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ABSTRACT 

 

Blasting may be considered as the most crucial process in opencast mines. It is, 

therefore, important for mining engineers to understand the effect of blast design 

parameters on the results of blasting. Blasting operations in mines and quarries always 

result in ground vibrations, which are of major environmental concern. In general, a 

meager percentage of total explosive energy is utilized in rock fragmentation process, 

while the rest is wasted. Wasted explosive energy manifests in the form of various 

environmental effects such as ground vibrations, air over pressure and fly rock 

(Dowding, 1985). Ground vibrations caused by blasting cannot be totally eliminated, 

yet they can be minimized through a suitable blasting methodology. Substantial 

amount of research associated with identification of ground vibrations and assessing 

the blast performance in terms of intensity of ground vibrations has been carried out, 

so far. Nonetheless, very little research has gone into seismic energy and utilizing this 

energy in understanding the performance of blasts. Modern tools like high speed 

videography and seismic energy analysis reveal many aspects of fragmentation 

process, which otherwise are difficult to visualize and understand (Sastry, 2015). 

 

In the current research study, an attempt was made for the assessment and estimation 

of seismic energy dissipated into the ground due to blast induced ground vibrations at 

different distances from blast site. Studies were carried out in three mines having hard 

limestone formation, one soft limestone mine formation, one underground coal mine 

formation, two sandstone formations, and five quarries of hard granite rock formation. 

Initial studies were carried out by determining the geotechnical parameters 

influencing the propagation of ground vibrations in the laboratory, using the samples 

collected from mines and quarries of respective formations. Later, altogether 116 

ground vibration events in hard limestone formation, 37 ground vibration events in 

soft limestone formation, 86 ground vibration events in an underground coal 

formation, 43 ground vibration events in sandstone formation, and 94 vibration events 

in granite formation were recorded resulting from various blast rounds using ground 

vibration monitors. Further, digital signal processing computation was done using 

Advanced Blastware and DADiSP software for all ground vibration waveforms. Most 



 

 

of the blasts studied were recorded using High Speed Video Camera of 1000fps 

capacity for analyzing the blast dynamics. Multiple regression analysis was carried 

out for assessing the influence of Maximum Charge/Delay, Scaled Distance, Distance, 

and PPV on seismic energy. Also, ANOVA analysis was carried out for estimation of 

seismic energy with given blast design parameters using MATLAB. 

 

An attempt was made to tap electrical energy from blast induced ground vibrations 

using the Piezo-Generator (Piezo-Gen) circuit. Validation of Piezo-Gen circuit was 

done by comparing its output (generated voltage) with the vibration data obtained 

from geophones. It was evident from the results that the working of developed Piezo-

Gen circuit is appropriate and analogous with vibration monitors. The developed 

Piezo-Gen circuits were placed adjacent to the seismographs at different short to long 

range distances to tap electrical energy from ground vibrations. In total, electrical 

energy was tapped from 66 blast induced ground vibrations in limestone formation, 

36 in coal formation, 41 in sandstone formation and 94 in granite formation. Electrical 

voltage tapped from the blast induced ground vibrations during studies was used for 

running low powered VLSI systems as ambient power source. The tapped electrical 

energy was correlated with the PPV and seismic energy. 

 

Additionally, numerical modelling was carried out as a parametric study for 

predicting the seismic energy component resulting from a given blast. Altogether, 98 

models were developed using SIMULIA Abaqus / CAE interface. Among them, 28 

models are in limestone formation, 14 models are in coal formation, 15 models are in 

sandstone formation and 41 models are in granitic rock formation. Typical size of 

each developed model after running the job was upto 3.71GB in limestone formation, 

461MB in underground coal formation, 6.02GB in sandstone formation and 5.47GB 

in granite formation. Each model job run took upto 8-27hrs for completion, in 

different rock formations. SIMULIA Abaqus based Finite Element Analysis (FEA), 

with both Python Scripting and Graphic User Interface (GUI) was used to estimate the 

magnitude of ground vibration intensity (PPV) resulting from a given blast. 

Additional parameter observed during a blast in the simulated models of four 

formations was stress components at integral points. Validation of results obtained 



 

 

from developed models was done by comparing with the field results by carrying out 

three dimensional regression analysis. 

 

A proper correlation (>75%) between seismic energy and scaled distance was 

observed in all four rock formations. Also, from the regression analysis made, an 

excellent correlation (>90%) between seismic energy and electrical energy was 

observed in all formations. It indicated the possibility of assessing seismic energy 

dissipated by ground vibrations with the electrical energy generated by the developed 

Piezo-Gen circuit. From the numerical modelling analysis, higher stress values were 

observed at lower distances from blast location indicating dissipation of greater 

seismic energy. Also, PPV was found to increase in proportional to the distance in all 

four formations. From the three dimensional curve fitting analysis made among PPVs 

resulting from modelling study, PPVs obtained in field investigations, and electrical 

voltages obtained from Piezo-Gen circuit, a very good correlation between the 

modelling results and seismic data generated from vibration monitoring and electrical 

data generated from piezo electric generator was observed. Study indicated that the 

working of Piezo-Gen circuit in tapping ground vibrations is as accurate as traditional 

ground vibration monitors. 
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CHAPTER – 1 

INTRODUCTION 

Coal plays a pivotal role in sustainable development. It is the most widely used 

energy source for electricity generation and is an essential input for steel production. 

India has long history of commercial coal mining since 1774 and nationalization of 

coal mines, w.e.f. 01.05.1973. As per Integrated Energy Policy Committee of 

Planning Commission, coal will remain India's most important energy source till 

2031-32 and possibly beyond. In India, about 80% coal output is consumed in power 

sector. In addition, other industries like steel, cement, fertilizer, chemical, paper and a 

score of medium and small-scale industries are dependent on coal for their process 

and energy requirements. India ranks 3
rd

 in world coal production (Anon, 2017). The 

production of coal was 565.8 Mt in 2014-15, which increased by 7.7% to 609.2 Mt in 

2015-16. Drebenstedt (2014) explained the need for mining and blasting in his survey 

conducted for past 70 years of human life. He concluded that the need for mining is 

rapidly growing with increase in the demand for minerals. Fig. 1.1a depicts the need 

for mining in world community. Achzet (2012) conducted a survey on mineral use 

development from several centuries considering stone age and concluded that usage 

of minerals increases according to the needs of human life. Fig. 1.1b depicts the 

development of mineral use in the world. 

 

Mining industry in India is a major economic activity which contributes significantly 

to the economy of India. The GDP contribution of mining industry varies from 2.2% 

to 2.5% only, but going by the GDP of the total industrial sector, it contributes around 

10% to 11%. Mining is also done on small scale, and it contributes 6% to the entire 

mineral production. Indian mining industry provides job opportunities to around 

7,00,000 individuals (Anon, 2016a).  
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(a)   

 
(b) 

(a) Need for mining in world 

community (Drebenstedt, 2014) 

(b) Development of mineral use 

(Achzet, 2012) 

Fig. 1.1  Need for mining due to the development of mineral usage  

 

Enhanced demand for coal and minerals in the country has developed an interest on 

the environmental problems, which may have potential harm and cause disturbance. 

Blasting is an essential operation, in every civil and mining project, whether 

underground or surface, as a major proportion of rock or ore is still excavated by 

drilling and blasting. No other source of concentrated energy is found till date that can 

replace the explosives usage as far as economy, safety, and case of operation are 

concerned. Drilling and blasting operations which were considered to be an art till 

recent, require sound scientific background, due to changing scenario of Indian 

Mineral Industry and demands from other allied sectors. The increased production 

targets, leading to the deployment of huge earth moving equipment in the mines, like 
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40-50cu.m. capacity walking draglines, 20cu.m. capacity shovels, 170t dumpers are 

forcing the technocrats to adopt improved and effective drilling and blasting 

techniques. 

 

Developments in explosives are in tune with the requirements of mineral industry. 

This may be judged by the range of explosives we have today, from gun powder to 

the modern bulk explosive systems like HANFO, SMS, Emulsion, etc. and 

accessories, ranging from ordinary detonator to Raydets, Hercudets, Electronic 

Detonators, etc. However, the effective utilization of explosive energy still remains a 

problem area.  

 

Ground vibrations generated due to blasting operations in mines and quarries are very 

important environmental aspect to be looked into by the researchers. It is established 

that a meager amount of total explosive energy is being utilized in blasting for 

breakage of rock mass while the rest is being wasted. The amount of wasted energy 

causes various environmental issues such as ground vibrations, air over pressure and 

fly rock. Ground vibrations caused by blasting cannot be totally eliminated, yet they 

can be minimized as far as possible, through a suitable blasting methodology. 

Explosive weight per delay and distance of blast site are the two critical parameters 

which control the intensity of ground vibrations (Dowding, 1985). The nature of 

shock waves generated by the detonation of explosives is predominantly influenced 

by rock mass characteristics. Extensive research is going on to measure the amount of 

shock energy being utilized for rock breaking and furthermore to comprehend the 

propagation of vibration and its decaying characteristics. Advancement in the 

development of vibration monitoring instruments resulted in assessing the intensity of 

ground vibrations and further calculation of seismic energy associated (Sastry, 2015). 

 

Explosive energy can be characterized by two types of pressures: detonation pressure, 

dynamic pressure associated with detonation wave, and explosion pressure, pressure 

developed when explosive reacts to resulting in gaseous products. Further, the 

detonation of explosive in a confined hole creates two types of energy: strain energy, 

carried by the shock waves in the rock and gas energy, remaining in the blasthole 
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(Sadwin and Junk, 1965). Explosive energy in blastholes is transferred into rock mass 

as shock energy for fragmenting the surrounding rock mass medium. Such a 

mechanism of fast energy delivery for getting the desired fragmentation and throw 

also results in undesirable results, such as the seismic waves in the rock (Sanchidrián 

et al., 2007). 

 

As a matter of fact, Berta (1985), Spathis (1999) and Ouchterlony et al. (2003) tried to 

calculate the amount of explosive energy transformed in the form of kinetic energy, 

shock energy for fracture generation and seismic wave representing as vibrations. 

Seismic energy has received special attention since earlier times. Spathis (1999) 

proposed, the functional utilization of energy balance to empower blast designs, 

which coordinate accessible energy into fragmenting work and henceforth control 

energy split between fracture energy, kinetic energy and radiated seismic energy, 

bringing out more proficient utilization of the explosive energy.  

