease of natural resources. Generally speaking, 20% to 30% of the energy from 

the blast is spent on crushing the rock mass and the rest of blast energy causes unwanted 

results such as flyrock, ground vibrations and air blast, back break, and undesirable 

movement of muck pile (8 ). Hence, further researches on this technique is urgent issue 

for continuous mining operation in the future  for safe and efficient rock blasting. For 

this reason, the purpose of this study is to develop rock fracture mechanism induced by 

blasting and establish the guidelines for safe and efficient rock blasting in open-pit 

mine considering rock mass conditions.  

 

Table 1.1 The number of mines in Japan (2015) (3)  

 

Metal & 

Non-metal 
Limestone Coal 

Oil 

Natural gas 
Total 

The number of mines 

in Japan 
164 245 15 59 483 

 

1.2. Fracture mechanism induced by blasting 

As a fundamental study, to comprehend the rock fracture mechanism induced by 
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blasting is extremely important to discuss the effect of rock blasting and establish the 

guidelines for effective and safe blasting designs. A large number of recent researches 

on rock blasting are mainly focused on the practical aspects such as controlling methods 

of the particle size of fragmentation rocks or prevention and prediction method of 

flyrock and/or blast-induced ground vibrations rather than the mechanism. However, to 

understand the fracture mechanism leads to improve such practical aspect s. Until now, 

several fracture theories induced by blasting have been proposed by many researchers. 

In this section, four proposed rock fracture mechanism theories,  shear failure theory, 

principle tensile failure theory, shock wave failure theory and the theory proposed by 

Ito and Sasa are introduced.  

 

1.2.1. Shear failure theory (9 )  

One of the oldest theory of rock fracture induced by blasting is shear failure theory. 

A. W. Daw et al. reported that rock failure induced by blasting mainly caused by shear 

failure.  

 

1.2.2. Principal tensile failure theory 

Murata et al. concluded that rock failure induced by rock blasting mainly caused by 

gas pressure rather than energy of shock wave caused by the detonation (10).  This theory 

explained that only the circumstance of borehole is enlarged by the shock energy and 

then the uniform gas pressure induced by the detonation  propagate in the room. Rock is 

broken by tensile stress caused by the gas; therefore, from the rock mechanics poin t of 

view, crack direction is  parallel with the major principal stress. As  the typical research 

example on a basis of this theory, Ito et al. simulated by finite element method (FEM) 

and evaluate the effect of gas pressure on rock fracture  (11 ).  Their results suggested that 

the pressure of gas generally contribute to the generat ion of cracks in the case of 

smooth blasting.  

 

1.2.3. Shock wave failure theory (12 )  

Stress waves propagate in the rock mass after the explosives is detonated in the 

blastholes. This pressure stress waves caused by shock wave reach the free face, and 

then the waves reflected at the free face. Because of this reflection, the pressure stress 

waves change to tensile stress waves (Hopkinson effect). The compressive strength of 

rock mass is generally 10 to 20 times as large as that of tensile strength, resulting in 

breaking from the free face. Hino et al. reported that rock fracture induced by blasting 

is mainly caused by theory listed above. Although the rock around the blasthole is 

crushed by shock wave, the area is relatively small and shock waves 3 -daimentionally 

propagate outside of the crushed area in the rock mass. That is, this theory suggested 
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that the rock mass is broken by the action of the shock wave. Based on this theory, 

several numerical simulations have been conducted. Moreover, on a basis of this theory, 

S. Kubota et al. or S. H. Cho et al. performed Hopkinson pressure bar testing in order to 

discuss the effect of shock wave without gas pressure  (13,  14) in order to estimate the 

dynamic tensile strength of rock.  

 

1.2.4. The theory suggested by Ito and Sasa  (15 )  

Principal tensile failure theory indicates that the main factor of rock failure is gas 

pressure, static stress. On the other hand, shock wave failure theory suggested that rock 

failure is mainly caused by shock wave, dynamic stress. Ito and Sasa discussed the rock 

failure induced by rock blasting from both the aspects; dynamic stress state which 

changes with distance and time elapses, and the static stress state which is constant as 

long as the volume of blasthole does not change. They approximately consider the stress 

waves as elastic stress waves since shock wave appreciably attenuated in detonation . 

Their results showed that resultant force of longitudinal wave from detonation source 

and reflected longitudinal and lateral waves from the free face works around the free 

face. The direction of these principle stress waves become parallel to the free fa ce with 

increasing the distance from the detonation source. In addition, the maximum value of 

stress wave increased near the free face. All principle stress es become tensile stress 

wave near the free face, leading to breakage by Hopkinson effect.  

Moreover, they also numerically simulated that the impacts of the decoupling on 

propagation behavior of the stress wave, the effect of characteristics of rock mass on 

the stress and strain, and wave form of the detonation wave. The results suggested that 

the stress induced by blasting is summation of the members with first, second and third 

power of the distance from the detonation source and the member with the first power 

strongly works with increasing the distance. Furthermore, they also made clear that the 

ratio between pressure stress and tensile one is strongly depending upon the wave form. 

When working time of detonation pressure is long, the tensile stress in circular 

direction is significantly large. Based on these results of a series of the simulations, 

they concluded that although existing rock fracture theories are reasonable from the 

each point of view, it is also affected by a number of complicated conditions such as 

cracks or characteristics of rock mass. They also suggested that the action induced by 

detonation can be divided into two types; one is the shock action, the other one is the 

gas action. From these point of views, cracks are generally generated in rock mass by 

the action of shock wave, and then the gas pressure help grow the cracks. In additi on, 

the tensile failure started from the free face  (16 ). However, to establish a comprehensive 

fracture theory of rock blasting is significantly difficult since the outcome of blasting is 

influenced by a considerable number of factors for example the type of explosives, 
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usage of them and the type and character istic of the rock.  

1.3. Practical aspects of rock blasting  

The proposed fundamental fracture theories of rock blasting are introduced in 

previous sections. On a basis of these theories, the guidelines for the rock blasting have 

been proposed so far. However, once mining operation started, the blasting designs are 

determined based on the experience of engineer s in many cases especially in Japan, 

resulting in serious accidents or ineffic ient operation. For this reason, practical aspects 

such as prevention and prediction methods of accidents or controlling technique of size 

of fragmented rocks are also extremely important  in the mining operation. Hence, from 

the aspect of safety; flyrock and ground vibrations, and productivity aspect; the 

controlling methods of size of fragmentation rocks are summarized in this section.  

 

1.3.1. Blast-Induced Ground Vibration 

Blast-induced ground vibration can cause the indirect damage to the surrounding 

facilities and buildings (17,  18).  It is a wave motion, spreading outward from the blast 

like ripples spreading outwards due to impact of a stone dropped into a pond of water  

(19).  After explosives are detonated in the borehole, 20 to 30% of the energy contribute 

to the fragmentation, and a part of the energy causes the ground vibrat ion. It widely 

propagates and influence in comparison to the flyrock accidents. In addition, Monjezi et 

al. reported that high ground vibration affects the structural integrity, groundwater, and 

ecology of the nearby area (20 ); therefore, mining companies have to carefully control 

the blast-induced ground vibration in order to minimize or eliminate the damage to 

nearby environment, and to reduce complaints from neighbors  (20 ). The ground vibration 

is strongly influenced by many factors as follow  (19); 

 

[1] Characteristics of explosives  

The ground vibration is generated by the detonation of explosive; therefore, the ground 

vibration is strongly depends on the detonation velocity of the explosive.  

[2] The amount of explosive  

The part of detonation energy is consumed by ground vibration. The vibration becomes 

large with increasing the amount of explosive.  

[3] Delay time 

Delay time is the initiation time difference of each hole. In the simultaneous blasting, 

the energy from each hole contribute to the ground vibrations at t he same time. On the 

other hand, delay blasting can separate the energy from each hole, leading to decrease 

the level of ground vibrations.  

[4] The number of free face  
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Blast-induced ground vibrations generally increase with the decrease of the number of 

free faces. In addition, the vibrations become large with increase the distance between 

blastholes and free faces. The detonation energy is more likely to contribute to ground 

vibration since the energy is difficult to release at free face due to the large dista nce to 

the free face.  

[5] The distance from the blast hole  

The detonation energy attenuated with distance. The attenuation level is generally 

proportional to the inverse square of distance.  

[6] The geological conditions 

Blast-induced ground vibrations propagate in the rock mass; therefore, the 

characteristics of rock mass, fault, the water under the ground and so on significantly 

influence on the propagation behavior of the vibrations.  

 

Since the blast-induced ground vibration is depending upon many factors as listed 

above, a large number of researchers have studied characteristics of blast -induced 

ground vibrations, their impacts on the surrounding environments, and methods for 

preventions or prediction of blast -induced ground vibration. In the field of 

blast-induced ground vibration, most of researches adopt the Peak Particle Velocity for 

evaluation the level of blast vibration. Each particle in the rock mass vibrates in a 

complicated motion, which is approximately elliptical motion in several cycles with 

varying amplitudes. The highest velocity during this motion is called as Peak Particle 

Velocity (PPV) (21). A considerable number of prediction equations have been proposed 

on a basis of PPV. Until now, many researchers have evaluated the PPV and proposed 

the prediction equations. The most common empirical equations as shown in Table  1.2 

(22).  

Based on the prediction equations above, the level of ground vibration has been 

evaluated and the prevention methods of the vibrations have been proposed so far. For 

examples, N. Kunimatsu et al. and M. Toma et al. showed that ground vibrations can be 

controlled by selecting optimum delay time  (23,  24 ). In addition, as listed in Tables 1.3 

(25),  1.4 (26)  and 1.5 (27 )  criterions depending upon the building type or propagation 

medium (type of rock mass) have been suggested, and it can be said that the prediction 

method and guideline for controlling blast -induced ground vibration might be 

established. 
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Table 1.2 Common empirical equations for predicting PPV 

Emprical formulas Equations 

USBM PPV = K[D/W 1 /2]n  

Ambraseys-Hendron PPV = K[D/W 1 /3]n  

Davies et al.  PPV = K[Db/W -a]n 

Indian Standard PPV = K[W/D2/3] -n 

Roy PPV = a+K[D/W1 /2]-n  

 

Table 1.3 Limit values for vertical particle velocity for building damage (25 )  

Graund material beneath buildings  

Result in normal 

residential area 
Sand, gravel, 

clay 

Morine, 

slate, soft 

limestone 

Granite, gneiss, hard 

lime stone quartzite, 

sandstone, diabase 

mm/s mm/s mm/s 
 

18 35 70 
No noticeable 

cracking 

30 55 110 
Fine cracks, and fall 

in plaster 

40 80 160 Cracking 

60 115 230 Serious cracking 

 

Table 1.4 Recommended PPV in Germany according to DIN 4150 (26 )  

Building class 

Maximum 

resultant of the PPV 

Estimated maximum 

vertical particle velocity 

mm/s mm/s 

Residential buildings, offices 

and others similarly built in the 

conventional way and in normal 

condition 

8 4.8-8 

Stable buildings in normal 

condition 
30 18-30 

Other buildings and historical 

monuments 
4 2.4-44 
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Table 1.5 Safe level blasting criteria (USBM RI 8570): thresholds of PPV value at 

different frequencies (27)  

Structure 
PPV, mm/s 

＜40Hz ≧40Hz 

Modern homes, dry wall interiors  18.75 50.0 

Older homes 12.50 50.0 

 

1.3.2. Flyrock  

Flyrock is the most dangerous phenomena caused by rock blasting in open -pit mining 

excavation and it can directly influence on the surrounding structures. It is defined as 

the rock propelled beyond the blast area by the force of an explosion (28 ) and flyrock in 

rock blasting has been a serious problem. According to the statistic, approximately 70% 

of accidents caused by explosives is the flyrock disasters (29,  30) . Once the disaster 

occurs, mining companies must stop the operation in the worst case. Thus, they have to 

carefully control and prevent the flyrock accidents for safe and continuous mining 

operation. For this reason, a number of researches has been proposed on prediction 

and/or prevention methods of flyrock so far. The theory proposed by Langborg et al. 

made clear the relationship between hole diameter and velocity of fragmentation rock 

by semi-empirical approach (31 ). The equations are as follow:  

 

                       V0=(10d × 2600)/ (Tb × ρ
r
)    (1)  

 

                             Lm=260d
(2/3)

        (2)  

 

                             Tb=0.1d
(2/3)

        (3) 

 

where V0 is initial velocity of rock, d is charge diameter (inch), L m is the flight distance 

of blast-induced fragmented rock (m), Tb is the size of rock fragment (m), ρ r is density 

of rock (g/cm3). After his work, many researches have been performed on a  basis of the 

equations (32 -36). For example, E. Ghasemi et al. simulated and discussed the effect of 

blasting designs on flying distance of fragmentation rocks  (37 ). M. Monjezi et al. and 

also simulated and proposed the prediction equations of the flight distance (38 ).  

On the other hand, the prediction equations on a basis of  flyrock mechanism as 

illustrated in Fig. 1.1 have been also proposed as listed in Table 1.6, where B is burden 

[m], SH is stemming length [m], m is the amount of charge explosive per burden [kg/m], 

g is acceleration of gravity and k is the constant reflected rock mass conditions  (39 ). 

Face burst type of flyrock can happen because of poor rock mass conditions such as 
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cracks or falt of burden. Cratering type of flyrock can occur if the stemming height to 

hole diameter ratio is too small or collar rock is weak  (40) . Additionally, if the stemming 

length is adequate to prevent cratering, flyrock at a high trajectory can result from 

rifling the ejection of stemming material and loose rocks from the collar if there is 

insufficient stemming height or inappropriate stemming material is used.  According to 

the mechanism described above, the outcome of blasting is primarily depending upon a  

number of factors such as rock mass conditions, explosive properties, blasting designs, 

and execution of blast according to  the standard design procedures (41 ). Especially, the 

different rock parameters and geological conditions empirically has an obvious  impact 

on the flying characteris tics of fragmentation rocks (42 ).  