 

In rock blasting, energy in general goes into: 

 Extending old fractures 

 Creating new fractures 

 Displacing parts of rock mass relative to others (loosening) 

 Moving the center of gravity forward (heave) 

 Undesirable effects: ground vibrations, air blast, fly rock 

How the energy is partitioned into these different categories depends upon: 

 Explosive parameters 

 Rock/rock mass parameters 

 Blast geometry parameters 

 

When the explosive charge detonates in a blasthole under confinement, the chemical 

energy of the explosive is converted into gases and works towards the surroundings 

with an enormous pressure according to the first principle of thermodynamics 

(Johansson and Persson, 1970). Explosion of a spherical charge in an infinite rock 

medium results in three major zones: (1) Explosion cavity - where explosion energy is 

liberated and the process is hydrodynamic; (2) Transition zone - where plastic flow, 

crushing and cracking occur; and (3) Seismic zone - where strain waves travel as 

seismic waves (Atchison et al., 1963; Nicholls, 1962; Sastry, 1989).  
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Ground vibration is generally a wave motion diffusing outwards from the blast, 

beyond fragmentation zone (Fig. 1.2), just like an eddy wave distributed in a pool of 

water due to stone dropping. When a certain quantity of explosive detonates at a 

certain depth below the earth‟s surface, approximately 20% to 30% of its energy is 

utilized in fragmenting the rock mass or other materials around. However, as 

explosion is an imperfect use of energy, there is loss of energy transmitted through the 

earth in the form of waves or vibrations.  

 
Fig. 1.2  Zones of rock deformation around a blasthole (Atchison, 1968) 

 

Explosion generated ground vibration seismic waves are of two types, namely, body 

and surface waves, travelling at different velocities (Singh et al., 1993). Body waves 

travel through medium and surface waves travel along surfaces or discontinuities. 

Body waves may be reflected or refracted to the surface to become surface waves 

(Fig. 1.3). Body waves are of two types, Primary (P-wave) and Secondary (S-wave).  

Surface waves generate when the radiating body waves impinge on a stress free plane, 

like surface or any discontinuity. These waves travel along the surface and 

discontinuities.  Rayleigh waves are the best known surface waves and include both 

dilation and distortion of medium.  Surface waves carry maximum percentage of 

radiated energy and are predominant at longer distances from the blast source, since 

their attenuation rate is slower than body waves. In addition, frequency of surface 

waves is lower than body waves and frequently found to be in the range most 

favourable for structural response (Holloway et al., 1983). All these waves are 

characterized by exponential decrease in particle oscillation amplitude as distance 

from energy source increases (Taqieddin, 1982). 
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Fig. 1.3  Body waves and surface waves 

 

In general, the intensity of ground vibration is identified by displacement or velocity 

or acceleration (Rosenthal et al., 1987). Displacement is the phenomenon of 

movement of ground particles from their equilibrium position due to the passage of 

seismic waves. Velocity is the rate of change of movement with respect to time, also 

can be understood as speed at which the rock particle moves when it leaves its rest 

position. Force exerted by vibrating particle is proportional to the rate of change of its 

velocity, called as acceleration (Konya and Walter, 1990; Sedlák, 1997). 

 

There are several variables affecting the intensity of ground vibrations and the seismic 

effects. Some of the major variables are: total explosive charge per blast (kg), 

maximum explosive charge per delay (kg), distance between blast location and 

monitoring point (m), number of holes per blast round, delay-time interval (ms) and 

geological conditions of the blast location (Sanchidrián et al., 2007; Zhang and 

Zhong, 2011). 

 

There are many methods available for the assessment of blast performance. Blast 

results like degree of fragmentation, diggability of muck pile, profile of muck pile and 

back break as well as side effects like fly rock, ground vibrations and stemming 

ejection are generally considered for assessment of blast performance. Seismographs, 

high-speed video camera and fragmentation monitoring systems are being used to 

measure different parameters like seismic waves (ground vibrations), initial velocity 

of blasted rock mass and fragment size distribution in muck pile generated, 

respectively, from which various energy terms were calculated. Considerable amount 

of work has been done to identify ground vibrations and minimize the impact of 
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ground vibrations. However, not much research has gone into the energy and the 

possible electric current associated with ground vibrations generated from the 

production blasts in mines, and utilizing this energy in understanding the performance 

of blast rounds. 

 

Current research studies carried out have indicated that in opencast mines there is a 

potential of seismic energy generation based on piezo electricity from a given blast, 

which may be significant from power utilization point of view. Also studies have 

indicated possible correlation between maximum charge per delay and the seismic 

energy. Therefore, a study leading to the possible estimation of energy dissipated at 

different distances from the blast site may be of industrial utility. 

 

1.1   Piezo-Gen Concept 

Piezoelectricity is defined as a change in electric polarization with a change in applied 

stress (direct piezoelectric effect) as shown in Fig. 1.4(a). Piezoelectricity is a 

phenomenon of electricity accumulated in some solid materials (such as crystalline 

particles, certain ceramic substances, and biological composition for example bone, 

DNA and various proteins) due to applied mechanical stress. Therefore, electricity 

resulting from applied pressure is known as piezoelectricity. Piezo was derived from 

the Greek word “piezein”, means to squeeze or press, and “electric” or “electron”, 

derived from “amber”, which is an ancient source of electric charge. Piezoelectricity 

was discovered in 1880 by French physicists Jacques Curie and Pierre Curie (Anon, 

2015a; Curie and Curie, 1880; Tingley, 2013). 

 

Piezoelectricity is the ability of some materials such as crystals and certain ceramics, 

to generate an electric potential in response to applied mechanical stress (Curie and 

Curie, 1881; Pramethesth and Ankur, 2013). When the Piezo crystals are not short-

circuited, the applied pressure induces a voltage across the material. Another 

interesting property of piezoelectric material is the change in their dimensions 

(contract or expand) when an electric field is applied to them, known to be converse 

piezoelectric effect. Converse piezoelectric effect is the change of strain or stress in a 

material due to an applied electric field as shown in Fig. 1.4(b).  
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(a)    (b) 

Fig. 1.4  Piezo electric and converse piezo mechanisms (Henderson, 2002) 

 

Major concept of piezo effect is the disturbance of ionic charges in a crystalline 

material. When there is no external stress on a crystalline structure, then the charge 

distribution will be symmetric and net electric dipole moment will be zero inducing 

no electricity. However, when there is a change in strain on the body, the charge will 

be displaced randomly and charge becomes asymmetrical causing net polarization. In 

some cases, a crystal possesses unique polar axis even in unstrained condition. This 

can result in alteration of electric charge due to uniform change of temperature, called 

pyroelectric effect. Most of the force, pressure, vibration and acceleration sensors 

work on direct piezoelectric effect, and actuator and displacement devices on the 

converse effect (Curie and Curie, 1880). 

 

Some important piezo materials are barium titanate, lithium niobate, polyvinyledene 

difluoride (PVDF), and lead zirconate titanate (PZT). There are several formulations 

of the PZT compound, each with different electro-mechanical properties. Pb(Zr,Ti)O3 

(PZT) ceramics, the most common piezoelectric ceramics, show a high piezoelectric 

„d‟ coefficient  with a negligible contribution of electrostriction. Piezoelectric „d‟ 

coefficient or Piezoelectric Modulus, aka d, quantifies the volume change when a 

piezoelectric material is subject to an electric field, or the polarization on application 

of a stress:  

d = 
 

 
 ------------------------------------------------------------------------          (1.1) 

where, 

P = Polarization 

  = Stress 
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On the other hand, relaxer Pb(Mg,Nb)O3 (PMN) and Pb(Zn,Nb)O3 (PZN) ceramics 

are well known as typical electrostrictive materials. Commercially available PZT-

based soft piezoelectric ceramics (Cat. No. N10, NEC-Tokin Inc., Sendai, Japan) and 

laboratory-made PMN and 0.8Pb (Mg1/3Nb2/3)O3–0.2PbTiO3 (PMN–PT) ceramics are 

also being used for various applications (Hayakawa, 1991; Izumi et al., 2012; Tashiro 

et al., 2003; Tingley, 2013; Tressler et al., 1998). 

 

Nature of the piezoelectric effect is closely related to the occurrence of electric dipole 

moments in solids. Latter, may either be induced for ions on crystal lattice sites with 

asymmetric charge surroundings (as in BaTiO3 and PZTs) or may directly be carried 

by molecular groups (as in cane sugar). Dipole density or polarization (dimensionality 

- Cm/m
3
) may easily be calculated for crystals by summing up the dipole moments 

per volume of crystallographic unit cell. As every dipole is a vector, the dipole density 

„P‟ is a vector field. Dipoles near each other tend to be aligned in regions called Weiss 

domains. These domains are usually randomly oriented, but can be aligned using the 

process of poling (not the same as magnetic poling), a process by which a strong 

electric field is applied across the material, usually at elevated temperatures. Not all 

piezoelectric materials can be poled of decisive importance, for the piezoelectric 

effect is the change of polarization „P‟, when applying a mechanical stress. This might 

either be caused by a re-configuration of the dipole-inducing surroundings or by re-

orientation of molecular dipole moments under the influence of external stress. 

Piezoelectricity may then manifest into a variation of the polarization strength, its 

direction or both, with the details depending on:      

1. The orientation of „P‟ within the crystal 

2. Crystal symmetry 

3. Applied mechanical stress 

 

Alteration in „P‟ appears as a variation of surface charge density upon the crystal 

faces, i.e. variation of electrical field extending between faces, since units of surface 

charge density and polarization are same: 

[C/m
2
] = [Cm/m

3
] -----------------------------------------------------------          (1.2) 

where, 

 C =  Coulomb 

 m =  meter 
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 Cm =  Coulomb meter  

 

However, piezoelectricity is not caused by a change in charge density on the surface, 

but by dipole density in the bulk. For example, a 1cm
3
 cube of quartz with 2kN of 

applied force can produce a voltage of 12,500 V (Curie and Curie, 1881). 

 

Mechanical compression or tension in a poled piezoelectric ceramic element changes 

the dipole moment, creating a voltage. Compression along the direction of 

polarization, or tension perpendicular to the direction of polarization, generates 

voltage of the same polarity as the poling voltage (Fig. 1.5). 

 
Fig. 1.5  Working mechanism of simple piezo transducer (Henderson, 2002) 

 

Piezoelectric effect is a reversible process, in that materials exhibit the internal 

generation of electrical charge resulting from an applied mechanical force (Drobny, 

2012). Energy generated from piezo transducer can be stored using a DC capacitor 

with the help of rectifier circuitry. Modern VLSI design towards the application of 

ambient-powered DSP and remote sensing devices creates an opportunity for the 

utilization of novel energy sources. Self-powered systems using ambient energy 

become practical alternatives, replacing the need for batteries (Amirtharajah and 

Chandrakasan, 1998). Several ambient sources have already been exploited in the 

ongoing generation. These include solar, electromagnetic, RF powered ID tags, 

inductively powered smart cards, or non-invasive pacemaker battery recharging, 

thermal gradients, fluid flow, energy produced by human body, action of gravitational 

fields and electric power generation from cactus and opentia plants (Bouvier et al., 

1997; Damjanovic and Newnham, 1992; Friedman et al., 1997; Geddes, 1990; 

Hayakawa, 1991; Ikeda, 1996; Meninger et al., 2001; Starner, 1996; Williams and 

Yates, 1996).  
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In recent years, the demand for long battery life in portable systems and heat removal 

in non-portable ones has been increased in low power VLSI systems. Ambient energy 

is energy that is available in environment of the system and is not stored explicitly, for 

example, in a battery. Battery operated portable systems have a limited operating life, 

while a system operated by ambient source has an infinite life time. Power from 

ambient sources becomes advantageous for the long-lived systems, since the 

replacement of battery is uncertain. Numerous methodologies were proposed to 

abolish the need of battery in portable systems (Amirtharajah and Chandrakasan, 

1998; Meninger et al., 2001; Newnham et al., 1997). The proposed research, 

therefore, is relevant in this context. 