For this reason, recently, the prediction equations which consider such a condition 

can be evaluated and simulated with the development of computing technology. R. 

Trivedi et al. have considered the UCS and RQD as the rock mass conditions and 

simulated prediction equations (43 ). RMR have employed in numerical simulations by F. 

Faramarzi et al (44). Both of the results show that the rock mass conditions strongly 

influence on the flight distance of the fragmentation rock. However, to completely 

comprehend and evaluate the rock and geological conditions are still significantly 

difficult and research on generation mechanism and/or prediction methods of flyrock 

have not been discussed enough; therefore, further studies on the flyrock considering 

the blasting conditions have to be continued to conduct safety mining operation.  

 

Fig. 1.1 Classification of flyrock mechanism (39)  
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Table 1.6  Prediction equations for each type of flyrock  mechanism (39)  

Type of flyrock Equation 

Face Burst 
Lmax=

k
2

g
(
√m

B
)
2.6

 

Cratering 
Lmax=

k
2

g
(
√m

SH
)
2.6

 

Rifling 
Lmax=

k
2

g
(
√m

SH
)
2.6

sin2θ0
 

 

1.4. Flyrock accidents in Japan 

Flyrock is one of the serious issues in the mining operation in Japan too. The size of 

the mine or quarry in Japan is relatively small and they are located in near buildings or 

town since the land of Japan is small. For this reason, the number of flyrock accidents 

have been reported so far. In recent 10 years (from 2005 to 2015), there w ere 31 

accidents as shown in Fig .1.2 (45) . In Japan, the company must stop the operation in the 

worst case if the flyrock accidents occurs. Hence, mining companies have to carefully 

control and prevent flyrock accidents. However, the case of flyrock  is complicated and 

rock mass conditions which is difficult to quantitatively evaluated before blasting 

strongly influence the occurrence of the accidents as describe above, In fact, as shown 

in Fig. 1.3 (45 ). about 60% of the case of the flyrock accident in Japan is caused by 

insufficient understanding of rock mass conditions of blast face . Although 40% of the 

accident is occurred due to insufficient understanding of burden, it might caused by 

rock mass conditions. Moreover, Fig. 1.4 describes the flight distance of blast-induced 

fragmented rock of flyrock (45) . As shown in this figure, relatively short distance (0 m to 

150 m) of the flight distance became flyrock. However, the distance can be acceptable 

depending on the mine site. In other words, the limitation of the flight distance change 

depending upon the mine site or blasting face, which is totally different from the 

blast-induced ground vibration. That is, for safe and efficient blasting operation, the 

flight distance of blast -induced fragmented rock have to be carefully controlled 

considering the miming situation, the location of blasting and so on.   
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Fig. 1.2 The number of flyrock accidents in Japan from 2005 to 2015 (45 )    

 

Fig. 1.3 The main cause of flyrock accidents in Japan from 2005 to 2015 (45)  

 

Fig. 1.4 The flight distance of the flyrock accidents from 2005 to 2015 (45)  
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1.5. Problem statement of rock blasting in Japan 

As described above, in order to control flyrock and conduct safe and efficient mining 

operation, blasting designs have to be selected and changed considering rock mass 

conditions. On the other hand, various parameters influence on each other and change 

of one effects on whole of the system illustrated in Fig. 1.5 (46 ).  For this reason, several 

guidelines for blasting designs have established so far. However, once mining operation 

starts, the blasting designs are selected on a basis of the experience of the engineers, 

leading to occurrence of the accidents.  Moreover, major counter measure for preventing 

flyrock is reduction of charge explosives, which may influence on the productivity of 

the mine since the size of blast -induced fragmented rock is depending upon it. In other 

words, safe and efficiency (productivity) is the trade-off relationship, which complicate 

the blasting operation.  

 

Fig. 1.5 Engineering for rock blasting system (47 )  

 

1.6. Composition of this study 

This dissertation is composed of six chapters as follows:  

 

Chapter 1 describes the background of this study, including mining industry in Japan, 

the accidents as a result of blasting, conventional blast-induced fracture theories, and 

the problems of blasting operation in Japan, in addition to the purpose of this study.  
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Chapter 2 discusses fracture mechanism induced by conducting in small-scale blasting 

experiment. The new evaluation method of the two dimensional dynamic strain of 

brittle material is developed by means of digital image correlation and the fracture 

mechanism is quantitatively discussed. In addition to the discussion of the fracture 

mechanism, fundamental information for  making the numerical simulation model is 

obtained.  

 

Chapter 3 elucidates the propagation behavior  of stress wave and crack inside rock mass 

by means of numerical simulation built on a basis of the results of Chapter 2. The 

influence of rock mass strength and blasting designs on stress wave propagation 

behavior and crack propagation behavior are discussed. 

 

Chapter 4 demonstrates flight characteristic of blast-induced fragmented rock in 

operating mine. By conducting field experiment, the effects of blasting designs such as 

powder factor, burden or delay time are discussed. The influence of rock mass 

conditions, such as strength and cracks, are also evaluated  quantitatively. In addition to 

quantitative assessment of the flight characteristic, this chapter elucidates the maximum 

flight distance of blast -induced fragmented rock in each blasting and rock mass 

conditions in order to develop the guideline for preventing the flyrock accident.   

 

Chapter 5 describes the controlling and prediction method of the size of blast -induced 

fragmented rocks. In addition to blasting designs, the more accurate prediction method 

is proposed by quantitatively evaluating the crack conditions before blasting.  Moreover, 

firing pattern, which is generally set for reducing blast -induced ground vibration, is 

used for control of the size of fragmented rock in order to perform safe and efficient 

blasting operation.  

 

Chapter 6 summarizes the results in each chapter, providing the fracture mechanism 

induced by rock blasting and proposing the guideline of safe and efficient blasting . 
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2. EXPERIMENTAL STUDY ON STRAIN RESPONSE AND CRACK 

PROPAGATION BEHAVIOR INDUCED BY BLASTING  

 

2.1. Introduction 

2.1.1. Rock fracture mechanism induced by blasting  

Rock blasting is one of  the most essential process in open-pit mining excavation in 

terms of economic and efficiency (1 ). The application of this blasting technique, 

however, has been strictly regulated by law because it may cause serious accidents or 

environmental impacts such as ground vibration, flyrock or noise  (2) . Rock fracture 

mechanism induced by blasting should be theoretically understood in order to control 

such negative impacts. Although a number of field experiment results have been 

reported, it is difficult to discuss the mechanism since rock mass conditions are 

different from each mine and blast faces. 

For this reason, small-scale blasting experiment with mortar block  have been 

conducted. In order to discuss rock fracture mechanism, strain of free face have 

evaluated by strain gauge. Nevertheless, accurate measurement could not been 

performed because of electrical noise on strain signal induced by detonation of 

detonator (3 ).  In addition, although wave interference generally influence on crack 

generation, a gauge can only evaluate point information even if a number of gauges are 

applied to the measurement.  

Therefore, in order to solve above problems, the application of digital image 

correlation (DIC) method is discussed in this study. Two -dimensional strain distribution 

on surface of free face during blasting was visualized and evaluated quantitatively by 

means of DIC method. Then, crack generation and growth are discussed based on the 

DIC result.  

 

2.2. Crack occurrence and its propagation behavior  

2.2.1. Outline of small-scale blasting experiment  

Small-scale blasting test was performed with mortar blocks as shown in Fig. 2.1 The 

block was 100 cm wide, 50 cm deep and 60 cm h igh. Two blasting holes with 13 mm in 

diameter and 200 mm in length were arranged in one row. Both burden and hole spacing 

were 100 mm. As explosives, one exploding-bridgewire (EBW) detonator with 1.3 g 

composition C4 was inserted into the bottom of each blasting hole. In this test, EBW 

detonator was adopted since time accuracy of detonation of detonator may be over 

shooting time by high-speed cameras. Each of two ignition control units charged a 

firing module up to firing voltage of 4 ,000 V for arming and each of the firing modules 
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fired by EBW detonator by an external trigger from digital delay generator. Moreover, 

for the purpose of comparison, biaxial strain gauge was attached on the surf ace at the 

center of bottom of two blasting hole as shown in Fig.  2.1. The point history of the 

dynamic strain was observed using biaxial strain gauges with a 10 mm gauge  length 

(KYOWA KFG-10-120-D16-11L3M3S). The gauge signals were passed through a 

dynamic strain amplifier (KYOWA CDV-700A) and recorded by an oscilloscope (HIOKI 

HiCorder 8861) at a sampling rate of 1 MSa/s. The explosives were initiated 

simultaneously using the high–precision electric detonators (ED; Kayaku Japan Co., 

Ltd.). The high-precision ED was initiated by a high-voltage/high-current signal from a 

high–precision detonation control unit (Teledyne RISI, Inc.FS -43). A pulse/delay 

generator (Quantum composers 9528) adjusted and sent the trigger signals to  flash 

lamps, the high-speed cameras, and the oscilloscope, and the detonation control unit. 

Mechanical properties of the mortar block is listed in Table 2.1 In this study, strain in x  

and y direction shown in Fig.  2.1 are defined as εxx and εyy, respectively.  

 

Fig. 2.1 Schematic view of mortar block and blasting designs  

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

20 

 

 

Table 2.1 Mechanical property of mortar block  

 

2.2.2. Digital Image Correlation (DIC) Method 

Recent development of the digital image technique puts the photographic method to 

practical and enables us to observe the dynamic displacement of object surface with the 

support of digital high-speed camera and computer system. DIC method is one of the 

image-based displacement measurement method and it  can analyze displacement/strain 

of whole of shooting area on a basis of digital images taken by camera(s) (4).  In this 

analysis method, deformation and direction of the random pattern (speckle) drawn on 

evaluation area are visually traced by a correlation algorithm with a grey scale G(x, y) 

of a pixel position (x, y) in images (5 , 6).  In other words, this method is non-contact and 

optical measurement system; therefore it is not affected by electrical noise and two or 

three dimensional analysis can be performed. Additionally, the method has wide 

dynamic range of strain (>100 %) and high sensitivity (1/100,000 of field of view). This 

method have recently started to apply to the field of rock mechanics  for measurement of 

static strain or displacement (7 ).  

For DIC analysis, random patterns (speckle) were drawn on the front surface of the 

mortar block. Series of photographs during blasting were taken by two high -speed 

cameras (SHIMADZU, HPV-1 and HPV-X) every 2 µs. It means the sampling rate of the 

analysis is 2 µs. Based on the photographs, DIC analysis was performed by using the 

software, VIC-3D (product by Correlated Solutions). Two cameras link together with a 

genlock and synchronize recording frames. Moreover, a strain gauge for  comparison of 

strain with DIC analyzed data was also pasted on the surface at the center of  mortar 

block as shown in Fig.4. The other shooting conditions of high-speed cameras are listed  

in Table 2.2 In addition, Fig. 2.2 is an illustration of the arrangement of equipment. 

Dimension  100×60×40 cm 
  

Composition  mixing ratio cement:water:sand  1770:919:5311 

 
sand material  surface-dry density 2.62 g/cm3  

  
absolute-dry density 2.56 g/cm3  

  
rate of water absorption 2.18 % 

  
the fineness modulus 2.83 

Nominal strength 21 N/mm2  
  

Mean strength 23 N/mm2  
  

P wave velocity 3,557 m/s 
  

S wave velocity 2,102 m/s 
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High-speed cameras and flash light were also triggered by digital delay signal. Before 

the experiment, the DIC system was calibrated with a planar calibration method  (8 ).  

 

Table 2.2 Shooting conditions of high-speed cameras 

 

 

Fig. 2.2 Arrangement of equipment and mortar block 

2.3. Results and discussions 

2.3.1. Applicability of DIC method  

The result of strain profile recorded by strain gauge and that of point a (analysis 

point on strain gauge) analyzed by DIC are shown in Figs. 2.3 (a) and (b), respectively. 

According to Fig.  2.3 (a), both εxx  and εyy  immediately change after the detonation of 

 
Left ：SHIMADZU HPV-X Right ：SHIMADZU HPV-1 

Recording speed 500,000fps 

Exposure 1/1,000,000 sec 1/1,000,000 sec 

Resolution 400×250 312×260 

Lens 
Tokina  AT-X 840D 

120 mm F3.5 220 mm F3.5 
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detonator. In addition, recorded both strain values are too large for brittle material. This 

is because electrical noise is induced by the firing pulse for EBW detonator. On th e 

other hand, as shown in Fig.  2.3 (b), both lateral and longitudinal strain gradually 

increase from approximately 50 µs elapsed after the detonation. This time is good 

accordance with arrival time of elastic wave (S wave) from the blasting holes to 

analysis point and the value of calculated strain is reasonable according to past 

researches (9 ,  10 ). On the other hand, the strain induced by P wave was could not be 

detected due to the accuracy of this analysis in this study.  Furthermore, as shown in Fig.  

2.4, the occurrence of cracks can be recognized where tensile strain is  larger than 

7×10 -9  by DIC. On a basis of these results, it can be said that a high speed strain of 

brittle material induced by blasting is assessed by applying DIC method.  

 

                   (a)                                  (b) 

Fig. 2.3 Strain histories on the point of interest: (a) measured by st rain gauge, (b) 

obtained by DIC 

 

Fig. 2.4 Recognition of the crack occurrence in high tensile strain area at 200µs elapsed 

after blasting 
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2.3.2. Crack occurrence and its propagation behavior  

Based on the strain distribution analyzed by DIC, fracture mechanism on free face 

induced by blasting is discussed in this section. Two analysis  lines are set as shown in 

Fig. 2.5: line AB which is through the crack and line CD which is not through the crack. 

In addition, two analysis points are also set on line A B and line CD, respectively; point 

b is the starting point of crack and point c is the point above point b. By considering the 

direction of the propagated crack during analysis time, the εyy histories of both lines 

every 20 µs are shown in Figs. 2.6 (a) and (b), respectively. As shown in Fig.  2.6 (a), 

large strain was recorded around the area above two blasting holes. On the other hand, 

the εyy above the center between two blasting hole was larger than other area on line CD 

as shown in Fig. 2.6 (b). This is because stress wave interference lead the change of 

stress and strain distribution.  

 

Fig. 2.5 Analysis lines and points  

 

                  (a)                                 (b)  

Fig. 2.6 εyy profile (a) along with line AB and (b) along with line CD  
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Although strain distribution is different, there are not huge difference of the value of 

recorded strain between two lines. In other words, by only considering the value of 

strain, crack could occur on line CD, especially around the center between two blasting 

hole like point c. Moreover, in this experiment, crack appeared from point b on line AB 

at approximately 70 µs after the detonation. This result indicated that there is other 

factor which influence on crack generation except for strain. By comparing  εyy  histories 

of both lines, there is obvious difference of the amount of change of strain between 60 

µs and 80 µs. In other words, the strain rate can effect on the crack generation. For this, 

strain history and strain rate history (15 moving average) of point b on line AB and 

point c on line CD are compared as shown in Fig s. 2.7 (a) and (b), respectively. As 

shown in these figures, there are clear difference of strain rate of εyy (ε ̇yy) although 

large strain difference cannot be seen between point s b and c. It can be said that not 

only strain but also strain rate influence on crack occurrence.  

 

                  (a)                                 (b) 

Fig. 2.7 (a) Strain history at points  b and c. (b) Strain rate history at points b and c (15 

moving average) 

 

Hence, as a next step, 10 points are extracted from line AB and  ε ̇yy of these points 

are analyzed and compared as shown in Fig.  8 in order to discuss crack growth. As can 

be seen in Fig. 2.8, all strain rates at all points reach their peak at the same time and  ε ̇yy 

of points on crack record over a certain value. In other words, crack occurred and 

propagated to the area where stra in rate is over a certain value at a certain timing. In 

this experiment, crack can be recognized at the points where  ε ̇yy is over approximately 

100 s-1.  

 



Chapter 2 

25 

 

 

Fig. 2.8 Strain rate history of ε yy at 10 points on line AB (15 moving average)  

2.4. Effect of rock mass strength and blasting designs on rock fracture mechanism  

2.4.1. Redesigns of small-scale blasting experiment  

In former section, the method to evaluate the two dimensional dynamic strain and 

make clear the fracture mechanism of free face after blasting  successfully could be 

developed and discussed. As a next step of this study, small-scale blasting experiment 

was redesigned. The next series of small scale blasti ng tests was performed by using 

concrete blocks. The dimension of new blocks was 40 cm wide, 30 cm deep and 30 cm 

in height. Two vertical blasting holes with 3.8 mm in diameter and 120 mm in length 

were drilled and arranged in one row and hole spacing was 88 mm. As explosives, 1.2 g 

of C-4 was filled into fluorine resin tube which is 120 mm in length and 3.72 mm and 

3.0 mm outside and inside diameter  (see Fig. 2.9). They were insert into each blasting 

hole and detonated by precision detonator. In this experiment, an acrylic set to fix EBW 

detonator was combined with the tube at the top as a detonation system in order to 

detonate it from outside of the block (see Fig. 2.10). In order to control the influence of 

reflected stress wave from side, back and bottom free face, each free face was fixed by 

other concrete blocks. The dimension of the side concrete block was 20 cm wide, 30 cm 

deep and 30 cm high and that of the back concrete block was 80 cm wide, 20 cm deep 

and 30 cm high. A test block was surrounded by the blocks and the blocks were fixed by 

fixture made by metal (see Fig. 2.11). In this study, two types of concrete blocks were 

prepared; one was made from normal mortar, the other one was made from lightweight 

mortar. As blasting designs, burden and hole spacing were focused on in this experiment.  

The blasting designs are listed in Table 2.3 and mechanical properties of concrete block 

are shown in Table 2.4. In this test cases, series of photographs during blasting were 

taken every 8 µs for recording longer strain profiles than previous section.  Other 
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shooting conditions were listed in Table. 2.5. 

 

Fig. 2.9 Outline of mortar block and blasting designs  

 

Fig. 2.10 EBW and detonation system in this experiment  
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Fig. 2.11 Outline of control system for reflection wave from free faces  

 

Table 2.3 The blasting designs  

Charge explosive 1.2 g/hole 

Hole diameter 3.8 mm 

Hole length 120 mm 

Hole spacing 88 mm 

Burden 88 mm 

Hole number 2 

 

 Table 2.4 Shooting conditions of high-speed cameras 

 

 

 

 

 

 

 

 

 
Left：SHIMADZU HPV-1 Right：SHIMADZU HPV-X 

Shatter speed 125,000fps (every 8µs) 

Exposure 4μs 4μs 

Resolution 312×260 400×250 

Lens 
Tokina  AT-X 840D 

380mm F11 110mm F16 

  

6
0

0
m

m

3
0

0
m

m

800mm100mm 100mm

1000mm

Block Block

Test partFix part

800mm

200mm 400mm 200mm

Fix part

Fix part



Chapter 2 

28 

 

Table 2.5 Mechanical properties of two types of concrete blocks  

  

2.4.2. Effect of rock mass strength on rock fracture mechanism induced by blasting  

Final crack formation (crack conditions at 808  µs after detonation) was compared at 

first. The crack conditions of normal mortar ( larger strength) and lightweight mortar 

(smaller strength) are shown in Figs. 2.12 (a) and (b), respectively. As shown in these 

figures, several short cracks can be seen in the case of normal mortar. On the other hand, 

one long crack is generated in the case of light -weight mortar. Cho et al. reported that 

relatively short length and multiple cracks are generated by blasting in the case of  high 

dynamic strength and relatively long length and a few cracks are generated in the case 

of low dynamic strength (11 ).  

As a next step, the results of DIC analysis are discussed for further discussion. As 

show in Fig. 2.12, the appeared cracks are propagated in the longitudinal direction, so 

the time history of stain distribution of ε yy are listed in Figs. 2.13 (a) and (b), 

respectively. In the case of normal mortar, larger strength, high tensile strength area is 

spread on the two blasting holes. On the other hand, high tensile strain area can be seen 

on the center of two blasting holes. In addition,  in order to discuss the crack generation 

depending upon the strength of rock, the strain profile on the points A and B illustrated 

in Figs. 2.13 (a) and (b) are shown in Figs. 2.14 (a) and (b). The measured strain on the 

crack of normal mortar is larger than that of light weight mortar. Furthermore, the 

remarkable strain risings start after 40 µs (between 40 µs and 48 µs) in both history. 

Here, the arrival time of P-wave from blast source to free face in the case of normal and 

light-weight mortar is around 24 µs and 28 µs, respectively. On the other hand, that of 

S-wave in the case of normal  and light-weight mortar is 36 µs and 42 µs, respectively. 

On a basis of these arrival times, the remarkable strain change might be caused by 

S-wave. As the same way above, strain rate (4 moving average) of point A and B are 

also shown in Figs. 2.15 (a) and (b). In this study, first crack could be seen by visual 

 
Normal mortar Light-weight mortar 

Density t/m3  2.32 1.72 

Porosity % 4.5 5.0 

P-wave velocity m/s 3.70×103 3.17×103 

S-wave velocity m/s         2.47×103 2.11×103 

Uniaxial compressive strength (UCS) MPa           26.3 19.3 

Young’s modulus GPa    30.6 22.3 

Poisson’s ratio  0.17 0.20 

Brazilian tensile strength (BTS) MPa  12.6 7.2 
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observation at 72 µs and 80 μs after initiation in the case of normal and light -weight 

mortar, respectively. On the other hand, the first peak of strain rate can be seen in both 

profiles at around 50 µs after the detonation. This result suggests that the peak is caused 

by reflection wave of S-wave and invisible cracks or core of the cracks are generated at 

the peak. Moreover, the value of normal mortar is larger than that of light -weight mortar. 

The value of strain rate of normal mortar is approximately 30 1/s  and that of 

light-weight mortar is approximately 20 1/s . Second peak is located around 200 µs in 

both profiles. The distance from blasting  source to side free faces 132 mm and the 

distance to the bottom free face is 150 mm. By considering the time when reflection 

S-wave reach at evaluation area, the second peak might be caused by the reflection 

waves from the free faces and crack opening can be recognized around this time by 

visual observation. This result indicated that the core of the cracks are generated by 

first stress waves and then the cores are spread by secondly waves.  From the results of 

this section, strain rate at the time of fracture is depending upon the rock mass strength, 

resulting in the difference of crack formation.  

 

Fig. 2.12 Final crack propagation behavior at 808 µs   (a) Normal mortar and (b) 

Light-weight mortar 

 

                  (a)                            (b) 

Cracks
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Fig. 2.13 The time history of stain distribution of ε xx at 0 µs, 88 µs, 96 µs and 104 µs  

(a) Normal mortar and (b) Light-weight mortar 

 

 

Fig. 2.14 The strain profiles of εxx on the cracks at (a) Point A and (b) Point B  

 

                (a)                                (b) 

  

               (a)                                (b)  
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Fig. 2.15 The strain rate profiles of ε xx on the cracks at (a) Point A and (b) Point B  

 

2.4.3. Effect of blasting designs on rock fracture mechanism induced by blasting  

2.4.3.1 Effect of burden on rock fracture mechanism induced by blasting  

Effect of burden is discussed in this section. In this study, the burden is reduced and 

the light-weight mortar test sample of 75 mm of burden is prepared and performed the 

blasting experiment.  Crack propagation behavior of analysis areas are compared based 

on the images captured by high-speed camera. Figs. 2.16 (a) and (b) are high-speed 

photographs of crack conditions of 88 mm and 75 mm of burden, respectively. As shown 

in these figures, the number of cracks in the case of 75 mm of burden is large r than that 

of 88 mm of burden. This is because charge volume per unit volume of concrete block 

(powder factor) is large when burden is small. In addition, since the distance from 

blasting holes and free face (analysis area) becomes small in the case of 75 mm  

burden, the energy of explosive is more likely to contribute fracture of the block . This 

result suggested that crack can be effectively genera ted by reducing burden length even 

though same charge volume is consumed.    

Figs. 2.17 (a) and (b) shows strain distribution of 88 mm and 75 mm of burden in 

horizontal direction (ε xx), respectively.  Both of them show high tensile strain area in the 

direction perpendicular to the crack direction. For further discussion, Fig. 2.18 shows 

strain history on analysis points (on crack) in Figs. 2.17 (a) and (b). As shown in these 

profiles, both results remarkable strain rising start from 40 µs and 32 µs, respectively. 

In this experiment, reaching time of P -wave of 88 mm and 75 mm of burden from 

blasting source to analysis point is approximately 28 µs  and 24 µs and that of S-wave is 

from blasting source to analysis point is 42  µs and 36 µs, respectively. Same as above 

section, this is because the strain is generated by reflected wave of P -wave and then 

 

               (a)                                (b)  
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remarkable strain change is induced by S-wave. Moreover, as a next step, strain rate 

history (4 moving average) is calculated based on the  strain profiles as shown in Fig. 

2.19. As shown in this graph, first spike peak of the strain ra te can be seen 

approximately 50 µs after detonation, after S wave reflected at free face, in both 

profiles. On the other hand, in this experiment, first crack can be appeared by visual 

observation at 88 µs and 72 µs in the case of 88 mm and 75 mm of burden, respectively. 

This result might suggested that micro crack which cannot be captured by is generated 

at the first peak, and then visible cracks are generated.  Moreover, the value of the spike 

peak of small burden is larger than that of large one. The value of strain rate of 75 mm 

of burden is approximately 50 1/s. It should be noted that the second spike peak can be 

seen in the graph can be induced by reflected wave from the side or bottom free faces.   

 

Fig. 2.16 Final crack propagation behavior at 808  µs (a) Burden: 75 mm and (b) Burden: 

88 mm  

 

                  (a)                            (b) 

Cracks Cracks
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Fig. 2.17 The time history of stain distribution of ε xx at 0 µs , 80 µs, and 96 µs  (a) 

Burden: 75 mm and (b) Burden: 88 mm  
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Fig. 2.18 The strain profiles of ε xx on the cracks at Point A2 

 

Fig. 2.19 The strain rate profiles of ε xx on the cracks at Point A2 

 

2.4.3.2 Effect of hole spacing on rock fracture mechanism induced by blasting  

Finally, effect of hole spacing is discussed in this section. Two types of hole spacing, 

88 mm and 132 mm are prepared and performed the blasting experiment  with the 

light-weight mortar. It should be noted that other blasting designs are same as section 

2.4.2. High-speed photographs of final crack conditions of 88 mm and 132 mm of hole 

spacing are arranged in Fig. 2.20 (a) and (b), respectively. In this case, there is not big 

difference of crack propagation behavior between 88 mm and 132 mm of hole spacing. 
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In other words, the number and the shape of cracks are almost similar. In addition, the 

cracks are located on two blasting holes the in both cases. Hence, in the case of 132  mm 

of hole spacing, cracks is more difficult to generate around the center of two blasting 

holes, which can result in larger size of blast-induced fragmented rocks. This is because 

powder factor become small by enlarging hole spacing.  