 

1.2   Seismographs 

Many types of seismographs are available today. Each performs the basic function of 

measuring ground motion, but supplies much additional information. Most 

seismographs are equipped with meters that register and hold the maximum value of 

vibration components and sound level. Other seismographs are equipped to produce a 

printout which gives variety of information such as maximum value for each 

component, frequency of vibration for the maximum value, maximum displacement, 

maximum acceleration, vector sum, and sound level. Blast information such as date, 

blast number, time, location, job designation, and other pertinent information can also 

be added to the printout (Konya and Walter, 1990). 

 

Normally, a seismograph record shows the following information (Fig. 1.6): 

 Three lines or traces, one for each vibration component. A fourth line or trace for 

the acoustic or sound level.  

 A calibration signal for each trace. 

 Timing lines which appear as vertical lines running across all or part of the record. 
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Fig. 1.6  A seismograph record 

 

Application of piezo generator in blast field in the place of seismograph enables to 

generate electrical energy which is proportional to the seismic energy induced from a 

blast at given point. Electrical energy generated, if sufficient, can be used for running 

low powered VLSI systems as ambient power source. It is expected that obtained 

electrical energy will be in direct proportion to input ground vibration intensity. 

Hence, the amount of voltage which is acquired by piezo generator may be calibrated 

in such a way to obtain intensity of blast vibration with the developed piezo generator 

model.  

 

An attempt has been made in the present research work to assess the seismic energy 

dissipated at different distances from the blast site and tap the electrical energy from 

blast induced ground vibrations. Major objectives of proposed research work are as 

follows: 

1. To assess and analyse the seismic energy dissipated by ground vibrations at 

specified distances as captured by blast vibration monitors using signal processing 

software in different formations and to assess the relationship between seismic 

energy and fragmentation.  

2. To develop a Piezo generator circuit that converts undesirable ground vibrations 

into useful electrical energy, as an innovative renewable energy generation 

technique by utilizing the wasted blast energy. 
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3. To compare the electrical output generated from the piezo generator with the 

seismic data generated from blast vibration monitors and assess the relationship 

between these two. 

4. To carry out numerical modelling by simulating the blast conditions for assessing 

the seismic energy component resulting from a given blast as a parametric study, 

and correlate the results with the data generated from vibration monitoring and 

piezo electric generator. 

5. To assess the potential of generating electrical energy from ground vibrations 

resulting from blasting operations, which may be used for running low powered 

VLSI based circuits or ambient power based loads and in particular, for finding 

intensity of ground vibrations on par with traditional vibration monitors. 

 

1.3   Statement of Problem 

Major aim of a mine blast is to get maximum fragmentation of rock mass with 

minimum effect on surroundings. Also, it is expected to get lesser ground vibrations 

and noise. Proper adjustment of blast variables creates the most favorable conditions 

for efficient utilization of explosive energy. In addition, the efficient management of 

explosive energy and on-site conditions have a direct influence on the economics of 

blasting, the rate of productivity through better fragmentation, and the reduction of 

ground vibrations, air blast and fly rock. During the blast, some of the explosive 

energy is being utilized for extraction of rock mass and much of energy is being 

wasted in the form of ground vibrations, which cannot be retractable for any other 

use. 

 

Proposed research work focuses on the assessment and estimation of seismic energy 

as monitored by seismographs and analyzed with signal processing software for 

assessing blast performance, in particular, in four different rock formations – 

Limestone, Coal, Sandstone and Granite. Also, generation of electrical energy using 

undesirable ground vibrations, with developed piezo generator model was 

accomplished, in all four formations. Further, comparison of the obtained electrical 

energy (output) with the seismic energy (input) of ground vibrations was carried out. 

Various blasts were carried out in different geo-mining conditions for finding the 
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efficiency of piezo generator developed. Parametric studies were carried out using 

FEM based numerical modelling technique for the assessment of seismic energy 

component resulting from a given blast. Also, correlation of model results with the 

data generated from vibration monitors and piezo electric generator was 

accomplished.  

 

1.4   Organization of the Thesis 

The thesis is divided into five major chapters for disseminating the significant 

information.  

 

Chapter – 1 gives a brief introduction to the research topic giving the background 

information. Introduction includes various types of blast induced ground vibrations, 

seismic energy, piezo-gen based electrical energy, seismographs and objectives of the 

research study. Further the statement of the problem is also defined. 

 

Chapter – 2 provides a comprehensive review of literature.  In the light of literature 

review, the need and scope of the present research study has been highlighted.  It 

includes review of related works and developments carried out by various researchers 

in this area of research. Literature related to studies describing the ground vibrations, 

seismic energy, fragmentation analysis, high speed videography, piezo-gen technique, 

regression analysis and numerical modelling are presented in this chapter. 

 

Chapter – 3 deals with the methodology adopted for the research study and field 

investigations. Field instrumentation adopted and details of the field investigations 

carried out in four different rock formations are described. MATLAB based 

regression analysis carried out in all four formations is discussed in the chapter. Also, 

numerical modelling study using Python script based Simulia Abaqus/CAE FEM 

software for simulation and analysis of different blasts as a parametric study is 

discussed in this chapter.   

 

Chapter – 4 describes the results obtained from various field investigations and 

MATLAB based regression analysis. The analysis of results is also presented in this 
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Chapter. Further, numerical modelling results and comparison with field results is 

presented.  

 

Chapter – 5 presents significant conclusions drawn from the research study and 

recommendations for future work. 

 

A novel approach directing to the generation of electrical energy using piezo sensors 

by tapping electrical voltage from undesirable ground vibrations generated from 

blasts in mines, as an innovation is presented in the thesis. 
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CHAPTER 2 

LITERATURE REVIEW 

Main objectives of rock blasting are to fragment the strata for achieving required yield 

with desirable fragmentation and minimum side effects. Though the side effects like 

ground vibrations, noise, fly rock, etc. cannot be avoided completely, these can be 

minimized by selecting suitable explosives, initiating devices and using proper blast 

design in given geo-mining conditions. Higher intensity of unwanted results indicates 

improper utilization of explosive energy in fragmenting the rock mass, as the total 

amount of energy released by unit quantity of explosive is constant. Earlier research 

findings established that in a properly designed blast, around 15 to 20 per cent of the 

energy is found to do useful work and the remaining is wasted in generating side 

detrimental effects. Ineffective utilization of energy not only results in improper 

fragmentation, but also generates side effects like venting out of explosive energy 

from stemming zone, more generation of ground vibrations and more seismic energy, 

etc.  

 

Energy released by an explosive, can be grouped into gaseous energy and shock 

energy, working on the surrounding strata resulting in fragmenting the medium 

through various rock breakage mechanisms. Some of these mechanisms are 

responsible for - (a) fracturing energy, that ultimately is responsible for creating new 

surfaces in the rock fragments, (b) energy transferred in the form of shock waves into 

the rock mass propagating as seismic waves or ground vibrations beyond the 

fragmentation zone, and (c) energy to displace the fragmented material and form the 

muck pile, that appears as kinetic energy. This energy partitioning is related to the 

characteristics of explosives and the strata, and to some extent to the blast geometry.  

 

Normal approach to the assessment of blast results or explosives selection by the 

mining industry has been the conventional powder factor or percentage of secondary 

blasting. In some cases, where ground vibrations are of concern, the intensity in terms 

of PPV is measured additionally, and the concerned blast is rated as good or bad. Not 
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much attention has been paid to analyze blast results based on the energy, in terms of 

its utilization or wastage.  

 

In general, in a properly designed blast, around a meager 15 per cent of the energy is 

doing useful work and the remaining is wasted in generating side detrimental effects 

(Hagan, 1973).  Berta (1985) approximately estimated the distribution of utilization of 

total explosive energy into following categories: 

Fracture in-situ    : <1 % 

Breakage     : 15% 

Displacement     : 4% 

Crushing in the vicinity of the hole  : 1.5 to 2% 

Fly-rock     : <1% 

Deformation of solid rock behind the shot : <1% 

Ground vibrations    : 40% 

Air blast/noise     : 38 to 39 % 

 

From the above, it is very clear that even one percentage of additional positive 

utilization of explosive energy is a big contribution to the industry.  

 

Selection of explosives purely based on powder factor is not technically fully 

justifiable, as it takes into consideration only the quantity of muck pile generated, but 

not the quality of fragmentation (fragmentation size) and new surface area created, 

which are indicative of  breakage effected by explosive energy in given geological 

conditions and for a given blast design.  

 

It is aimed through this research to analyze the blast performance in terms of ground 

vibrations and seismic energy using field instrumentation, indicating effectiveness of 

explosive energy and to tap the electrical energy from blast induced ground 

vibrations. Later, it is intended to compare the seismic data with electrical data. 

Finally, FEA based numerical modelling is planned to carry out based on field 

studies, to predict the ground vibration intensity, if possible. 
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2.1   Blast Performance 

Blasting is carried out to excavate hard rock / mineral deposit / waste overburden in 

mining projects. Every blast yields some unwanted results along with the required 

fragmentation. Therefore, blast results need to be assessed for both positive and 

negative effects.  

 

A good blast could be defined as a blast that results in optimum fragmentation with 

minimum side effects like ground vibrations, without any toe and backbreaks. 

Normally, following aspects should be looked into for assessing blast results: 

• Fragmentation 

• Muck pile profile and displacement 

• Hard toe and un-diggable areas 

• Backbreak and overbreak 

• Ground vibrations and air blast 

• Fly rock 

 

2.2   Fragmentation 

The term fragmentation refers to post blast size distribution of rock mass. In other 

way, fragmentation means economically significant size range of a definable volume. 

Optimum blasting has been suggested as obtaining proper degree of fragmentation to 

achieve the lowest combined cost of drilling, blasting, loading, hauling and crushing 

(MacKenzie, 1966). Da Gama and Jimeno (1993) indicated that at optimum 

fragmentation, environmental impacts are also minimum.  

 

Fragmentation obtained in the blasting process influences the downstream costs like 

loading, transportation, processing, etc. (Fig. 2.1). Fragment size should be suitable 

for further handling and processing equipment in order to reduce the total production 

cost. Various parameters influencing the fragmentation are rock properties, explosive 

properties, which include initiating devices and blast geometry parameters.  
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Fig. 2.1  Effect of fragmentation on downstream operations (MacKenzie, 1966) 

 

There is considerable evidence that blasting does affect crushing and grinding results 

(Eloranta, 1995; Paley and Kojovic, 2001). The use of greater energy input in blasting 

unit operations will often be less costly than expanding the energy into downstream 

operations (Workman and Eloranta, 2003). Improved fragmentation accomplished in 

blasting not only reduces the work load in crushing and grinding, but also improves 

loading rates and reduces maintenance in the mine (Eloranta, 1995). 

 

2.3   Fragmentation Analysis 

Fragmentation analysis methods to quantify the size distribution of muck pile are 

grouped as direct and indirect methods. There is no universally accepted method of 

fragmentation analysis till now. Various fragmentation analysis methods are: 

Direct methods 

• Screening / Sieving 

Indirect methods 

• Observational methods /physical inspection 

• Boulder count method 

• Explosive consumption in secondary blasting 
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• Shovel cycle time  

• Power consumption of excavator 

• Power consumption of crusher 

• Bridging delay at crusher 

• Digital image processing of muck pile 

 

2.3.1   Screening / Sieving 

Among the above, the direct method, i.e. sieving / screening is a reliable, accurate and 

unbiased method of evaluating fragmentation quantitatively. A complete sieve 

analysis requires that the entire muck pile be screened. This technique is frequently 

adopted in laboratory and reduced scale studies, but in production blasts, sieving is 

not practicable.  

 

2.3.2   Observational method 

It depends on experience and common sense of the expert, and is a widely used 

technique to assess the blast performance for approximation. Blasting engineer 

assesses the fragmentation and other blasting results like toe formation and backbreak 

subjectively. This method is not a scientific method as it does not give any 

information about size distribution (Kemeny et al., 1993; Wu and Kemeny, 1992). 

 

2.3.3   Boulder count method 

In this method, after the muck pile removal by shovel–dumper combination, boulders 

which were left by shovel (which cannot be handled by the shovel) are counted 

manually and an index is prepared for the number of boulders produced per 1000t of 

material (Sastry and Ram Chandar, 2004). A higher index denotes more boulders and 

poor fragmentation and vice versa. 

 

2.3.4   Explosive consumption in secondary blasting 

Boulders produced in primary blasting need to be further fragmented in secondary 

blasting to suit the loading operations. In general, the quantity of explosive used in 

secondary blasting gives an indication of effectiveness of primary blasting. 

Consumption of higher quantity of explosive in secondary blasting is due to improper 

(more boulders) fragmentation in primary blasting and vice versa.  
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2.3.5   Digital image processing 

Generally, the most popular method to quantify the fragmentation is determination of 

size distribution using digital image processing technique. This is cheaper, consumes 

less time, and does not interrupt production process at the site. This is a more reliable 

method after sieve analysis. This technique involves the usage of reliable software to 

quantify the geometric aspects of images in two dimensions like area, diameter, 

perimeter of fragments, number of fragments, etc. It involves the capturing of images 

of muck pile in the field, keeping a calibrator on the muck pile (Fig. 2.2). Images are 

subsequently imported to the software either by photographic / video-graphic pictures. 

Later, the images are enhanced / reduced, contrasted depending upon facilities 

available in the software, to finally give the size distribution of fragments (Higgins et 

al., 1999; Kemeny et al., 1999). Output could be in the form of Rossin-Rammler 

distribution curve or data in a tabular form, which varies from software to software. 

Some of the commercial software packages developed based on image processing 

technique are TUCIPS, FRAGSCAN, WIPFRAG, FRAGALYST, SPLIT, etc. 

WipFrag is used for the research work and is described below. 

 
Fig. 2.2  Fragmented muck pile captured with 0.5m x 0.5m calibrator 

 

2.3.6   WipFrag 

This was developed by John A. Franklin and Norbert H. Maerz, in collaboration with 

researchers from the University of Waterloo and with industrial groups, with an 

understanding of blasting, mining methods, geotechnical influences, and mineral 

processing requirements. Using digital image analysis of photographs of rock 

fragments and videotape images with granulometry system, grain size distribution 
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may be obtained by WipFrag. Photographic images are digitized using WipFrag from 

slides, prints or negatives, using a desktop copy stand. In order to overcome size 

limitations inherent with a single image, WipFrag has the function for zoom-merge 

analysis. Therefore, combined analysis of images taken at different scales of 

observation may be analyzed. In addition, using Edge Detection Variables (EDV), 

fragment boundaries are analyzed efficiently, and manual editing can improve edge 

detection process (Maerz et al., 1996). Fig. 2.3a shows fragmentation photos taken 

with known size calibrator. Fig. 2.3b shows the intermediate step in processing of 

fragmentation images, and typical fragmentation distribution curve obtained for each 

processed image.  

 
(a) 

 
(b) 

(a) Processing of the captured 

image 

(b) Fragmentation distribution 

curve obtained 

Fig. 2.3  Fragmentation analysis of a muckpile using Wipfrag software 
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If fragment size uniformity is high and thickness of layer is low, image-processing 

program is useful and efficient. However, if the uniformity of fragment size is low 

and thickness of layer is significant, the user should be careful in accepting the results 

of image analysis (Cunningham, 1996). It is very difficult and hard to obtain accurate 

estimates of rock fragmentation after blasting. Following are the main reasons for 

error in using image analysis programs (Liu and Tran, 1996): 

• Image analysis can only process what can be seen with the eye.  

• Image analysis programs cannot take into account the internal rock mass. So the 

sampling strategies should be carefully considered.  

• Analyzed particle size can be over-divided or combined, i.e. larger particles can be 

divided into smaller particles and smaller particles can be grouped into larger 

particles. This is a common problem in all image-processing programs.  

• Fine particles can be underestimated especially.  

 

In order to reduce these errors, image-sampling strategy should be effective and for 

each image analysis, manual editing needs to be carried out.  

 

2.4   Ground Vibrations    

Gaseous pressure generated by explosive in blastholes upon initiation of explosive 

charges produces shock waves in the surrounding strata. Rock fragmentation takes 

place in the zone, where shock energy is effective and intensity of which is sufficient 

to cause breakage of rock mass due to various rock breakage mechanisms. However, 

beyond the fragmentation zone, shock waves travel further into rock mass carrying 

certain amount of energy. This energy is insufficient to cause any permanent 

deformation in rock mass and is sufficient to oscillate the ground particles. These 

waves in the seismic zone are denoted as seismic waves or ground vibrations. Energy 

carried by these waves is known as seismic energy. Two basic types of waves are 

generated (Anon, 2007). First ones are body waves, which travel through the interior 

of the ground, and represented by Longitudinal and Transverse waves (Fig. 2.4).  
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(a) (b) 

(a) Longitudinal waves (b) Transverse waves 

Fig. 2.4  Body waves 

 

Second ones are surface waves, produced when body waves impinge upon a free 

surface or the latter's equilibrium is suddenly disturbed and are represented by vertical 

and horizontal shear waves – with back and forth motion, identified by Love waves or 

Rayleigh waves (Fig. 2.5). 

    
(a)        (b)   

(a) Love waves     (b) Rayleigh waves 

Fig. 2.5  Surface waves 

All these waves are characterized by an exponential decrease in particle oscillation 

amplitude as distance from the energy source increases. Principle concerns of the 

most ground vibration studies are quantity of explosive and distance from the source 

of a blast to the measuring device (Duvall et al., 1963; Nicholls et al., 1971). Ground 

vibrations are generally quantified as displacements that vary with time, accelerations, 

or particle velocities at particular ground locations (Duvall and Fogelson, 1962). 

Currently, the most widely accepted measurement of ground vibration is the Peak 

Particle Velocity (PPV), defined as the speed at which earth particle moves (Anon, 

2016b). Based on the field studies, many researchers have proposed various empirical 

formulae to predict the intensity of ground vibrations. 

 

2.4.1   Prediction of ground vibrations 

The propagation equation suggested by Morris (1950) is as follows: 
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A = K (Q
0.5

/ D) ----------------------------------------------------------------         (2.1) 

where, 

A = Maximum particle amplitude, mm 

Q = Explosive charge weight, kg 

K = Characteristic constant of the site which varies from 0.57 to 3.4 

D = Distance from the blast to recording station, m 

 

Habberjam and Whetton (1952) suggested a higher power for the charge weight in the 

above formula as Q
0.85

. Assuming cylindrical explosive geometry for long cylindrical 

charges, Duvall and Fogelson (1962), Duvall et al. (1963), Daemen (1983), have 

concluded that any linear dimension should scale with the square root of charge 

weight. Blasts should be scaled to equivalent distance or scaled distance, which is 

defined as the actual distance (D) divided by square root of charge weight (Q). 

Corresponding relationship assumes the following form: 

V =  K (D/Q
0.5

)
-B  

   ------------------------------------------------------       (2.2) 

where, 

B =  Slope of the best-fit straight line of V (peak particle velocity) versus  

(D/Q
0.5

) plot on log-log scale 

K =  Intercept on Y-axis when (D/Q
0.5

)
 
= 1

 

 

Devine and Duvall (1963) from USBM suggested the following equation to predict 

ground vibration velocity: 

V = K (DS/Q
0.5

)
-n

             ------------------------------------------------------        (2.3) 

where, 

K and n are constants 

 

Langefors et al. (1958) suggested the following relationship for various charge levels 

to estimate the peak particle velocity as: 

V = K [(D/Q
3/2

)]
B/2  

  ------------------------------------------------------        (2.4) 

 

Attewell (1964), Davies et al. (1964), Birch and Chaffer (1983), Daemen (1983) 

considered no particular charge symmetry and used a general equation as follows: 

V = K D
-B 

Q
A                     

------------------------------------------------------          (2.5) 

where, 

K, A, B are empirical constants 
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Holmberg and Persson (1978) suggested a general equation to predict the intensity of 

ground vibrations as:  

V= K Q
a
 x DS

b
   ------------------------------------------------------           (2.6) 

where, 

K, a, b are empirical constants to be estimated for a site 

 

2.5   Explosive Energy 

Explosive energy is rated in a number of ways, obtained either from theoretical 

calculations or from experimental tests. However, it is very difficult to determine the 

amount of explosive energy transferred to the rock mass and converted into efficient 

work in the application of rock blasting. Although, measurement of some of the 

effects of explosive energy in rock is customary (vibration, fragmentation and to some 

extent rock movement), they are usually conducted for blast control purpose, and the 

results are rarely cast in terms of their energy content. Reason for this may be that, it 

is not the energy consumption in this or that phenomenon that matters, but rather the 

end results, i.e. degree of fragmentation, throw and ground vibration levels. Data and 

estimations on energy components in rock blasting are thus limited to a few 

researchers. Berta (1985), Spathis (1999) and Ouchterlony et al. (2003) estimated the 

amount of energy transformed into kinetic energy of the rock, fracture generation and 

seismic waves.  