Fig. 2.21 (a) and (b) shows comparison of strain distribution of 88  mm and 132 mm  

of hole spacing in horizontal direction (ε xx), respectively.  Both of them show high 

tensile strain area in the direction perpendicular to the crack direction same as above 

sections. Moreover, Fig. 2.22 (a) and (b) are strain profiles on analysis points (on 

crack) in Fig. 2.21 (a) and (b). As can be seen in these profiles, both results remarka ble 

strain rising start from 40 µs. Same as above section, this is because the strain is 

generated by reflected wave of P -wave and then remarkable strain change is induced by 

S-wave. Moreover, as a next step, strain rate history (4 moving average) is calculated 

based on the strain profiles as shown in Fig. 2.23. In both profiles, first spike peak of 

the strain rate can be seen approximately 50 µs after detonation, after S-wave reflected 

at free face. In addition, the value of the peak of strain rate is almost same. This is the 

one of the reason for similar crack propagation behavior.  

 

Fig. 2.20 Final crack propagation behavior at 808  µs (a) Hole spacing: 88 mm and (b) 

Hole spacing: 132 mm  

 

                  (a)                            (b) 
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Fig. 2.21 The time history of stain distribution of ε xx at 0 µs, 160 µs, and 240 µs (a) 

Hole spacing: 88 mm and (b) Hole spacing: 132 mm 
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Fig. 2.22 The strain profiles of ε xx on the cracks at Point A3 

 

 

Fig. 2.23 The strain rate profiles of ε xx on the cracks at Point A3 

 

2.5. Conclusions 

In this chapter, brand-new two dimensional dynamic strain/displacement 

measurement method were developed by applying DIC with high -speed photographs. In 
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addition, crack occurrence, its propagation behavior, the effect of rock mass strength 

and blasting designs were successfully understood by applying DIC method.  The main 

findings are following: 

 

1. By applying digital image correlation method, two dimensional dynamic strain of 

brittle material were successfully developed. Due to the electrical noise induced by 

detonating EBW, strain gauge was difficult to evaluate the strain of the surface of 

the mortar block. On the other hand, DIC could recorded two dimensional 

reasonable value without electrical noise.  

2. Remarkable strain change on the surface of the block was induced after S wave 

arrived at the surface and then the strain gradually increased . However, clear 

influence of the strain on the crack occurrence could not be seen based on the 

result of the strain profiles.  

3. On the other hand, relationship between crack occurrence and strain rate was made 

clear. After the peak of the strain rate crack started to appear. In addition, cracks 

propagated to the place where the peak was over the certain value.  

4. Rock mass strength strongly influence of the crack propagation behavior. Several 

short cracks can be seen in the case of normal mortar. On the other hand, one long 

crack is generated in the case of light -weight mortar. In addition, approximate ly 

30 % of the difference of the rock mass strength (UCS) made the 34 % of 

difference of the value of strain rate when crack are generated.  

5. By reducing the burden, the number of the crack generated by blasting increas ed 

since powder factor increased and the energy of explosive more likely to contribute 

to the fracture energy. Moreover, the strain rate when crack are generated increased 

around 60 %. 
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3. NUMERICAL STUDY ON STRESS WAVE AND FAILURE 

PROPAGATION BEHAVIOR INSIDE ROCK MASS  

 

3.1. Introduction 

In Chapter 2, the fracture mechanism on the surface of rock mass could discussed 

successfully. However, the fracture mechanism induced by blasting side rock mass 

could not be evaluated quantitatively. In addition, although stress wave interference 

may influence on the mechanism, small-scale blasting experiment could not describe it.  

Therefore in this section, the stress wave propagation behavior and influence on 

interference of the stress wave on rock fracture is discussed by means of numerical 

simulation. In addition, the effect of distribution and interference of stress wave  are 

also discussed. Moreover, quantitative data which is necessary for building numerical 

simulation model could be obtained from the experiment; therefore, numerical 

simulation model is built on a basis of the result of quantitative information. Then, the 

influence of the blasting designs on stress wave and crack propagation behavior is 

discussed by using established simulation model .  

 

3.2. Numerical simulation model  

3.2.1. Numerical simulation model  

On a basis of the small-scale blasting experiment, three dimensional numerical 

simulation model is built by means of three dimensional finite element method impact 

analysis software, AUTDYN-3D (1).  This software is non-linear and time history 

response analysis software with explicit method solver and it can be applied the 

phenomena which occur large displacement.  

In this discussion, the explosive part is Euler solver and equation of state (EOS) was 

Jones-Wilkins-Lee (JWL) (2 ).  On the other hand, the dimension of the model is same as 

the concrete block which was used in Section 2.4. in Chapter 2. The concrete part is 

Lagrange solver and EOS is linear. In addition, non -linear Drucker-Prager model which 

is often adopted to the numerical simulation of concrete or soil is a dopted as 

constitutive law (3 ). Failure criterion is set as Hydro (tensile failure criterion). 

Moreover, based on the recorded first spike peak of strain rate  in the experiment, static 

strength is correlated to dynamic strength. In this numerical analysis, 40 1/s and 30 1/s 

are set as representative value of normal and light-weight mortar, respectively. In this 

experiment, for correlating the static strength to dynamic strength,  equation (3.1) for 

compressive strength proposed by Fujikake et al. (4) and equation (3.2) for tensile 

strength proposed by Ross et al.  (5) were used in this study.  
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𝜀𝑠̇
)
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)]

1.05

                (3.1) 

 

Where, 𝑓𝑐𝑠
′
 is static compressive strength, 𝑓𝑐𝑑

′
 is dynamic compressive strength, 𝜀̇ 

is strain rate and 𝜀̇s  is strain rate for static compressive, 1.2×10 -5  1/s. 

 

           𝜂(𝜀̇) =
𝑓′𝑡𝑑
𝑓′𝑡𝑠

= 𝑒𝑥𝑝 [0.00126(𝐿𝑜𝑔
𝜀̇

𝜀𝑠̇
)
3.3373

]         (3.2) 

 

Where, 𝑓′
𝑡𝑠

 is static tensile strength, 𝑓′
𝑡𝑑

 is dynamic tensile strength, 𝜀̇ is strain 

rate and 𝜀̇s  is strain rate for static tensile strength, 1.0×10 -7 1/s. Additionally, in order 

to reduce the influence from reflected wave from side, bottom and back free face, t hese 

free faces are set as transmission boundary. The kind of input parameters are listed in 

Table. 3.1. 

Table 3.1 The input parameters for numerical  simulations 

 

3.2.2. Applicability of the numerical simulation  

By comparing the result obtained from laboratory tests in Chapter 2 and numerical 

simulation, the applicability of the numerical simulations is discussed in this section. 

At first, the result of final cracks formation is compared. The crack formation of top 

face of experiment (Normal mortar, Burden 88 mm, Hole spacing 88 mm and numerical 

simulation is shown in Figs. 3.1 (a) and (b), respectively. It should be noted that the red 

color in the numerical simulation result is failure mesh, light-blue color is plastic area  

and green one is the concrete block. As shown in these figures, including the 

bowl-shaped crack formation, the crack propagation behavior of numerical simulation is 

 
Concrete C-4 

Mesh type Lagrange Euler 

Equation of state  Linear JWL 

Constitutive law Drucker-Prager - 

Failure criterion Hydro (tensile failure)  - 

Reference density g/cm3  2.4 1.4 

UCS (Dynamic, Normal mortar) MPa 48.9 - 

UCS (Dynamic, Light-weight mortar) MPa 36.8 - 

BTS ( Dynamic, Normal mortar ) MPa 14.4 - 

BTS ( Dynamic, Light-weight mortar ) MPa 11.6 
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remarkably similar to the result of small -scale blasting experiment.  

In addition, the horizontal strain distribution obtained by DIC and numerical 

simulation is compared in Figs. 3.2 (a) and (b). As can be seen in these figures, 

although it cannot be said that the result of the numerical simulation quantitatively 

match with the result of the strain distribution calculated by DIC, numerical simulation  

might reproduce the result of small-scale blasting experiment at least qualitatively in 

terms of the position of remarkable tensile and compressive strain zone. In other words, 

stress wave and crack propagation behavior inside rock mass can be accessed by using 

the numerical simulation model built in this section 

 

Fig. 3.1 Comparison of crack propagation behavior (a) Small -scale blasting experiment 

(b) Numerical simulation 

 

Fig. 3.2 Comparison of horizontal strain distribution at 50 [ µs] (a) Small-scale blasting 

experiment (b) Numerical simulation (same contour scale)  
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3.3. Results and discussions 

3.3.1. Crack occurrence on free face 

At first, the crack occurrence on free face (front face) is discussed . The results of 

Chapter 2 indicated that the crack occurred when the strain rate become peak value (the 

first peak). On the other hand, by visual observation of the images captured by 

high-speed camera, cracks could not be seen at the first  peak of strain rate (around 

50µs), but around 80 µs. Here, the pressure contour and crack propagation behaviors 

around 50 µs obtained by numerical simulation are illustrated in Fig s. 3.2 (a) and (b). In 

these right figures, red color is the failure cells which are over the failure criterion. As 

shown in these figures, the first cracks in numerical simulation appear in 46 µs, which 

is good accordance with the time of fist strain rate peak in the experim ent. In addition, 

the pressure contour suggested that the crack is caused by negative pressure, tensile 

pressure, induced by reflected wave of compressive stress wave.  
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Fig. 3.2 The result of numerical simulation of front face (a) pressure contour and (b) 

crack conditions 

 

3.3.2. Stress wave propagation behavior and fracture behavior inside rock mass  

  Next, stress wave and crack propagation behavior inside rock mass is discussed. A 

series of contours of pressure and material states in the case of normal mortar,  88 mm of 

burden and 88 mm of hole spacing at the cross section of middle of the blasting holes of  

top face are arranged in Figs. 3.3(a) and (b). As shown in these figures, high 

compressive pressure waves propagate in concentric circles. These compressive waves 

reflect at the free face and change into tensile stress wave. Compared with the pressure 

and material state, tensile failure is generated not immediately after stress waves reflect 

at the free face, but after reflected tensile stress waves from two blasting holes 

superpose and failure propagate with spreading tensile stress wave.  This result 

suggested that tensile wave interference has strong influence on the fracture induced by 

blasting and it can be key to control the size of blast -induced fragmented rocks.  

 

 

 

                (a)                                   (b)  

42µs
10Mpa

-7.2Mpa

compressive

tensile

10Mpa

-7.2Mpa

compressive

tensile

46µs

cracks 



Chapter 3 

45 

 

 

 

 

 

 

 

20µs
10Mpa

-7.2Mpa

compressive

tensile

30µs
10Mpa

-7.2Mpa

compressive

tensile

32µs
10Mpa

-7.2Mpa

compressive

tensile

34µs
10Mpa

-7.2Mpa

compressive

tensile

36µs
10Mpa

-7.2Mpa

compressive

tensile



Chapter 3 

46 

 

 

 

 

 

 

 

38µs
10Mpa

-7.2Mpa

compressive

tensile

40µs
10Mpa

-7.2Mpa

compressive

tensile

42µs
10Mpa

-7.2Mpa

compressive

tensile

44µs
10Mpa

-7.2Mpa

compressive

tensile

50µs
10Mpa

-7.2Mpa

compressive

tensile



Chapter 3 

47 

 

 

Fig. 3.3 Stress wave and crack propagation behavior inside rock mass (a) pressure 

contour and (b) crack conditions  

 

3.4. Effect of rock mass conditions and blasting designs on stress  wave and fracture 

propagation behavior inside rock mass  

3.4.1. Effect of rock mass strength on stress wave and fracture propagation 

behavior inside rock mass  

Contours of pressure and material states in the case of light -weight mortar at the 

cross section of middle of the blasting holes of top face are show n in Figs. 3.4 (a) and 

(b). In this case, although the first crack can be seen at 48 µs between two blasting 

holes, the fracture mechanism is almost same as the result of normal mortal.  Since the 

velocity of stress wave becomes slow due to the decreasing of the strength, crack start 

to appear around the free face later than case of normal mortar. Same as the case of 

normal mortar, crack occurs and failure zone spreads with spreading the superposed 

tensile stress wave. Small-scale experiment result showed smaller number of cr acks on 

the surface of the block in the case of light -weight mortar in comparison to normal 

mortar. However, considering the failure conditions inside rock mass, the failure zone 

became large compared with the case of normal mortar due to the decreasing th e rock 

mass strength. This is because superpose of the tensile waves occur not on the free face 

but a little far from the free face.   
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Fig. 3.4 Stress wave and crack propagation behavior inside rock mass in the case of 

light-weight mortar (a) pressure contour and (b) crack conditions  

 

3.4.2. Effect of burden on stress wave and fracture propagation behavior inside 

rock mass 

A series of contours of pressure and material states in the case of 75 mm burden at 

the cross section of middle of the blasting holes of top face are show n in Fig. 3.5 (a) 

and (b). In this simulation, the dynamic strength i s correlated by strain rate 40 1/s based 

on the result of small-scale blasting experiment. Same as Fig. 3.3(a) and (b), high 

compressive pressure waves propagate in concentric circles and reflected wave turn into 

tensile stress wave. However, compared with 88 mm of burden, the position where 

tensile failure is superposed move to forward and crack occur earlier than in the case of 

88 mm of burden. As the result, remarkable failure zone can be seen around the free 

face in the case of 75 mm of burden. That is why the number of cracks in the case of 75 

mm of burden is larger than that of 88 mm of burden in the small scale experiment.  This 

result indicated that the size of blast -induced fragmented rock can decrease by reducing 

the burden.  
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Fig. 3.5 Stress wave and crack propagation behavior inside rock mass in the case of 75 

mm of burden (a) pressure contour and (b) crack conditions  

 

3.4.3. Effect of hole spacing on stress wave and fracture propagation behavior 

inside rock mass 

A series of contours of pressure and mate rial states in the case of 132 mm of hole 

spacing at the cross section of middle of the blasting holes of top face are show in Fig s. 