 

Energy released by an explosive, can be grouped into gaseous energy and shock 

energy, working on the surrounding strata resulting in fragmenting the medium 

through various breakage mechanisms. Some of these mechanisms are responsible for 

- (a) fracturing energy, that ultimately is responsible for creating new surfaces in the 

rock fragments, (b) energy transferred as shock waves into the rock mass propagating 

as seismic waves or ground vibrations beyond the fragmentation zone, and (c) energy 

to displace the fragmented material and form the muck pile, that appears as kinetic 

energy. This energy partitioning is related to the characteristics of explosives and the 

strata, and to some extent to the blast geometry. Energy balance of the blast can thus 

be expressed as (Spathis, 1999): 

EE =EF+ ES+ EK+ ENM         -----------------------------------------------        (2.7)                                                                         

where, 
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EE     = Explosive energy 

EF     = Fragmentation energy 

ES     = Seismic energy 

EK     = Kinetic energy 

ENM = Energy forms not measured 

 

2.5.1   Fragmentation energy 

This is a specific amount of energy that is required to create a new fracture surface. If 

GF is energy per unit surface, the fragmentation energy can thus be calculated using 

the following equation (Grady, 1982): 

EF = AF*GF                          --------------------------------------------            (2.8)                                                                                                      

where, 

AF = Surface area of the fragments generated by the blast 

GF = Specific fracture energy 

 

Specific fracture energy (GF) can be calculated from experimental fragmentation tests 

under a controlled energy input by means of mechanical combination, leading to the 

Rittinger coefficient (crushing efficiency, the surface area created per unit energy 

input), or derived from material properties of the rock - the fracture toughness and the 

elastic modulus. For estimation of the fragmentation efficiency by blasting, where a 

great amount of fines are produced, the inverse of Rittinger coefficient is used as 

specific fracture energy. Crushing efficiency concept assumes that such efficiency is 

constant for all fragment sizes. 

 

2.5.2   Seismic energy 

Energy transferred into the strata in the form of seismic waves is calculated as integral 

of energy flow past a control surface at a given distance from the blast. Energy flux 

(power or rate of energy dissipated per unit area) is the scalar product of stress at the 

surface and particle velocity (Achenbach, 2012). Calculations of seismic energy and 

its comparison with explosive energy have been reported by Howell and Budenstein 

(1955), Fogelson et al. (1959), Berg and Cook (1961), Nicholls (1962), Atchison 

(1968), and more recently by Hinzen (1998). Berta (1985) attempted to use some of 

the energy concepts in his principles of blast design, though this is seldom used in 

practice.  
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The seismic energy dissipated by a ground vibration event at a given distance from 

blast site could be a critical component in assessing performance of blasts, and it 

could be correlated with the fragmentation achieved in a given blast. 

 

2.6   High Speed Videography 

During the blast, events occur so rapidly that human eye cannot judge the 

performance of individual elements of blast progress and elements involved like 

venting out of gaseous energy, performance of delays / initiation, burden rock 

movement, etc. This requires blasting engineer to redesign the blast without a 

complete understanding of the dynamics involved. High speed videography can 

provide an extended time base to study these elements. Major use of high speed 

motion picture studies of individual events of a blasting process have been well 

documented (Blair, 1960; Chiappetta and Mammele, 1988; Winzer et al., 1979). 

Information derived from videos can help the blast designer to understand explosive 

and geological dynamics involved while reducing number of costly field trials 

necessary to optimize the design and selection of explosives. The process of 

evaluating a given blast with fixed parameters of high speed motion picture 

photography includes precise surveying, accurate analysis of video output, and careful 

cost accounting to determine the most efficient plan for specific location. Following 

are the information that can be generated by high speed video camera for optimizing 

the use of explosives for overburden or waste excavation incorporating motion picture 

photography and computer-assisted analysis: 

• Initial face movement 

• Differential face velocity 

• Face trajectory 

• Range of material cast 

• Performance of various explosives types 

• Benefit of different primer / booster combinations 

• Effects of the delay timing configuration 

• Performance of various blast designs 

• Gas venting occurrence 

 

High speed motion picture videography coupled with computer-assisted motion 

picture analysis software is a cost effective tool to fine-tune blast designs and 
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explosive selection. Response of rock mass to a given blast design and explosive 

components can be quantified. Once the dynamics of a blast are understood, then 

appropriate steps can be taken to maximize utilization of explosive energy for a given 

blast. This process can eliminate many of costly field trials necessary to optimize a 

blast design. Improvement in blast performance provided by refinement of design 

using high-speed videography can make the difference between a profitable and non-

profitable mine operation.  

 

2.7   Delay Timing 

Properly designed delays minimize the superimposition of vibration waveforms 

generated from successive charges, in turn reducing the severity of ground vibration 

and also the air blast. Detonating cord is a major source of high frequency pressure 

pulse. Application of shocktube initiation system for down the hole initiation and also 

for trunkline or surface initiation has been found to be an effective tool in providing 

effective delay timing in blast rounds.  

 

According to Hagan and Kennedy (1978), bottom initiation usually results in less 

noise but slightly higher ground vibration levels. Studies carried out by Sastry and 

Ram Chandar (2015) revealed that ground vibrations could be better controlled with 

primer located above grade level. Gupta and Misra (1998) and Spathis (1999) have 

observed that down the hole shocktube initiation system resulted in lower vibration 

levels than multi point initiation systems. 

 

Delay intervals between rows may vary from 10ms/m of burden for hard rock to 

30ms/m of burden for soft rock (Olofsson, 1990). Initiation sequence in a blast is very 

important, and is a vital factor to be considered in blast design, since several initiation 

sequences radically alter effective burden and spacing during the blasting process. It 

also affects rock movement with respect to face and thereby influences the amount of 

rock shearing and design boundaries of blast pattern. A systematic release of 

explosive energy from one hole/row to the other is crucial in maintaining a continuous 

momentum required for inter-hole/row delay displacements. It has been suggested by 

earlier researchers that the burden from first row of blastholes should be displaced by 
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at least one third of the burden distance (1/3 B) before next row of blastholes is fired, 

for an efficient blast (Fig. 2.6).  

 
Fig. 2.6  Required burden movement before blasting of next row 

 

Burden rock velocity was calculated for different conditions by tracking down the 

movement of burden rock mass (Sastry et al., 2015). ProAnalyst software was used 

for tracking down the burden rock movement, for determining the velocity of rock 

mass. Based on the burden movement velocity, the minimum delay timing required 

between rows was analyzed (Table-2.1). Study has shown that as BH/B, Bench height 

to burden ratio, increasing, the required delay time per metre distance throw of burden 

rock mass is decreasing. For a BH/B ratio condition of two, the delay time required 

was determined as 12.5ms per metre, whereas with BH/B value of 3.75 the required 

delay reduced to 8ms per metre distance. This is because as BH/B is increasing, the 

bench is becoming less stiff and more flexible resulting in faster movement of burden 

rock mass.  

 

Table – 2.1  Delay time required between rows based on high speed videography 

(Sastry et al., 2015) 

BH/B
*
 

Ratio 

Avg. Burden 

Velocity  

(m/s) 

Delay Time 

Required 

 (ms/m) 

2.0   79.8 12.5 

2.5   95.6 10.5 

3.2 100.7 10.0 

  3.75 127.9   8.0 
*
BH/B = Bench height to burden ratio    
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An optimum inter-row delay gives good fragmentation and displacement without cut-

offs. Improper delay gives rise to problems of fly rock, ground vibrations, toe and 

backbreak. For large diameter blastholes, optimum inter-row delay usually varies 

from about 5ms/m of effective burden for strong massive rocks to about 10ms/m for 

weak and highly fissured strata (Hagan, 1983). In addition to burden and rock type, 

Konya and Walter (1990) have suggested delay timing depending on the desired end 

results based on their priority. The best possible fragmentation can be achieved with 

delay timing of 10 to 20ms/m of burden. Douglas and James (2000) found that an 

optimum delay of 2ms/0.6m between holes in a row for massive rock gave improved 

fragmentation. Optimum fragmentation is achieved at a critical delay.  According to 

Anderson et al. (1985) and Winzer et al. (1983) very short delays (1ms/0.3m) give the 

poorest fragmentation, but a higher delay in spacing degrades the fragmentation. 

 

Usually, rock or burden response of the blast and the post blast muck pile are also 

dependent on timing sequence of the blast. Too little time between holes or rows 

results in a stacked muck pile that is very difficult for the excavator to efficiently 

excavate. Excessive delay between holes or rows can result in unsafe blasts creating 

excessive air blast levels and fly rock.  

 

In the selection of initiators, precise number of milliseconds of time between initiator 

periods is important in rock breakage. Poor timing is a common occurrence, which 

causes blastholes to malfunction. Initiation timing is one of the most easily corrected 

causes of malfunctioning of blastholes. Minimum time for design is controlled by the 

stress wave travel distance in order for radial cracking to begin to develop, 

contributing to the detachment of rock mass in the vicinity of hole. This detachment 

forms an internal free face, to which successive detonation will interact with the 

reflection of stress waves. The minimum timing is therefore, 

T = 2Be/C       ----------------------------------------------------------             (2.9) 

where, 

T  =  Stress wave travel time, ms 

Be = Effective burden, m 

C  = Sound wave velocity in rock, m/s 
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Generally, it is assumed that the poor fragmentation is observed at opening and final 

blastholes in a blast. Work on the delay effect on fragmentation assumes that there is 

some interaction between the actions of individual boreholes in a multi-hole blast, 

which improves fragmentation, though basic mechanisms for this interaction remain 

uncertain. It appears that a single hole shot has an unfavourable partition between the 

energy used for fragmentation and that wasted in ground vibrations. Blasthole 

detonated subsequent to the first hole should then generate a ground vibration with 

lower amplitude than the single hole shot (Douglas and James, 2000). Generally, 

recommended delay intervals proposed by different researchers are given in Table-

2.2.  

 

Table – 2.2  Recommended delay intervals by different researchers   

(Bhandari, 1997) 

Sl. 

No. 