3.6 (a) and (b). In this case, cracks  start to appear not around free face in front of two 

blasting holes which is a little different from Fig. 3.3(a) and (b) . This is because the 

value of tensile stress wave reaches the criteria of tensile strength of this concrete 

before two tensile  waves are superposed.  On the other hand, same as 88 mm of hole 

spacing, failure zone is generated where two tensile waves are superposed. However, 

compared with 88 mm of hole spacing, the failure zone between two blasting hole is 

relatively small. By increasing the hole spacing, tensile stress wave which val ue is over 

the tensile criterion is difficult to spread, resulting in the decreasing the failure zone, 

especially the middle of blasting hole and free face (circle in Fig 3.6 (a) and (b)). That 

is why crack propagation behavior captured by high speed camer a is similar. However, 

increasing hole spacing can make the size of blast -induced fragmented rocks large by 

considering the failure zone in side rock mass .    
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Fig. 3.6 Stress wave and crack propagation behavior inside rock mass in the case of 132 

mm of hole spacing (a) pressure contour and (b) crack conditions  

 

3.4.4. Effect of delay time on stress wave and fracture propagation behavior inside 

rock mass 

Usually, the delay blasting is performed in order to control blast -induced ground 

vibration. On the other hand, several research works suggested that size of 

blast-induced fragmented rocks can be controlled by setting optimum delay time. Hence, 

in this simulation, in order to obtain fundamental knowledge for establishing the 

guidelines of optimum delay time. In this study, three types of delay times are discussed 

by considering the reaching time of stress wave (P -wave) at the neighboring blasthole.  

24 µs is arrival time of P-wave at neighboring blasthole, so 72 µs and 108 µs of delay 

blasting are numerical ly simulated in addition to 24 µs of delay blasting.  

At first, the result of 24 µs of delay blasting is illustrated in Figs. 3.7 (a) and (b). 

First cracks can be seen around in front of first firing blasthole. This crack is caused by 
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reflection tensile wave from first firing blasthole. In other words, the first crack is not 

caused by superpose of the two tensile stress wave. Although similar cases happen in 

the discussion of effect of hole spacing, the failure zone tends to small when crack is 

not generated by superpose of two reflection tensile waves. Moreover, 62 µs after first 

blast hole is detonated, superpose of the tensile waves can be seen around th e free face. 

In the case of 72 µs and 108 µs of delay time, however, the superpose of tensile stress 

waves cannot be seen (see Figs. 3.8 (a) and (b) and Figs. 3.9 (a) and (b) ). In these cases, 

the effect of stress wave induced by first firing blasthole is  lost around the time when 

the stress wave generated by second blasthole reach at the free face. Because of that, 

the failure zone in the case of 72 µs and 108 µs is relatively small compared with 24 µs 

of delay blasting. On the other hand, from different perspective, it can be said the 

second firing blasthole is detonated after free face is generated in the case of 72 µs and 

108 µs, which might result in enlarging the failure zone. In this numerical simulations, 

the effect of new created free face cannot s imulated, therefore the failure zone in real 

conditions can be lager. However, the result of simultaneous blasting suggested that the 

most important point to increase failure zone is occurrence of superposition of reflected 

tensile stress wave; therefore; it can be concluded that it is important to evaluate the 

velocity of stress wave and set the delay time to generate the superposition of the stress 

wave in order to reduce the size of blast -induced fragmented rocks.  
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Fig. 3.7 Stress wave and crack propagation behavior inside rock mass in the case of 24 

µs of delay time (a) pressure contour and (b) crack conditions  
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Fig. 3.8 Stress wave and crack propagation behavior inside rock mass in the case of 72 

µs of delay time (a) pressure contour and (b) crack conditions  
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Fig. 3.9 Stress wave and crack propagation behavior insid e rock mass in the case of 108 

µs of delay time (a) pressure contour and (b) crack conditions  

3.5. Conclusions 

In this chapter, numerical simulation model is built based on the result of small scale 

blasting experiment and the stress wave and failure propagation behavior inside rock 

mass were discussed.  The main results are summarized as follows:  

 

1. Numerical simulation model based on the result of small-scale blasting experiment 

successfully built by using AUTODYN software. Two dimentional strain 

information could obtain in Chapter 2, which result in more accurate verification of 

numerical simulation model.  

2. It is numerically showed that cracks are generated at the first peak of strain rate 

evaluated by experiment in Chapter 2  even though it is difficult to see by visual 
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observation. In addition the crack is caused by tensile stress wave reflected at the 

free face.  

3. Inside rock mass, high compressive pressure waves propagate in concentric circles 

after explosives are detonated and these compressive waves reflect at the free face 

and change into tensile stress wave. Then, the  tensile failure is generated not 

immediately after stress waves reflect at the free face, but after reflected tensile 

stress waves from two blasting holes superpose and failure propagate with spreading 

tensile stress wave.  

4. Even though the cracks on the surface of the block is fewer since superpose of the 

tensile waves occur not at the free face but at a little far from the free face, 

considering the failure conditions inside rock mass, the failure zone became larger 

under the smaller rock mass strength of normal mortar due to the decreasing the 

rock mass strength.  

5. The position where tensile failure is superposed move to forward and crack occur 

earlier by reducing the length of burden. As the result, remarkable failure zone can 

be seen around the free face, which might result in reducing the size of 

blast-induced fragmented rock.  

6. Cracks start to appear not around free face but in front of two blasting holes by 

increasing the hole spacing 1.5 times as large as burden . This is because the value of 

tensile stress wave reaches the criteria of tensile strength of this con crete before 

two tensile waves are superposed. On the other hand, the failure zone between two 

blasting hole is relatively small  since the area superposed tensile stress waves which 

value is over the tensile criterion reduced, resulting in the decreasing the failure 

zone, especially the middle of blasting hole and free face. 

7. By setting the delay time more than three times as long as arrival time of P -wave to 

neighboring blasthole, superposition of tensile stress wave is difficult occur and 

second blasthole was detonated after new free face was generated.  
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4. FLIGHT CHARACTERISTIC AND PREDICTION OF 

BLAST-INDUCED FRAGMENTED ROCKS IN BENC BLASTING  

 

 

4.1. Introduction 

In previous chapters, the fracture mechanism induced by blasting was discussed by a 

series of small-scale blasting experiment and numerical simulation. As a next step of 

this study, in this chapter, field scale experiment was performed in operating mine in 

order to understand flight characteristic of blast -induced fragmented rock as a real scale 

experiment. Flyrock is defined as the rock propelled beyond the blast area by the force 

of an explosion (1) . It is one of the serious problems induced by blasting in open-pit 

mining excavation. According to statistics, approximately 70 % of accidents caused by 

explosives is the flyrock disaster (2) . Compared with other blasting problems such as 

blast-induced blasting vibration or noise , it may directly damage surrounding structures 

or cause fatality in the worst case. In Japan, if flyrock accident happens repeatedly, in 

the worst case, the company must stop the mining operation. Thus, mining companies 

have to carefully control and prevent the occurrence of flyrock.  

For this reason, a large number of researches on flyrock  and its impacts on the 

surrounding environment have been conducted and several methods for prediction and 

prevention of the flyrock have proposed so far (3 -7 ). Since the rock mass conditions such 

as strength, crack or joint system generally influence on t he occurrence of flyrock, the 

control and predict ion method of flyrock considering the rock mass conditions have not 

been established yet. If the effect of rock mass conditions can be quantitativel y 

evaluated, flyrock can be controlled effectively by altering blasting designs resulting in 

safe and efficient blasting operations .  

Hence, in this chapter, a series of blasting tests under different rock mass conditions 

was conducted at metal mine in Japan in order to comprehend the flight behavior of 

fragmented rocks induced by blasting. At first, the relationship between initial velocity 

and blasting designs were discussed. As a next step, the effect of rock mass conditions 

on the initial velocity was evaluated and the prediction equation for the flyrock was 

finally established based on the experimental data.  In other word, this chapter discussed 

the impacts of rock mass conditions such as uniaxial compressive strength (UCS), Rock 

Mass Rating (RMR), or crack density and blasting standards on initial velocity and 

flight direction of fragmented rocks.  
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4.2. Overview of Field Experiment  

4.2.1. Outline of test field  

A series of blasting experiments were conducted at Iwado  mine. This mine is located 

in Makurazaki city in Kagoshima prefecture, Japan. This mine applies open -cut mining 

system and produces silicic acid ore contain gold. Table 4.1 shows the blasting standard 

in Iwado mine. In this study, the flight distance and direction of the fragmented rocks 

were measured, and then the effects of the blasting standard and the rock mass 

condition on the flying behavior of rock fragmentation were discussed. In order to 

measure the initial velocity of blast induced fragmented roc ks, a high-speed camera was 

installed perpendicular to the face direction, and then the initial velocity and elevation 

angle of the fragmented rocks were measured. As for consideration of the flight 

direction, it focused on azimuth angles that was defined as the angle formed by the line 

connecting the furthest point of rock fragmentations and the center of the face and the 

face. In order to evaluate rock mass condition, a photo of the face was taken with a 

digital camera. Moreover, representative strikes of  joints or rock mass were measured 

by using clinometer and crack density (explained in next section)  of rock mass was 

evaluated from the photo image. Moreover, in each blasting test, the rock samples 

obtained in order to measure the mechanical properties.  A series of the tests was 

summarized in Fig. 4.1.   

 

Fig. 4.1 Outline of field experiment 
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4.2.1.1 Crack density 

Before the blasting test, the photograph of each face wall of blasting face was taken 

by digital camera and the crack condition of the rock mass was investigated based on it.  

As shown in Fig. 4.2, 10 courses of traverse were set at the face wall (every 2 m), and 

the number of cracks on the lines were counted . Based on the sum of the ten courses of 

the traverse and the number of the counted cracks, cracks per 1m length of the courses 

of traverse was calculated and the value is defined as “crack density” (cracks/m) in this 

study as a representative of crack condition of face of blasting tests (8 ).  

 

Fig. 4.2 Outline of evaluation method of crack condition of blast wall  

 

4.2.2. Initial Velocity of Blast-Induced Fragmented Rock 

According to the previous research works , an initial velocity of blast-induced 

fragmented rock is one of the important parameters to predict the flyrock accident. The 
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velocity would provide the flying distance; therefore, the risk of the accident can be 

assessed on a basis of the initial velocity. For this reason, the effect of rock mass 

conditions and burden, powder factor on the initial velocity of rock fragmentation were 

discussed in this study.  

The initial velocity of rock fragmenta tion was calculated based on a series of digital 

image data observed by high-speed camera (Vision Research, Phantom Ver. 7.3). As the 

scale, a 2 m length of white line was drawn close and perpendicular to the bench face in 

this test (see Fig. 4.3). Compared to the traveled distance of fragmented rocks at every 

1 ms (1,000 fps) and this scale, the initial  velocity was estimated by image analysis. In 

this test, the traveled distance of 12 blast-induced fragmented rocks  which can be 

distinguished in the image at every 50 ms was calculated from the time of initiation and 

when 400 ms had elapsed after ignition, and then the average velocity was calculated 

and determined as the initial velocity of blast-induced fragmented rock (9 ). The one 

which has the largest initial velocity is defined as “maximum initial velocity” of 

blast-induced fragmented rock. In addition to the observation by high-speed camera, 

normal video camcorder was set perpendicular to the face of blasting test in order to 

understand the flight direction of blast -induced fragmented rock (see Fig. 4.4). On a 

basis of obtained fright direction, the initial velocity captured by high-speed camera 

was correlated.  

 

Fig. 4.3 The digital images of before and after blasting captured by high -speed camera 

and 2 m of scale for calculating initial velocity  
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Fig. 4.4 Layout of high-speed camera and normal-speed camcorder and definition of 

flight angle 

 

4.2.3. Flight Direction  

When a flyrock problem is discussed, not only its distance, but also its direction is 

important factor in order to predict and prevent accident s. Hence, the effect of rock 

mass condition and blasting standard on flight direction of fragmented rocks was 

assessed as shown in Fig. 4.4. In this study, the angle α between face and the line 

connecting center of the face and fragmented rock which flew fa rthest was defined as 

“flight direction”.  

 

4.3. Flight Characteristic of Blast -Induced Fragmented Rock  

4.3.1. Effects of blasting standards on the initial velocity  

  The effects of powder factor and burden on the initial velocity is discussed in this 

section. The relationship between powder factor and maximum initial velocity in each 

burden is shown in Fig. 4.5. As shown in this figure, although initial velocity of 

blast-induced fragmented rock increases  with increasing powder factor  because the 

energy of explosive increased and contribute to flying of rock fragmentation, there is a 

variation in measurement and it shows a weak association between powder factor and 

the initial velocity. On the other hand, the relationship between burden and the initial 

velocity is shown in Fig. 4.6. Moreover, the average maximum initial velocities in the 

case of 1.5 m, 2.0 m and 2.5 m of burden are 27.2 m/s，24.2 m/s and 12.6 m/s, 

respectively. As suggested by these results, in the case burden is short, the initial 

velocity is more likely to be large since the explosion energy spend for movement of 
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rock increases with decreasing the distance between the free face and energy sources. 

These results suggested that blasting designs strongly influence on the flying dis tance 

of rock fragmentation.  

However, even though the blasting designs were almost the same, there were huge 

gaps of initial velocity at several points. This result indicated that the initial velocity is 

depending upon not only blasting designs but also rock mass conditions; therefore, as a 

next section, the effects rock mass conditions: crack density and Brazilian Tensile 

Strength (BTS) are discussed.  