Researcher Delay Interval 

1 Lang and Favreau,  1972 5 to 8.3ms/m of burden 

2 Langefors and Kihlstrom, 1973 2 to 5ms/m of burden 

3 Bergmann et al., 1974 3.3 to 6.6ms/m of burden 

4 Hagan, 1977 8ms/m of burden for long collars, soft 

rock and 4ms/m of burden for short 

collars, massive rock 

5 Winzer, 1978 11ms/m of relief between holes and 

about 28.7ms/m diagonal 

6 Anderson et al., 1981 8.4ms/0.3m of effective burden 

7 Andrews, 1981 3.3 to 17ms/m of spacing between 

adjacent holes in a row and 6.6 to 

50ms/m between rows 

 

2.8   PIEZOGEN – Tapping Electricity from Vibrations 

Piezo-Generation is a new approach to generate electrical energy from the sensing 

cum converting equipment called piezo sensor / piezo buzzer. It mainly works on a 

principle of Piezo electric effect, which is creating pressure energy on a crystalline 

material viz., quartz crystal to generate electricity. Jacques and Pierre Curie discover 

Piezo electric effect in 1880 during studies into the effect of pressure on the 

generation of electrical charge by crystals (such as quartz).  
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Piezo was derived from the Greek “Piezein”, which means to squeeze or press. Piezo 

material exhibits both “Direct piezo electric effect” as well as „Converse piezo electric 

effect”. Direct piezo electric effect is the production of electricity when crystals are 

mechanically stressed and converse piezo electric effect is the stress or strain in 

crystals when an electric potential is applied. Lead zirconate titanate (PZT) crystals 

are the most common crystals being used. 

 

Piezo effect finds many applications such as production and detection of sound, 

generation of high voltages, electronic frequency generation, microbalances, and 

ultra-fine focusing of optical assemblies. It is also the basis of a number of scientific 

instrumental techniques with atomic resolution, scanning probe microscopes and 

everyday uses such as push-start propane starter for barbecues. 

 

Piezoelectric materials, (PZT), can be utilized as instruments to convert surrounding 

vibrations into electricity into that can be preserved and used to control different 

gadgets. With the modern surge of miniaturized scale gadgets, PZT became a 

renewable alternative to conventional power sources used to run various types of 

sensors/actuators, telemetry, and MEMS gadgets. 

 

Piezoelectric materials kind transducers can exchange electrical energy and 

mechanical movement or force. These materials, in this way, can be utilized as 

instruments to exchange encompassing movement (typically vibration) into electrical 

energy. By integrating power-harvesting mechanism, portable systems can be 

developed that do not require additional power, like battery, which has a restricted 

working life. Recent findings show the practicality of utilizing PZT gadgets as power 

sources. Umeda et al. (1996) utilizes a free-falling ball to influence a plate with a 

piezo-ceramic wafer appended to its underside, and built up an electrical proportional 

model of the PZT changing mechanical effect to electrical power. Umeda et al. (1997) 

explored the energy storage characteristics of the PZT with a diode bridge rectifier 

and a capacitor. Starner (1996) analyzed the energy obtainable from leg movement of 

a person and reviewed other human movement sources of mechanical energy 

including circulatory system of blood. 
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Kymissis et al. (1998) examined application of piezo-film in accession to the ceramic 

accommodate ability to lighten a bulb with a shoe, exclusively from walking motion. 

Kimura‟s US Patent centers acclimatized electrical energy in the form of rectified 

voltage signal by vibrating a small plate (Kimura, 1998). This accomplishment seems 

to be motivated by offering abundant energy to run a small transmitter anchored to 

wandering birds for transmitting their identification cipher and location.  

 

Goldfarb and Jones (1999) presented a linearized paradigm of a PZT assemblage and 

analyzed the ability of it. It was evident that the best ability of the device occurs in a 

low frequency range considerably lower than the structural resonance of the PZT 

stack. Furthermore, Clark and Ramsay (2000) suggested and compared the force 

attained in the poling direction (d33 mode) with the transverse force (d31 mode) in a 

PZT generator. Their plan showed that the d31 approach has an advantage by 

converting applied stress into electricity. They determined that a 1cm
2
 piezo-ceramic 

powered a MEMS gadget in microwatt range. Elvin et al. (2001) apparently and 

experimentally investigated the function of self-powered strain sensors with PVDF 

(Polyvinylidene fluoride). Their half-bridge diode rectifier circuit was integrated with 

wireless sensor for human bone strain monitoring. Kasyap et al. (2002) devised a new 

model to characterize the performance of PZT in assorted domains. Their paradigm 

was absolute experimentally through 1-d anatomy with maximum energy efficiencies 

of about 20%. Gonzalez et al. (2001) analyzed the anticipation of piezo electric 

energy conversion, and recommended various mechanisms to increase the magnitude 

of resultant electrical energy. 

 

According to Ramadass and Chandrakasan (2010), the Piezo effect is classified as 

follows: 

 Direct Effect - Electric polarization produced by mechanical strain, changing its 

sign with reversal of the strain. 

 Converse Effect - Mechanical stress produced by the application of an electric 

field, changing its sign with reversal of field. All piezo-electric crystals 

necessarily exhibit both direct and converse effect. 
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 Longitudinal Effect - Dilatation in a given direction is accompanied by an electric 

polarization in the same direction. 

 Transverse Effect - Dilatation takes places at right angles to the associated electric 

field. 

 

Types of vibrations  

 Longitudinal Vibrations – Commonly occurring in rods or more extended masses 

in which the motion of the vibrating particles is parallel to the direction of 

propagation of the wave, which is normal to the wave front. Vibrations of this 

type are also called "compressional" and "extensional". Longitudinal vibrations 

may be produced in either fluids or solids (Cady, 1930). 

 Transverse Vibrations - The vibrating particles move in a direction parallel to the 

wave front and normal to the direction of propagation. Familiar examples are 

electromagnetic radiations, vibrating strings, membranes, and thin plates. With 

Piezo-electric crystals, transverse (distortional) vibrations may occur when the 

direction of the electric field is such that the field produces a shearing stress about 

same axis.  

 Flexural Vibrations - These usually occur in elongated plates or bars and are 

frequently called "transverse" or "lateral" vibrations. They are associated with a 

bending of the specimen in a certain plane; hence, it is best to refer, for example, 

to "flexural vibrations in the YZ plane". 

 Torsional Vibrations – Vibrations take place in a cylinder or prism between 

adjacent cross-sections, in a relatively angular displacement (shearing strain) 

about the axis (Cady, 1930). 

 

2.8.1   Construction of the piezo generator (Piezo-Gen) 

Battery powered mobile devices have recently been rapidly gaining widespread 

popularity. However, they must always be charged before use. If they are equipped 

with a portable generator which transforms mechanical impact energy during travel to 

electric energy, batteries can be charged without any electrical power sources. 

Portable generator consists of a steel ball and a piezoelectric vibrator. Impact of ball 

against generator produces electrical energy via piezoelectric effect. By introducing a 
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diode bridge-rectifier and a capacitor, it is able to study the energy storage 

characteristics both theoretically and experimentally. Efficiency and the stored charge 

are discussed with respect to the initial voltage and the capacity of the capacitor. 

 

Piezoelectric generators (PEGs) are ingenuous, low-cost, and extremely condensed 

gadgets. However, they are inherently low-energy accessories with greater energy 

density of about 1 J/cm
3
, which restricted their functionality to particular specific 

applications. Primitive studies of piezo sensors had two fundamental themes, 

employing ferroelectric or piezoelectric substances as the functional device and using 

shock waves to depolarize these materials. Most of the aboriginal studies focused on 

either individual crystals or ferro-ceramic abstracts such as barium titanate, Tibalit, 

lithium niobate, and particularly, lead zirconate titanate (PZT).  

 
One of the initial researches made by Besancon et al. (1966) advised the possibility of 

application of PEGs as pulsed energy sources. Subsequently, others recommended 

their usefulness as pulsed energy supplies including Ludu et al. (1987), Staines et al. 

(2003), Shkuratov et al. (2001), and Tkach et al. (2002). 

 
Prishchepenko and his research group apparently hold a lot of acquaintance with 

PEGs with work commencing from 1983 and research works on going through late 

1990s. They have handled their PEGs to power capacitive loads and in aggregation 

with ferromagnetic generators (Prishchepenko and Shchelkachev, 1996). Initially, it 

was perceived by Ludu et al. (1987) that these generators function more efficiently 

with damped shock pressures. They examined the effect of stress on PZT plate and 

discovered that, with pressure above 50 kbar, the electric current exponentially 

decreases. They hypothesized the phenomena as internal short-circuit between PZT 

terminals. Two types of attenuators were acclimated in their experiments: copper-

Plexiglas and steel.  

 

To simulate the generation and storage mechanism, we employ an electrical 

equivalent circuit model as shown in Fig. 2.7, which was established by previous 

research.  
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Fig. 2.7  Equivalent circuit of a piezo generator 

 

2.8.2   Working principle of piezo sensor 

In a piezoelectric crystal, positive and negative electrical charges are separated, but 

together symmetrically distributed. This makes the crystal electrically neutral. Each of 

these sides forms an electric dipole and dipoles near each other tend to be aligned in 

regions called “Weiss domains”. Usually, these domains are randomly oriented, but 

can be aligned during poling, a process by which a strong electric field is applied 

across the material, usually at elevated temperatures. When a mechanical stress is 

applied, this symmetry is disturbed, and the charge asymmetry generates a voltage 

across the material. In Converse piezoelectric effect, application of an electrical field 

creates mechanical deformation in the crystal. 

 

Flexible Piezoelectric Materials are attractive for power harvesting applications 

because of their ability to withstand large amounts of strain. Larger strains provide 

more mechanical energy available for conversion into electrical energy. A second 

method of increasing the amount of energy harvested from a piezoelectric sensor is to 

utilize a more efficient coupling mode. 

 

2.8.3   Types of piezo sensors 

Various models and types of piezo transducer systems are depicted in Fig. 2.8: 
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 (a)   (b)           (c)      (d) 

(a) Two-terminal circle type with stainless steel, brass and nickel alloy metal 

(b) Three-terminal circle with brim feedback, brass and stainless steel metal 

(c) Three-terminal circle with center feedback, brass and stainless steel metal 

(d) Two-terminal square type with nickel alloy metal 

Fig. 2.8  Types of piezo transducer systems (Anon, 2016c) 

 

Piezo transducer is to be connected to a connector with two or three wires, 

accordingly, to tap electrical energy from mechanical vibrations (Fig. 2.9). 

 
Fig. 2.9  Connection setup of piezo-transducer system (Anon, 2016c) 

 

2.8.4   Applications 

The best-known applications of piezo crystals are: 

• Direct piezoelectricity of some substances like quartz, can generate potential 

differences of thousands of volts. 

• As chemical and biological sensors, piezoelectric microbalances are used as very 

sensitive chemical and biological sensors. Piezos are also used as strain gauges 

(Janssen, 1951). 

• Piezo-resistive effect of semiconductors has been used for sensor devices 

employing all kinds of semiconductor materials such as germanium, 

polycrystalline silicon, amorphous silicon, and single crystal silicon. Since, 

nowadays silicon is the material of choice for integrated digital and analog circuits, 

the use of piezo-resistive silicon devices has been of great interest. It enables the 

easy integration of stress sensors with Bipolar and CMOS circuits (Doppalapudi et 

al., 2001). Piezo-resistors made from a Piezo-resistive material are used for 

measurement of mechanical stress. They are the simplest form of Piezo-resistive 

devices (Wingrove, 1970). 
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• In musical instruments, piezoelectric transducers are used in electronic drum pads 

to detect the impact of the drummer‟s sticks. It works on Piezo-resistive effect. It is 

the changing electrical resistance of a material due to applied mechanical stress. 

Piezo-resistive effect differs from the piezoelectric effect. In contrast to the 

piezoelectric effect, the Piezo-resistive effect causes a change in resistance and 

does not produce an electric potential (Tanaka, 1977; Trimarchi, 2008). 

• A similar idea is being researched by DARPA (Defense Advanced Research 

Projects Agency) in the United States in a project called Energy Harvesting 

(Huang et al., 2006). This includes an attempt to power battlefield equipment by 

piezoelectric generators embedded in soldiers' boots. However, these energy-

harvesting sources by association have an impact on the body. DARPA's effort to 

harness 1–2 Watts from continuous shoe impact while walking were abandoned 

due to the impracticality and the discomfort from the additional energy expended 

by a person wearing the shoes (Ghandi, 2000). 

• Automotive engine management systems use a piezoelectric transducer to detect 

detonation by sampling the vibrations of engine block. Ultrasonic Piezo sensors are 

used in the detection of acoustic emissions in acoustic emission testing (Carullo 

and Parvis, 2001). 

• A piezoelectric transformer is a type of AC voltage multiplier. Unlike a 

conventional transformer, which uses magnetic coupling between input and output, 

the piezoelectric transformer uses acoustic coupling. An input voltage is applied 

across a short length of a bar of Piezo-ceramic material such as PZT, creating an 

alternating stress in the bar by the inverse piezoelectric effect and causing the 

whole bar to vibrate. The vibration frequency is chosen to be the resonant 

frequency of the block, typically in the 100 kHz to 1 MHz range. A higher output 

voltage is then generated across another section of the bar by the piezoelectric 

effect. An extra feature of this transformer is that, by operating it above its 

resonant frequency, it can be made to appear as an inductive load, which is useful 

in circuits that require a controlled soft start. These devices can be used in DC-AC 

inverters to drive cold cathode fluorescent lamps. Piezo transformers are some of 

the most compact high voltage sources (Flynn and Sanders, 2002). 
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• Piezoelectric elements are also being used in the detection and generation of sonar 

waves. Applications include power monitoring in high power applications such as 

medical treatment, sono-chemistry, industrial processing, etc. (Gautschi, 2002).  

• Piezoelectric sensors are used with high frequency sound in ultrasonic transducers 

for medical ultra sound imaging. For many sensing techniques, the sensor can act 

as both a sensor and an actuator (Ritter et al., 2002). Ultrasonic transducers, for 

example, can inject ultrasound waves into the body, receive the returned wave, and 

convert it to an electrical signal (a voltage). 

• This principle is adopted to piezoelectric motors, sound or ultrasound generating 

devices, and many other products, i.e. when a voltage is applied to the piezoelectric 

element, it expands some distance X, where motor consequently moves some 

object by a distance X (Fig. 2.10). Generator action is used in fuel-igniting devices, 

solid-state batteries, and other products. Motor action is adopted to piezoelectric 

motors, sound or ultrasound generating devices, and many other products (Arnone 

et al., 2003). 

 
Fig. 2.10  A piezoelectric motor 

• A new design, devised by Lucy (2010), a developer at the Technion-Israel Institute 

of Technology in Haifa, Israel, may hold the key to harnessing the power of 

moving vehicles to create electricity. Piezoelectric crystals could be used to absorb 

heavy traffic and convert a 1km stretch of highway into a 400kW power plant, 

much like Japan's railway project. Innowattech, Abramovich's Haifa-based spin-off 

company, already announced its intentions of testing the new system as early as 

January 2009, on a short stretch of highway, about 100m long, in Northern Israel. 

Critics to the Israeli system say that inserting this type of materials in the surface of 

http://news.softpedia.com/news/Tokyo-Railway-Will-Have-Piezoelectric-Power-Generators-99373.shtml
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the road would increase the traction force cars would have to exert on the road, as 

the surface of the street would resemble that of a mud-covered area. This would 

mean that fuel consumption would increase, though even opponents admit that 

powering roadside structures would be very beneficial to everyone (Anon, 2008a; 

Brian, 2011; Valone, 2009).  

• Like sensing elements, detection of pressure variations in the form of sound is the 

most common sensor application, e.g. piezoelectric microphones (Fig. 2.11). 

Sound waves bend the piezoelectric material, creating a change in voltage. 

 
Fig. 2.11  A common piezoelectric sensor (Tingley, 2013) 

• The East Japan Railway Company (JR East) has announced that it will outfit the 

floor of its Tokyo railway station with piezoelectric devices that have the capacity 

to draw electricity from the steps of those passing in front of ticket booths. For 

now, the experiment will be fairly limited, covering a small area, but, if successful, 

the system will be implemented at a large scale, probably in all railway or subway 

stations in Japan, or even worldwide. The JR East Railway Station had tested 

piezoelectric energy harvesting in 2008 (Fig. 2.12). A floor mat was made with an 

array of piezoelectric disks, and roughly, the same product was used in 

piezoelectric energy harvester. These mats were placed in the automatic ticket 

readers so that passengers would walk on them when they scan their train tickets. 

Roughly 10,000 watt-seconds were produced per day from the installation of these 

piezoelectric floor mats in only six ticket gates. This is not a huge amount of 

electricity, but if the mats were placed in all ticket gates, could be enough to 

contribute to the power requirements of the train station such as lighting and power 

for ticket gates (Tingley, 2013).  
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Fig. 2.12  Power generating mats in a JR east railway station (Anon, 2008b) 

• Other energy harvesting ideas include harvesting the energy from human 

movements in railway stations or other public places and converting a dance floor 

to generate electricity. Vibrations from industrial machinery can also be harvested 

by piezoelectric materials to charge batteries for backup supplies or to power low-

power microprocessors and wireless radios (Ambudkar et al., 2014). 

 

2.9   Regression Analysis 

In regression analysis, the system fits a straight line to a set of data points for 

estimation of the correlation between the parameters studied. It may use a series of 

mathematical equations to find the best possible fitting line to the data points (Anon, 

2009). Following power regression equation may be used to calculate the coefficient 

of correlation and coefficient of determination between two different parameters. 

Y= K (X
-a/b

)            ---------------------------------------------------------         (2.10) 

where, 

 Y = Output variable 

 K = Site constant 

 X = Input variable 

  a = Geology 

  b = Critical blast design parameters 

 

2.9.1   Recognition of control variables 

Identification of appropriate factors is very important in regression analysis to get a 

good and accurate fit model. Therefore, ANOVA has become a part of regression 
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analysis for improving the goodness of fit (gof) between two or more variables (Anon, 

2009). 

 

2.9.2   ANOVA  

ANOVA is an acronym of Analysis of Variance. A statistical approach estimates 

control variables influencing the output based on various tests. Fisher originated 

ANOVA in the year 1918 as the extension of t test and z test (Fisher, 1930).  ANOVA 

is so-called to be Fisher analysis of variance, which was being used to perform the 

analysis of variance for different variables between groups (regression parameters) 

and within the groups (residual parameters), whenever the groups are greater than 

two. Earlier, the t-test and z-test were commonly used for fit analysis. T-test has a 

constraint in functionality, i.e. it cannot be applied for more than two groups. Further, 

ANOVA creates a way to test several null hypotheses at a time (Anon, 2013). 

 

2.9.2.1   Implementation of ANOVA 

ANOVA is very commonly used in all goodness of fit (gof) based regression 

analysis. To compare the influence of different variables on each other, ANOVA may 

be performed. ANOVA can be implemented in three different ways, viz. one-way 

ANOVA, two-way ANOVA, and N-way or Multivariate ANOVA, as explained 

below: 

• One-Way: Comparing more than two groups, based on one parameter, i.e. 

independent variable.  

• Two-Way: Comparing more than two groups based on two parameters, i.e. two 

independent variables. Two-way ANOVA‟s are useful to understand the influence 

of one variable / factor on the other, or it will be employed to observe the 

interaction between two variables / factors. Two-way ANOVA might be useful in 

both balanced and unbalanced conditions. Sometimes, to solve an unbalanced 

problem, there will be various methodologies in ANOVA. Such methodologies 

are: hierarchical approach or type-1 analysis (data may not intend to be unbalanced 

but there may be some type of hierarchy between the factors), classical 

experimental design or type-2 analysis (data may not intend to be unbalanced and 

may not find any hierarchy), and full regression approach or type-3 analysis (data 
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may be unbalanced because this may be a reflection of population and it may be 

intended).  

• N-Way: Whenever there is a factor comparison, then it is said to be n-way 

ANOVA, i.e. comparing more than two groups based on „n‟ independent 

parameters / variables. 

 

2.9.3   Approximation of regression coefficients  

In view of the orthogonal property, approximated coefficients are not associated with 

the other, since, least squares method was used to evaluate the minimum variance. In 

general, regression coefficients of model are processed using a formula, based on least 

squares, as given below: 

 Bj = XjiYiN ---------------------------------------------------------         (2.11) 

where, 

   j = 0, 1, 2,…, k 

 N = Number of trails made 

 X = Size of the matrix 

 Xi= Value of a factor  

 Yi= Average 

 

Coefficients estimated by using above equation were employed to build models and 

those models were utilized to develop models for the output variable. Models were 

determined by applying analysis of variance (ANOVA). Later, F-ratio (Fisher Ratio) 

was determined and is assessed with the standard calibration values for 95% 

confidence of the model developed. When the measured values are lesser than values 

available in F-table, then the model is considered as adequate. F-ratio may be 

determined by using following equation: 

 Fratio = 2 x (Sad
2
 / Sy

2
)  ---------------------------------------------------------     (2.12) 

where, 

 Sad
2

 =  Variance of adequacy or residual variance  

 Sy
2  

= Variance of optimization parameter of reproducibility variance  

Variance of adequacy was estimated by the following equation: 

 Sad
2
 = 

              
 

   
  --------------------------------------------------------     (2.13) 

where, 

yavg    =  Value of response predicted 

DOF =   Degree of freedom and is equal to (n-(K+1)) 
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N      =   No. of field experimental trials  

 K      =   No. of independent variables  

Further, Variance of optimization parameter of reproducibility variance was estimated 

by the following equation: 

 Sy
2

     =  
            

 

   
  --------------------------------------------------------     (2.14) 

where, 

 yavg   =  Average of response observed  

 y1       =  Other of the values of response parameter 

 DOF=  Degree of freedom is equal to the number of experimental runs  

 

2.9.4   Standard table (F-Ratio) 

A ratio was developed in statistical analysis that is very appropriate for testing a 

hypothesis on adequacy of a model. There is flexibility with F-Ratio in effectively 

reducing the testing hypothesis to compare N tabulated value. 