 

Fig. 4.5 The relationship between powder factor and maximum initial velocity of 

blast-induced fragmented rocks  

 

Fig. 4.6 The relationship between burden and maximum initial velocity of blast -induced 

fragmented rocks 



Chapter 4 

69 

 

4.3.2. Effects of crack conditions on the initial velocity  

  The effect of crack density is discussed at first as a rock mass conditions. Since the 

energy of explosive generally contribute to expansion or propagation of exiting cracks 

or pores and generation of new cracks, the energy which contributes rock fracture might 

decrease in the fractured rock mass  (10), resulting in larger initial velocity of  

blast-induced fragmented rock.  The relationship between crack density and the 

maximum initial velocity in each burden is listed in Fig. 4.7. As shown in this figure, 

the maximum initial velocity is likely large with increasing crack density, but it is 

difficult to say that there is clear association between crack density and maximum 

initial velocity.  

As a next step, in order to eliminate the influence of blasting designs , Figs. 4.8 (a), 

(b) and (c) summarizes the relationship between crack density and maximum initial 

velocity under similar powder factor and burden conditions. In the case of 2.0 m and 1.5 

m of burden, crack density is good accordance with maximum initial velocity. On the 

other hand, the clear association cannot be seen when burden is 2.5 m; therefore, larger 

burden can control the effect of crack on the surface of blasting wall. In other words, 

2.5 m of burden is one of the indicator to reduce the influence of crack in this test site.  

 

Fig. 4.7 The relationship between crack density and maximum initial velocity of 

blast-induced fragmented rocks  
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Fig. 4.8 The relationship between crack density and maximum initial velocity of 

blast-induced fragmented rocks in similar blasting designs; (a)  Powder factor: 

0.130-0.150 kg/t, Burden: 2.5-3.0 m, (b) Powder factor: 0.149-0.170 kg/t, Burden: 2.0 

m, (c) Powder factor: 0.205-0.237 kg/t, Burden: 1.5 m 

 

4.3.3. Effects of rock mass strength on the initial velocity  

As a next step, the effect BTS on the initial velocity is discussed since rock is 

generally fractured by tensile strength. The relationship is not clear, but maximum 

initial velocity is likely to be large with decreasing the crack BTS  (see Fig. 4.9). As 

well as the case of crack density, the influence of blasting designs is eliminated and the 

relationship between BTS and maximum initial velocity under similar powder factor 

and burden conditions are shown in Figs. 4.10 (a), (b) and (c). From these  figures, 

though there is a weak associations, it can be see that BTS influence on the initial 

velocity on a basis of this experiment.  This is because much more explosive energy 

  

                 (a)                                 (b) 

 

                (c) 
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contributes to flight energy rather than rock fracture in small strength rock mass.  

Based on above discussion, maximum initial velocity is depended upon burden and 

its value decreases with decreasing burden on average. On the other hand, there is a 

variation in initial velocity caused by rock mass conditions. In the roc k mass conditions, 

crack condition and strength of rock mass  have obvious impacts on the initial velocity 

and its influence could evaluated quantitatively. In other words, rock mass conditions  

should be investigated before blasting operation and burden length should be enlarged 

in the case of high crack density in order to control flyrock accidents . Moreover, in this 

test site, maximum initial velocity is less than 30 m/s when powder factor is less than 

0.15 kg/t or the burden is more than 2.5 m and these value is one of the index to prevent 

flyrock accidents.  

 

Fig. 4.9 The relationship between BTS and maximum initial velocity of blast -induced 

fragmented rocks 
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Fig. 4.10 The relationship between BTS and maximum initial velocity of blast -induced 

fragmented rocks in similar blasting designs; (a) Powder factor: 0.130-0.150 kg/t, 

Burden: 2.5-3.0 m, (b) Powder factor: 0.149-0.170 kg/t, Burden: 2.0 m, (c) Powder 

factor: 0.205-0.237 kg/t, Burden: 1.5 m 

 

4.4. Prediction of Flight Distance of Blast -Induced Fragmented Rock  

4.4.1. Introduction of RMR 

The effect of blasting designs and rock mass conditions could be discussed 

quantitatively in previous section. Especially, as the rock mass conditions, several 

parameters, such as strength or crack density influence on the maximum initial velocity.  

However, there is weak association between maximum initial velocity and crack density 

or BTS. In addition, in order to evaluate rock mass conditions comprehensively, RMR is 

introduced as a representative value of  rock mass conditions. This RMR was proposed 

by Bieniawski in 1976 and it is rock mass evaluating method which is rated in 100 point 

 

                 (a)                              (b) 

 

                 (c) 
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scale by UCS, rock quality designation (RQD), spacing  of discontinuities, groundwater 

conditions and orientation of discontinuities.  The evaluate sheet of RMR is listed in  

Table 4.2 (11 ).  

Fig. 4.11 shows the relationship between RMR and the initial velocity of fragmented 

rock under similar blasting designs. As shown in this figure, the maximum initial 

velocity has good accordance with the number of RMR and tends to be large at the test 

face which has large number of RMR since the energy of explosive is more likely to 

contribute to fracture of rock mass rather than flight under good rock mass conditions.  

From these results, in next chapter, the prediction equation of maximum initial velocity 

of blast-induced fragmented rock is discussed.  

Table 4.2 Evaluation sheet of RMR (12 )  

 

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

Point-load

strength index
> 10MPa 4-10MPa 2-4MPa 1-2MPa

Uniaxial comp.

strength
> 250MPa 100-250MPa 50-100MPa 25-50MPa 5-25Mpa 1-5MPa < 1MPa

15 12 7 4 2 1 0

90%-100% 75%-90% 50%-75% 25%-50%

20 17 13 8

> 2m 0.6-2m 200-600mm 60-200mm

20 15 10 8

Very rough surfaces Slightly rough surfaces Slightly rough surfaces Sickensided surfaces

Not continucs Separation<1mm Separation<1mm or Gouge<5mm thick

No separation Sligthly weathered walls Highly weathered walls
or Separation 1-5mm

Continuous

Unweathered walls

30 25 20 10
inlow per 10m

tunnel length
None < 10 10-25 25-125

(joint water

press)
0 < 0.1 0.1-0.2 0.2-0.5

General

conditions
Completed dry Damp Wet Dripping

15 10 7 4

B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS(See F)

Very favourable Fovourable Fare Unfovourable

0 -2 -5 -10

0 -2 -7 -15

0 -2 -25 -50

C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS

100-81 80-61 60-41 40-21

Ⅰ Ⅱ Ⅲ Ⅳ

Very good rock Good rock Fair rock Poor rock

D. MEANING OF ROCK CLASSES

Ⅰ Ⅱ Ⅲ Ⅳ

20 yrs for 15 m span 1 year for 10 m span 1 week for 5 m span 10 hrs for 2.5 m span

> 400 300-400 200-300 100-200

> 45 35-45 25-35 15-25

E. GUIDELINES FOR CLASSFICATION OF DISCONINUITY conditions

< 1m

6

1-3m

4

3-10m

2

10-20m

1

None

6

<0.1m

5

0.1-1.0mm

4

1-5mm

1

Very rough

6

Rough

5

Slightly rough

3

Smooth

1

None

6

Hard sling < 5mm

4

Hard sling > 5mm

2

Soft filling < 5mm

2

Unweathered

6

Slightly weathered

5

Moderately weathered

1

Highly weathered

1

F. EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELLING

5
Groundwater

> 125

> 0.5

Flowing

Rating 0

or Separation>5mm Continuous

Rating 0

4

Condition of

discontinuces(See E)

Soft gouge>5mm thick

3
Spacing of

Rating

< 60mm

5

2
Drill core Quality RQD

Rating

< 25%

3

Strength of  intact

rock material1

Rating

For this low range-uniaxial compressive test

is preferred

Parameter Range of values

Strike and dip orientations Unfovourable

Ratings

Tunnnels&mines

Foundations

Slopes

-12

-25

Ratings

Class number

Description

< 21

Ⅴ

Very poor rock

Class number

Average stand-up time

Conhesion of rock mass

Friction angle of rock mass

Ⅴ

30 min for 1 m span

< 100

< 15

Discontinuity length(persistence) rating

Separation(apature) rating

Roughness rating

Infilling(gouge) rating

Weatherig rating

> 20m

0

> 5mm

0

Slickensided

0

soft filling > 5mm

0

Decomposed

0

Strike perpendicular to tunnel axis Strike parallel to tunnel axis

Drive with dip-Dip 45-90° Drive with dip-Dip 20-45°

Very favourable Favourable

Drive against dip-Dip 45-90° Drive against dip-Dip 20-45°

Fair Unfovourable

Dip 45-90°

Very unfavorable

Fair

Dip 20-45°

Fair

Dip 0-20°-Irrespective of strike
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Fig. 4.6 The relationship between RMR and maximum initial velocity of blast -induced 

fragmented rocks under similar blasting designs  

 

4.4.2. Prediction of Flight Distance of Blast-Induced Fragmented Rock  

The prediction equation considering both blasting standard and rock mass condit ions 

are discussed in this section. On a basis of above discussion, the RMR is used for 

prediction equation as representative value of rock mass conditions.  In addition, the 

results of blasting is influenced by several factors therefore, the degree of each impact 

on the maximum initial velocity is quantitatively assessed by means of multiple 

regression analysis for establishing prediction equation of flight distance of fragmented 

rock. The result of the analysis is listed in Table  4.3. On a basis of this result, a linear 

regression equation of the maximum initial velocity can be obtained as follow: 

 

V0 = 75.5 × W - 1.83 × B - 0.01 × TD - 0.09 × KRMR + 11.2      (4.1) 

 

where V0 is initial velocity m/s, W is powder factor kg/t, T D is delay time ms and KRMR 

is the value of RMR.  

Secondly, flight distance of blast-induced fragmented rock is estimated by using 

equation (1). Assuming that the measured maximum initial velocity is followed by 

normal distribution, potential maximum initial velocity, Vmax is calculated by equation 

(2). 

 

              Vmax = 
μ+3σ

μ
V0                (4.2) 
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Where, μ is average initial velocity and σ is its standard deviation. In this study typical 

hazard analysis is performed in order to evaluate the most dangerous conditions; 

therefore, 3σ is adopted to equation (2). Based on Vmax calculated by equation (2), 

maximum flight distance of blast induced  fragmented rock is calculated by equation (3).  

 

                 D = Vmax × cosθ × (
Vmaxsinθ

g
+

√Vmaxsinθ2+2×H×g

g
)        (4.3) 

 

Where, D is potential maximum flight distance of blast -induced fragmented rock m, θ is 

flight elevation angle  degree  °, H is bench height (10 m), and g is acceleration of 

gravity (9.81 m/s2) as depicted in Fig. 4.12. The potential maximum distance is 

calculated with equation (3) in the case of all blasting designs and RMR that is assumed 

and its results is listed in Table. 4.3. In this test site, 120 m is the limitation of the 

maximum flight distance, so the conditions over the distance are colored in the Table. 

The most novel point of this table is that acceptable  conditions are different with 

different rock mass conditions (RMR) even though blasting designs are the same. Note 

that the limitation of flight distance can be changed by the operating  situations. In 

addition, although 3σ is adopted to calculate the V max assuming the most dangerous case, 

2σ or σ can be used in terms of productivity. Based on the above discussion, it can be 

concluded that the flight distance can be predicted by assessing RMR and then 

controlled by setting/altering appropriate blasting standard(s)  before blasting.  
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Table 4.3 The result of multiple regression analysis  

 

Multiple correlation coefficient, R  0.47 

Multiple determination, R
2

 0.22 

Standard error  5.74 

Number of sample  38 

Powder factor  
coefficient  75.46 

P-value 0.17 

Burden 
coefficient  -1.83 

P-value 0.61 

Delay time  
coefficient  -0.01 

P-value 0.42 

RMR 
coefficient  -0.09 

P-value 0.38 

Intercept 
coefficient  11.23 

P-value 0.47 

 

 

 
Fig. 4.12 The illustration of parameters for calculating the maximum flight distance  
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Table. 4.3 The possible maximum flight distance of blast-induced fragmented rocks 

according to blasting designs and rock mass conditions  

 

Powder factor kg/t Burden m Delay time ms 
RMR 

60 70 80 

0.12 or more and less 

than 0.13 

1.5 

0 143 126 109 

25 138 121 105 

50 133 116 101 

250 97 83 70 

2.0 

0 125 109 94 

25 121 105 90 

50 116 100 86 

250 83 70 58 

2.5 

0 55 51 48 

25 44 41 38 

50 35 33 30 

250 27 25 23 

0.13 or more and less 

than 0.14 

1.5 

0 159 140 123 

25 154 135 118 

50 149 131 114 

250 110 95 81 

2.0 

0 140 123 106 

25 135 118 102 

50 130 113 98 

250 95 80 68 

2.5 

0 122 106 91 

25 118 102 87 

50 113 98 83 

250 80 67 56 

0.14 or more and less 

than 0.15 

1.5 

0 176 156 138 

25 170 151 133 

50 165 146 128 

250 124 108 92 

2.0 

0 156 137 120 

25 151 132 115 

50 145 127 111 

250 107 92 78 
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2.5 

0 137 120 104 

25 132 115 99 

50 127 111 95 

250 92 78 65 

0.15 or more and less 

than 0.16 

1.5 

0 194 173 153 

25 188 167 148 

50 182 162 143 

250 139 121 105 

2.0 

0 172 153 134 

25 167 147 129 

50 161 142 125 

250 121 105 90 

2.5 

0 152 134 117 

25 147 129 112 

50 142 124 108 

250 104 90 76 

 

4.5. Flight Direction of Flight Angle  

  When the flyrock issue is discussed, not only a flight distance but also a flight 

direction is an extremely important point of view. Blasting holes are generally arranged 

in parallel to the blast wall  and blast-induced fragmented rocks might fly perpendicular 

to the bench face if simultaneous firing is performed. However, the result of flight 

direction is different in each bench face under the same blasting designs conditions as 

shown in Fig. 4.13. This difference might be considered due to joint system inside rock 

mass; therefore, the effect of strike of the joint measured by clinometer before the 

blasting tests on flight angle is discussed in this section.  

The parameters for this discussion is depicted in Fig. 4.14. Where, α is gap angle 

between flight direction and perpendicular line to the bench face and  β ( |β| < 90°) is 

joint angle from the blast  wall. The relationship between α and β is shown in Fig. 4.15. 

From this figure, although there is weak association between them, blast-induced 

fragmented rock is likely to fly perpendicular to the bench face when β is small. On 

the other hand, α is tend to be large when β is relatively large. Hence, the effect of 

joint system in the rock mass on the flight angle is discussed dividing into the case of 

small joint angle (0°≦  β ≦30°, 60°< β ≦90°) and large joint angle (30°< β ≦60°) 

assuming that the flight angle follow normal distribution.   

Based on the average and standard deviation  of flight angle, probability density is 
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calculated as shown in Fig. 4.16. From this figure, the probability that the rocks fly 

almost perpendicular to the bench face is approximately 86% in the case of small joint 

system. On the other hand, α is likely to be over 30 °  and its probability is 

approximately 47% in the case of large joint angle . In other words, blast-induced 

fragmented rocks fly perpendicular to the bench face when the angle of the joint system 

is approximately 0° or 90°, and flight angle tend to vary widely in the case of large 

angle of joint system. That is to say, blasting operation should be paid attention to when 

the angle of joint system inside rock mass, β is from 30° to 60°.  

 

Fig. 4.13 The difference of flight distance of blast -induced fragmented rocks 

 

Fig. 4.14 The illustration of each parameter for discussion of flight angle of 

blast-induced fragmented rock 

 



Chapter 4 

80 

 

 

Fig. 4.15 The relationship between strike of joint and flight angle  

 

Fig. 4.16 The relationship between strike of joint and flight angle of blast -induced 

fragmented rock 

 

4.6. Conclusions  

In this chapter, a flight characteristic of blast -induced fragmented rock and effect of 
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rock mass conditions and blasting designs on it  is quantitatively discussed by field 

experiments in operating mine site and the prediction method is established. The result s 

of the discussion are summarized as follows: 

 

1. Blasting designs influence on the maximum initial velocity of blast-induced 

fragmented rock. The velocity increased with increasing powder factor since the 

energy of explosive increase. In addition, the velocity is larger in the case of small 

burden since the distance between free face and blasting source was small and the 

energy of explosive was easy to contribute to that of flight.  When powder factor is 

less than 0.15 kg/t or burden is more than 2.5 m, the maximum initial velocity is less 

than 30 m/s and this is one of the index to control the flyrock in this test site.  

2. There was, however, weak association between blasting designs and the maximum 

initial velocity. This was caused by rock mass conditions, such as a strength or 

crack/discontinuities and especially crack density strongly influence on the 

maximum initial velocity.  

3. As a representative value of rock mass condition,  the RMR was applied and the 

prediction equation for maximum initial velocity based on both blasting designs and 

rock mass conditions could be successfully obtained by the multiple regression 

analysis. Moreover, the potential maximum flight distance of blast -induced 

fragmented rocks was successfully calculated from the equation and the conditions 

that flyrock is occurred in the test site could be revealed. In other words, the 

guideline to prevent flyrock accident was established in this study.  

4. Flight direction of blast-induced fragmented rock was influenced by joint system 

inside of the rock mass. The rocks fly perpendicular to the bench face when the 

angle of the joint system is approximately 0 ° or 90°, and flight angle tend to vary 

widely in the case of large angle of joint system due to the influence of it.  
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5. CONTROL OF SIZE OF BLAS-INDUCED FRAGMENTED ROCKS  

IN BENCH BLASTING 

 

5.1. Introduction 

In this chapter, the control method of size of blast-induced fragmented rocks is 

discussed in terms of productivity. Stress wave and crack propagation behavior are  

described in Chapter 3. It was suggested that the size of blast-induced fragmented rocks 

could be controlled by altering burden, delay time or hole spacing even though 

homogeneous conditions. On the other hand, blasting designs in mines are still 

optimized over months or years by trial and error (1).  Hence, continuing from Chapter 4, 

this chapter described blasting tests with changing blasting pattern under various rock 

mass conditions to improve blasting effects and establish the guideline for efficient 

blasting operation in operating mine.  

 

5.1.1. Analysis method of size distribution of blast -induced fragmented rock 

  Fragmentation assessment was performed by the image analysis on a basis of scaled 

photograph taken from the muck pile. Two balls with diameter of 24 cm were used  as 

scale in the photograph. The balls were  placed in the same vertical line down the 

fragmented rocks, preferably with one ball near the top of the fragmented  rocks and the 

other near the bottom as shown in Fig. 5.1 (2).  The balls should not be placed randomly 

in the fragmented rocks nor in a horizontal line across them. The camera was held such 

that the long axis of the photograph is vertical.  The photograph was then taken by the 

camera as perpendicular to the surface of fragmented rocks as possible.   

The scaled fragmentation photographs were analyzed by the software known as 

Split-Desktop developed by Split Engineering as illustrated in  Fig. 5.2. The outlines of 

visible rocks above a certain minimum resolution, 3 mm in diameter on the photograph, 

were traced by mouse. After the digital image was analyzed, the particle size 

distribution of fragmented rock was derived as  shown in Fig. 5.3. The particle size at 

50% of the gain size accumulation curve  is defined as Xp50 as a representative value in 

this research.  

 

Scales  
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Fig. 5.1 The photograph for image analysis of size distribution of  blast-induced 

fragmented rock 

 

Fig. 5.2 The photograph after image analysis by Split -Desktop 

 

Fig. 5.3 Accumulation curve of blast -induced fragmented rock analyzed by 

Split-Desktop 

 

5.1.2. Particle size distribution of rock mass before blasting  

  Same as like crack density introduced in Chapter 4, the face of wall before blasting 

was taken by digital camera to evaluate crack conditions of the rock mass, and exposed 

surface of discontinuity of the face of wall was extracted from the picture. Subsequ ently,  

as shown in the Fig. 5.4, 10 courses of traverse were set every 2 m at the face of bench 

face and the cracks crossed to the course of traverse were extracted  (3 ). The distance 

from the top of the face to the first crack is X1, that from the first crack and second one 

is X2, that from the (n-1) t h and n t h ones is Xn (4 ).  Here, it is assumed that a rock mass is 

fragmented according to the existing cracks/fractures, the number of rock particles 

produced by blasting is n and the shape of them is  circular. Besides, it is also assumed 

that the density of rock mass is constant. In this case, the percent passing is  represented 

as (Xn/L) × 100. Where, L is the length of blast hole. The particle size at 50% of the 
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gain size accumulation curve is defined as Xb50 to discuss the effect of crack 

conditions in rock mass on particle size of fragmentation.  In addition, Xb50-Xp50; the 

difference of rock blocks before and after blasting was used as an indicator of effect of 

blasting. 

 

Fig. 5.4 Outline of evaluation method of crack condition of blast wall  

 

5.2. The effect of rock strength and crack on the particle size distribution  

Fig. 5.5 shows the relationship between uniaxial compressive strength (UCS) of 

rocks each face and Xp50. Note that the result of simultaneous blasting is discussed in 

this section. It is found particle size of fragmentation is large  in the case of large 

strength of rock. It is because the larger strength of rocks, it is require the more large 

energy. On the other hand, because of huge difference has been demonstrated at Xp50 if  

the rocks have similar strength, it is clear that particle s ize of fragmented rock is 

depend upon not only strength of rock but also other factor(s) except for mechanical 

properties of rocks.  Although Matsui et al. has already pointed out that the size of 

blast-induced fragmented rock depends upon the blasting designs and mechanical 

properties of rock (5), it can be seen from this figure that the data vary widely and 

obvious correlation cannot be found.  

For this reason, the influence on crack conditions on size of fragmentation is 

discussed as a next. The relationship of Xb50 and Xp50 is illustrated in Fig. 5.6. As 

shown in this figure, Xp50 increases with increasing Xb50. In other words, this result 

suggests that the more number of cracks of rock exists, the smaller particle size of 

fragmented rock is. Therefore, it can be said that the size of fragmented rock depends 

upon conditions of cracks. Moreover, the relationship between UCS and the  value of 

(Xb50-Xp50) is reviewed at Fig. 5.7. Here, Xb50 reflects the effect of existing 
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cracks/fractures on the fragmentation size. As it were, the value of (Xb50 -Xp50) reflect 

the effect of mechanical properties of rock on fragmentation size.  That is to say, it was 

recognized that the higher UCS is, the lower the effect of blasting is. According to the 

above results, if the effect of crack condition of  rock mass on the s ize of fragmented 

rock is eliminated, it can be seen clearly that the mechanical properties of  rock and 

blasting standard also affect the size of fragmented rock . Hence, a blast pattern should 

be altered according to the mechanical propert ies around bench face of faces in order to 

improve the effect of blasting at this mine.  

 

Fig. 5.5 Relationship between strength of rocks  around bench faces 

 and Xp50 (a) UCS (b) BTS 

 

Fig. 5.6 Relationship between Xb50 and Xp50 
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Fig. 5.7 Relationship between UCS and Xb50- Xp50 

5.2.1 Improvements of effect of blasting according to change blast pattern  

  Based on the above results, in order to discuss the method to improve the size of 

fragmented rock, a blast pattern such as powder factor,  burden and hole spacing is 

changed. The particle size distribution curves of fragmented rock before and after 

changing each blast pattern are illustrated for comparison of blasting effect. First of all, 

Fig. 5.8 depicts the particle size distribution curve of fragmented rock at burdens of 2.5 

m and 2.0 m, respectively. As shown in these curves, it is clear that particle size of 

distribution at 2.5 m burden is smaller than that of 2.0 m of burden. This is because an 

explosive energy is more likely to contribute to the direction of free face by shorting 

burden. In addition, this result is good accordance with result of experimental and 

numerical study as described in Chapters 2 and 3.  

Secondly, Fig. 5.9 shows the particle size distribution curves of fragmented rocks 

when a hole spacing is 2.0 m and 1.6 m. From this result, it cannot be recognized a clear 

difference of the effect of blasting. From the above,  effective improvement of at 

particle size of fragmentation might be difficult by changing hole spacing.  

In the third, the effect of a charge volume is discussed. As illustrated in Fig. 5.10, 

particle size is improved when charging volume is changed from 23.7 kg per blast hole 

to 26.8 kg per blast hole since the energy contributing the fracture of rock increase.  

However, it was recognized that the ratio of small particle size less than 250 mm is 

almost same. On the other hand, the ratio  of large fragmented rock could be reduced by 

reducing burden and hole spacing at the same time. Therefore, it is required that a 

changing charging volume should be taken care over crushing in terms of loading and 

carrying in case of increasing charging.  

Finally, Fig. 5.11 shows the particle size distribution curves of fragmented rock when 

burden is 2.5 m and hole spacing is 2.0 m, and the burden is 2.0 m and the hole spacing 

1.5 m. In this case,  the most major improvement of particle size of fragmented rock can 

be recognized. It can be because in addition to shorting distance from blast source to 
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free face, larger amount of explosive per unit volume is used compared with  other 

pattern. 

 

Fig. 5.8 Particle size distribution curve of fragmentation at burden of 2.5 m and 2.0 m 

 

Fig. 5.9 Particle size distribution curves of fragmentation when hole spacing is 2.0 m 

and 1.6 m 

 

Fig. 5.10 Particle size distribution curves of fragmentation when hole spacing is 2.0 m 

and 1.6 m 
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Fig. 5.11 Particle size distribution curves of fragmentation when hole spacing is 2.0 m 

and 1.6 m 

 

5.2.2. Prediction of particle size of fragmentation  

Fig. 5.12 shows that relationship between Xb50 and Xp50 in each blast ing pattern 

described above. In addition, it is also shown the approximation straight line for each 

blasting pattern. It is found that Xp50 has good accordance with Xb50 and the particle 

size of fragmented rock is small at faces where blast designs are changed. Therefore, it 

is possible to predict particle size of fragmentation if crack density (Xb50) can be 

evaluated in present.  

It is recognized that particle size of fragmentation became smaller than that of 

regular blasting pattern when changing burden and spacing. However, particle  size is 

big and slope of approximation straight line is large compared to changing only burden. 

As a reason for this, faces of large UCS were roughly discussed changing burden and 

spacing. It is because if rocks have large UCS, mean particle size becomes large. On the 

other hand, although R-squared value is 0.68 and this value is relativity lower than 

other approximation straight line, it can be thought that careful measure is recognized 

valid for predicting particle size of distribution.  

Moreover, it is made also clear that an obvious improvement of particle size could not 

be obtained compared to the regular blast pattern even though burden and spacing are 

changed where rock mass has large UCS and a number of cracks. This is because that 

blasting energy more likely to contribute to generating new cracks than developing 

present crack in the intact rock. That is to say, it is considered that an effective blasting 

can be conducted by applying regular blast ing pattern at such faces in terms of total 

volume of crushing rock mass. Accordingly, it is may be presumed that blasting of only 

changing burden is effective where rock mass has relatively small UCS of rock mass. 

Moreover, changing both burden and hole spacing is effective way where the face has 
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large UCS and small number of crack, and regular blasting designs are valid at faces 

large UCS and growth crack.  

 

Fig. 5.12 The relationship between Xp50 and Xb50 each blast pattern  

 

5.3 Effect of delay time on size of rock fragmentation  

5.3.1 Effect of delay time on distribution of rock fragmentation  

Delay blasting is generally conducted in order to control blast -induced ground 

vibration. In addition, it influence on the fragmented effec t since creating new free face. 

On the other hand, considering the contribution rate of the initial velocity of flyrock 

shown in Chapter 4, delay time relatively has small impact on flyrock; therefore, the 

effect if delay time on the size of fragmentation is discussed in this section. Fig 5.13 

illustrates the blasting pattern discussed in this section. By using MS electrical 

detonator, two types of delay time: 25 ms and 50 ms were set in the  field experiment. In 

addition, firing direction was also discussed . One was firing from edge to edge of the 

blasting hole and the other one was firing from the center to the edges of the holes.  

Example photographs of muck pile in each blasting pa ttern are shown in Fig. 5.14. As 

shown in these photographs, size distribution of rock fragmentation is different from 

each blasting pattern. In the case of blasting pattern s (A) and (B) in Fig. 5.13, firing 

from edge to edge of the row, the size of rock fragmentation is obviously different 

depending bench face. In other words, the size tends to be big around the area of start of 

firing point and the one is likely to be small around the area of the end of firing point. 

On the other hand, in the case of blasting patterns (C) and (D) in Fig .5.12, firing from 

the center to the edges, overall of the size is tends to be homogeneous. Hence, as a next 

step, the photograph of the muck pile is divided in to 3 part s as shown in Fig. 5.15, the 

photographs are analyzed by Sprit -Desktop software again. The percent passing of the 

size of fragmentation of patterns (A) and (C) is shown in Figs 5.16 (a) and (b), 
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respectively. The results described above are successfully seen in these figures. In case 

of one direction firing pattern, the size tends to be big around the area of start of firing 

point since stress wave interference is hard to occur around the area and at the end of 

firing point, stress wave interference help to reduce the size of rock fragmentation. On 

the other hand, because stress wave interference equally occurred overall blasting area, 

resulting in homogenous size distribution.   

 

Fig. 5.13 The illustration of blasting pattern  

 

Fig. 5.14 The muck pile after blasting in each blasting pattern  

 

  

Pattern (A) Pattern (B)

Pattern (C) Pattern (D)
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Fig. 5.15 The divided photographs for discussing the effect of blasting pattern (a) 

dividing pattern for Pattern (A) and (B) and (b) dividing pattern for Pattern (C) and (D)  

 

Fig. 5.16 The accumulation curve obtained from divided photograph (a)the  result of 

Pattern (A) and (b) the result of Pattern (C)  

 

5.3.2 Prediction of the distribution and the size of fragmentation in delay blasting 

Based on the discussion described above, the prediction of fragmentation size in 

delay blasting is established in  this section. In order to access the distribution, the 

homogeneity of the distribution have to be quantitatively evaluated. Therefore, the 

uniformity coefficient is defined on a basis of uniformity coefficient which is generally 

used to classify the soil  (6 ) as follow; 

 

                              n = 
Xp60

Xp10

                            (5.1) 

 

Where, n is uniformity coefficient, Xp60 and Xp10 are the particle size at 6 0% and 10% 

of the gain size accumulation curve , respectively. In the field of soil classification, the 
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range of the size distribution classified as wide when n≧10. On the other hand, the soil 

is judged as uniform when n is less than 10. Representative distributions and their 

uniformity coefficient are shown in Figs 5. 17 (a) to (c). By visual observation, the 

distributions are divided into three rank in this study.  The divided rank is listed in Table 

5.1. In addition, the result of uniformity coefficient in each firing pattern is shown in 

Fig. 5.18. Moreover, the averages of uniform coefficient of pattern A, B, C and D are 

27.7, 15.1, 5.65 and 7.98. Based on the results, it can be said two directions of firing 

pattern can make the distribution more uniform. This might because the formation of 

stress wave interference and free face occur symmetrically in the case of two directions 

of firing pattern. On the other hand, the behavior of superposition of stress waves is 

different depending upon the place in the case of one direction of firing pattern, which 

result in un-uniform size distribution.  

Furthermore, the effect of delay time and firing pattern is discussed. The relationship 

between firing pattern and Xp50 is illustrate in Fig. 5. 19. As can be seen in this figure, 

Xp50 in the case of 50 ms looks like small. Hence , the average of Xp50 of each firing 

pattern is calculate. The average Xp50 of pattern A, B, C and D are 961.3 mm, 742.1 

mm, 537.6 mm and 500.7 mm. This result suggested that the size of fragmented rock 

can be reduced by applying 50 ms of delay time in thi s mine. There might be certain 

delay time which can be reduce the size of fragmented rock. On the contrary, the 

average Xp50 of one direction (A and B) and two directions (C and D) of firing pattern 

are 851.2 mm and 528.3 mm, respectively. Moreover, the average Xp50 of 25 ms (A and 

C) and 50 ms (B and D) of delay time are 707.0 mm and 661.7 mm, respectively. It can 

be that although delay time influence on the mean size of fragmented rock, the 

influence of firing direction is larger than that of delay time. Two direction of delay 

time has good advantage of both distribution and mean size of fragmented rock. 

Although the required size is depending upon the operation, two directions of firing 

pattern is better to apply basically in terms of uniformity and delay time should selected 

depending upon the operation in order to control the size of fragmented rock.  
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(a) 

 

(b) 

 

(c) 

Fig. 5.17 The representative distribution of fragmented rock in uniformity coefficient 

(a) 2.1 (b) 15.1 (c) 20.3   
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Table. 5.1 The rank of distribution in each uniformity coefficient  

Rank Uniformity coefficient  

good 0～10 

normal 10～20 

bad 20～  

 

Fig. 5.18 Uniformity coefficient in each firing pattern  

 

Fig. 5.19 The relationship between firing pattern and Xp50  
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5.4. Conclusions 

In this chapter, control and prediction method of blast-induced fragmented rock 

considering rock mass conditions were discussed. The results are summarized as 

follows: 

 

1. Not only blasting designs, but also rock mass conditions strongly influence on the 

size of blast-induced fragmented rocks. Especially, crack conditions has obvious 

impact on the size, and the by eliminating the effect of crack condition of rock mass, 

it can be clearly seen that the mechanica l properties of rock and blasting standard 

affect the size of fragmented rock.  

2. As described in Chapter 3, by reducing the burden, the size of blast -induced 

fragmented rocks can be reduced. In addition, increasing the charge volume ha s an 

influence to improve the size of blast-induced fragmented rocks On the other hand, 

changing the hole spacing does not have an obvious impact on the size of 

blast-induced fragmented rocks. Moreover, it is also made clear that by considering 

the crack conditions of blast face , the size of blast-induced fragmented rocks can be 

estimated be based on the blasting designs.  

3. Delay time has an obvious impact on the size and distribution of blast -induced 

fragmented rocks. Firing direction strongly influence on both the distribution and 

size of blast-induced fragmented rocks. Homogeneous size of blast-induced 

fragmented rocks can be obtained by conducting two direction s firing pattern and  

one direction firing pattern make the size distribution heterogeneous.  On the other 

hand, delay time influence on the size of fragmented rocks, but the influence of the 

firing direction on the size is larger than that of delay time.  
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6. CONCLUSIONS 

 

Flyrock is a serious problem induced by blasting in open -pit mine in Japan. Although 

many counter measures or prediction equations of it has been proposed , the effect of 

rock mass conditions has not been considered enough. Additionally, not only safe aspect 

but also productivity have to be considered carefully at the same time  for continuous 

mining operation, which complicate the blasting operation as indicated in Chapter 1. 

Therefore, in order to establish the guideline for safe and efficient blast ing designs, 

small-scale blasting experiment, numerical simulation and field experiment was carried 

out in this study.  

In Chapter 2, as a first step, fracture mechanism induced by blasting was discusses by 

conducting small-scale blasting experiment. For the quantitative discussion of crack 

occurrence or its propagation behavior, the new evaluation method of the two 

dimensional dynamic strain of brittle material was developed by means of digital image 

correlation (DIC). By applying the developed measurement system to the experiment, 

the strain behavior where crack occurred and propagated could be visualized and 

evaluated quantitatively which have been difficult to me asure by conventional method.  

The results showed that failure could be recognized where strain rate was over a certain 

value. In this experiment, crack occurred and propagated to the point s where strain rate 

was over 100 1/s. Furthermore, the effect of rock mass strength and blasting designs 

were also discussed. In regard to the rock mass strength, two types of rock strength 

were prepared and tested. Strain rate of higher strength material when cracks were 

generated was larger than that of smaller one. In addition, the number of cracks was 

larger in the case of large rock mass strength than that of small one even though the 

charge explosive was same. Besides, by reducing the burden 15%, the criteria value of 

strain rate increased 25% and the number of cracks increase since the energy of 

explosive is more likely to contribute to the fracture of rock mass by reducing the 

distance from the blast source to  free face. This result suggested that size of fragmented 

rock can reduce by decreasing the burden. On the other hand, there were not huge 

difference of the number of cracks and the criterion value of strain rate when hole 

spacing enlarging 1.5 times, which indicated the size of fragmented rock increase by 

increasing hole spacing. Based on the result, it can be said, strain rate is one of the 

important parameter to evaluate the crack occurrence and propagation behavior and the 

rock mass condition or blasting designs are strongly influence on strain rate.  

In chapter 3, stress wave and crack propagation behavior inside rock mass after 

detonation were elucidated by means of three dimensional finite element method impact 

analysis software, AUTDYN-3D. The input parameters were correlated based on the 

strain-rate obtained in small-scale blasting experiment in chapter 2. The results showed 
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high compressive pressure waves propagate in concentric circles, reflect ed at the free 

face and change into tensile stress waves . Due to the tensile stress waves, tensile failure 

was generated not immediately after stress waves reflect ed at the free face, but after 

reflected tensile stress waves from two blasting holes superpo sed. The failure zone 

propagated with spreading the superposed tensile stress waves. Moreover, the position 

of tensile stress wave superposed moved to near free face by reducing burden length, 

leading to remarkable failure zone around the free face. This result suggested that the 

size of fragmented rock can be small to reduce the burden. On the other hand, it was 

difficult to occur the superposition of tensile stress wave because of enlargement of 

hole spacing, leading to decreasing of failure zone. Delay time also influenced on the 

failure generation mechanism inside rock mass due to the change of stress wave 

propagation behavior. When setting the delay time, the position of superposition of 

tensile stress wave were changed. Hence the position of failure zone can be controlled 

by changing delay time. This result  suggested that flight direction of blast -induced 

fragmented rock can be controlled by setting delay time. Besides, in terms of the size of 

failure zone, huge influence of delay time could not be recognized. It might be 

indicated that there can be other factor to control the size of blast -induced fragmented 

rock such as the direction of firing.  

In chapter 4, flight characteristic of blast -induced fragmented rocks was 

demonstrated in order to establish guidelines for preventing and controlling flyrock 

accidents by conducting field experiment in open-pit mine. On a basis of flight behavior 

of blast-induced fragmented rock captured by high-speed camera, initial velocity of the 

rock was analyzed by image analysis. The results showed that not only blasting designs 

such as powder factor and/or burden but also rock mass conditions such as strength or 

crack conditions strongly influence on the initial velocity. In addition to quantitative 

assessments of the flight characteristic, prediction equation for maximum initi al 

velocity considering both blasting designs and rock mass conditions could be 

successfully obtained by multiple regression analysis. As the result s, initial velocity 

could be expressed by V = 75.46 × PF - 1.83 × B - 0.01 × T - 0.09 × KRMR  - 11.23, where 

V is initial velocity m/s, PF is powder factor kg/t, B is burden m, T is delay time ms and 

KRMR is Rock Mass Rating (RMR).  On a basis of this equation, the maximum flight 

distance in each blasting designs and RMR could be calculated and the brand-new 

guidelines for setting blasting designs to prevent flyrock was successfully established. 

Moreover, in terms of flight direction, it was revealed that strike of the joint system 

inside rock mass influenced on the flight direction. When the strike was between from 

0°to 30° or from 60°to 90°, the fragmented rock tended to fly perpendicular to the 

bench face. On the other hand, the fragmented rock was likely to fly not perpendicular 

to the bench face but in various directions due to the influence of join t system when the 
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strike angle was between 30° and 60° , which will be one of the indicator for 

preventing flyrock accident.  

In chapter 5, finally, control and prediction methods of the size of blas t-induced 

fragmented rocks in operating mine were proposed from the aspect of productivity. 

Although it is known that the blasting designs and rock mass strength influence 

theoretically on the size , the results showed that crack conditions also had an obvious 

impacts on the size of fragmented rock. In other words, it is important to assess the 

crack conditions before blasting for predicting the size of blast -induced fragmented 

rocks. Moreover, for the counter measures for large fragmented rock, under the similar 

rock mass conditions, the size was improved by increasing charge explosive and 

reducing burden. On the other hand, remarkable improvement of the size could not be 

obtained by changing hole spacing. This result suggested that improvement of the size 

can be performed safely and efficiently by altering burden or charge explosive within 

the range of guideline for controlling flyrock proposed in chapter 4. Additionally, the 

effect of delay time and firing pattern on the size  and distribution were also discussed. 

The results showed that homogeneous size distribution and small size of blast -induced 

fragmented rocks could be obtained by conducting two directions  (from the center 

blasting holes to both edges of holes)  of firing pattern compared with one direction of 

firing pattern (from one edge of holes to another edge of holes) . Furthermore, in one 

direction of firing pattern, 50 ms of delay time can make mean size sma ller than in the 

case of 25 ms of delay time. On the contrary, remarkable deference of the size could not 

be obtained between both delay times. In other words, although control of the size can 

be performed by setting appropriate delay time, firing pattern is extremely important 

rather than delay time in terms of control of the size of blast -induced fragmented rock.  

In conclusion, the mechanism of rock fracture induced by blasting could be 

made clear and the guideline for preventing flyrock and large size of 

blast-induced fragmented rock. The new guideline proposed in this thesis can 

be applied not only to this mine but also to other open-pit mines by conducting 

an additional field investigation due to the different field conditions . 
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