2.9.4.1   Construction of F-table 

Generally, columns are related to a definite number of degrees of freedom, DOF1, and 

rows for the denominator, DOF2.  Critical values of F-ratio are found at corresponding 

rows and columns. A significance level of 5% (confidence level of 95%) is used in all 

general technical problems.  Standard F-table with values of the F-ratio at significance 

level of 5% is shown in Table-2.3. 

Table – 2.3  Values of F- ratio at 5% significance level 

 1 2 3 4 5 6 12 24 

1 164.4 199.5 215.7 224.6 230.2 234.0 244.9 249.0 

2 18.5 19.2 19.3 19.3 19.3 19.4 19.4 19.4 

3 10.1 9.6 9.3 9.1 9.0 8.9 8.7 8.7 

4 7.7 6.9 6.6 6.4 6.3 6.2 5.9 5.8 

5 6.6 5.8 5.4 5.2 5.1 5.0 4.7 4.5 

6 6.0 5.1 4.8 4.5 4.4 4.3 4.0 3.8 

7 5.5 4.7 4.4 4.1 4.0 3.9 3.6 3.4 

8 5.3 4.5 4.1 3.8 3.7 3.6 3.3 3.1 

9 5.1 4.3 3.9 3.6 3.5 3.2 2.9 2.7 

10 5.0 4.1 3.7 3.5 3.3 3.2 2.9 2.7 

11 4.8 4.0 3.6 3.4 3.2 3.0 2.9 2.5 

12 4.8 3.9 3.5 3.3 3.1 3.0 2.7 2.5 

13 4.7 3.8 3.4 3.2 3.0 2.9 2.6 2.4 

14 4.6 3.7 3.3 3.1 3.0 2.9 2.5 2.3 

15 4.5 3.7 3.3 3.1 2.0 2.8 2.5 2.3 

16 4.5 3.6 3.2 3.0 2.9 2.7 2.4 2.2 

17 4.5 3.6 3.2 2.9 2.8 2.7 2.4 2.2 
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 1 2 3 4 5 6 12 24 

18 4.4 3.6 3.2 2.9 2.8 2.7 2.3 2.1 

19 4.4 3.5 3.1 2.9 2.7 2.6 2.3 2.1 

20 4.4 3.5 3.1 2.9 2.7 2.6 2.3 2.1 

22 4.3 3.4 3.1 2.8 2.7 2.6 2.2 2.0 

24 4.3 3.4 3.0 2.8 2.6 2.5 2.2 2.0 

26 4.2 3.4 3.0 2.7 2.6 2.5 2.2 2.0 

28 4.2 3.3 3.0 2.7 2.6 2.4 2.1 1.0 

30 4.2 3.3 2.9 2.7 2.5 2.4 2.1 1.9 

40 4.1 3.2 2.9 2.6 2.5 2.3 2.0 1.8 

60 4.0 3.2 2.8 2.5 2.4 2.3 1.9 1.7 

120 3.9 3.1 2.7 2.5 2.3 2.2 1.8 1.6 

 

2.9.5   Development of statistical model 

Final statistical model is established by considering significant coefficients from 

ANOVA statistical analysis. Values predicted by a model are to be verified by field 

investigation results to obtain satisfactory results. Then the models may be used for 

drawing graphs and analyzing results with predicted values.  

 

2.10   Numerical Modelling 

Pre-processing of ABAQUS / CAE (Computer-Aided Engineering) in python script 

and GUI (Graphical User Interface) may be used for carrying out of numerical 

modelling as a parametric study of field investigations (Anon, 2012a; b, 2015; 

Khennane, 2013; McMillan, 2013; Puri, 2011; Wierszycki and Sielicki, 2012; 

Xiaoguang, 2011; Yang and Turcotte, 1994; Yang, 1997). 

 

2.10.1   Methods of analysis in Abaqus 

 Interactive mode 

– To create an FE model and analysis using GUI 

– Advantage: Automatic discretization and no need to remember commands 

– Disadvantage: No automatic procedures for changing model or parameters 

 Python script 

– All GUI user actions will be saved as Python script 

– Advantage: Users can repeat the same command procedure 

– Disadvantage: Need to learn Python script language 
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2.10.2   Units 

Abaqus does not have built-in units. It is required to use consistent units throughout 

the model. Table-2.4 depicts typical units to be used in the modelling to maintain 

consistency during the analysis (Barbero, 2013; Hibbett et al., 1998; Khennane, 

2013). 

 

Table – 2.4  Typical units to be used in the Abaqus / CAE 

Quantity SI SI (mm) US Unit (ft) US Unit (in) 

Length m mm ft in 

Force N N lbf lbf 

Mass kg tonne (10
3
 kg) slug lbf s

2
/in 

Time s s s s 

Stress Pa (N/m
2
) MPa (N/mm

2
) lbf/ft

2
 psi (lbf/in

2
) 

Energy J mJ (10
–3

 J) ft lbf in lbf 

Density kg/m
3
 tonne/mm

3
 slug/ft

3
 lbf s

2
/in

4
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CHAPTER 3 

INVESTIGATIONS 

 

Initially, research studies were aimed to study the geotechnical parameters influencing 

the propagation of ground vibrations, particularly, P-wave and S-wave velocities. 

Further, assessment and estimation of the seismic energy dissipated by ground 

vibrations at specified distances as captured by blast vibration monitors using signal 

processing approach was carried out in four different formations – Limestone, Coal, 

Sandstone and Granite. Also, relationship between critical parameters in blast design 

(maximum charge per delay, distance, geology) and seismic energy was made in all 

rock formations using regression based ANOVA statistical analysis. Similarly, 

relationship between seismic energy and fragmentation was assessed.  

 

Later, a piezo generator circuit that converts undesirable ground vibrations into useful 

electrical energy, as an innovative renewable energy generation technique by utilizing 

the wasted blast energy was developed. Furthermore, comparison of the electrical 

output generated from piezo generator with the seismic data generated from blast 

vibration monitors was made in all four formations and the relationship was assessed. 

Finally, the potential of generated electrical energy from ground vibrations resulting 

from blasting operations was used for running low powered LED based VLSI circuit 

(ambient power based load).  

 

Besides, numerical modelling was carried out using Simulia Abaqus / CAE based on 

python script by simulating the blast conditions for assessing the seismic energy 

component resulting from a given blast as a parametric study, and correlated the 

results with data generated from vibration monitoring and piezo electric generator 

using regression analysis. 
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Investigations were carried out in three stages as mentioned below: 

 Stage-1: This stage of study involved field investigations carried out on blasting 

related ground vibrations for assessing and analysing the seismic energy 

dissipated at specified distances in four different formations – Limestone, Coal, 

Sandstone and Granite. Also, correlation and relationship between seismic 

energy with other blast parameters was determined. 

 Stage-2: During this stage, a piezo generator circuit was developed to convert 

undesirable ground vibrations into useful electrical energy, by utilizing the 

wasted blast energy in the form of seismic energy. Validation of electrical 

output generated from the piezo generator was done with the seismic data 

generated from blast vibration monitors. Finally, generated electrical energy 

from ground vibrations was used to run a low powered LED based VLSI circuit 

as ambient power based load. 

 Stage-3: Three dimensional (3D) numerical modelling was carried out as a 

parametric study using Simulia Abaqus / CAE based on python script by 

simulating the blast conditions for assessing the seismic energy component 

(PPV) resulting from a given blast during this stage of study. Later, correlation 

of modelling results with data generated from vibration monitoring and piezo 

electric generator was performed using regression analysis. 

 

3.1   Field Investigations related to Seismic Energy 

3.1.1   Seismic energy 

Earlier, substantial amount of work related to identification of ground vibrations and 

assessing the blast performance in terms of intensity of ground vibrations has been 

carried out (Sastry, 2001). Nonetheless, very little research has gone into the seismic 

energy and utilizing this energy in understanding the performance of blast rounds 

(Sastry and Chandar, 2008). In current research investigations, it is proposed to 

attempt for the assessment and estimation of seismic energy dissipated at different 

distances from blast site using signal processing approach with the help of Advanced 
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Blastware and DADiSP software in four different formations, viz. Limestone, Coal, 

Sandstone and Granite.  

 

In total, 116 blast vibration events from three limestone mines of harder formation, 37 

blast vibration events from a limestone mine of softer formation, 86 blast vibration 

events from an underground coal mine, 43 blast vibration events from sandstone 

bench formations in two opencast coal mines and 94 blast vibration events from five 

granitic rock formations were collected using ground vibration monitors for signal 

processing analysis of seismic energy. Blast induced ground vibrations were recorded 

in three orthogonal directions, collecting 2000-2500 particle motion samples for each 

vibration event. Also, the muckpile in blast rounds was observed to assess the 

relationship between seismic energy and fragmentation in limestone and sandstone 

bench formations. 

 

3.1.2   Ground vibration monitoring 

Ground vibrations induced from blasting operations were monitored at different 

distances using Microprocessor based Blast Vibration Monitors of Instantel, Canada. 

Monitoring instruments were placed at minimum to maximum possible distances from 

the blast field, depending upon the type of formation and blast design parameters, i.e., 

from 30m to 485m in the case of hard limestone formation, from 100m to 560m in the 

case of soft limestone formation, from 15m to 125m in the case of underground coal 

formation, 100m to 2000m in the case of sandstone formation, and 20m to 300m in 

the case of granitic rock formation.  

 

3.1.3   Vibration monitoring equipment 

Minimate Plus, Instantel, Canada, offers an advanced monitoring technology, with 

versatility and flexibility to meet current needs and future requirements. It operates as 

a basic compliance monitor with intuitive functions and records an event quickly. 

This instrument also offers advanced functions for specific applications requiring 

more information to be collected and analysed (Anon, 2015c).  
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3.1.3.1   Geophone unit  

Functionally a geophone sensor is a coil of wire suspended around a magnet. The 

magnet is free to move in a field of magnetic flux lines. By Lenz‟s Law, induced 

voltage is proportional to the speed at which flux lines are traversed. Induced coil 

voltage is, therefore, proportional to the relative velocity of the coil to the magnet. In 

practice, it does not matter whether the coil or the magnet moves. Only the motion 

and speed relative to each other are important. Hence, geophone is a transducer which 

converts the ground vibration signals into electrical signals, according to the principle 

of Faraday‟s Laws of Electromagnetic Induction (Fig. 3.1). Further, the electrical 

signals obtained are used and the intensity of ground vibration is measured by 

choosing a calibrated value programmed in the recording unit. 

 

Fig. 3.1  Geophone sensor operation (Anon, 2015c) 

 

3.1.3.2   Event monitoring  

Event monitoring measures both ground vibrations and air overpressure. The monitor 

measures transverse, vertical, and longitudinal components of ground vibrations. 

Transverse ground vibrations agitate particles in a side to side motion. Vertical 

ground vibrations agitate particles in an up and down motion. Longitudinal ground 

vibrations agitate particles in a forward and backward motion progressing outward 

from the event site (Fig. 3.2). 
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Fig. 3.2  Event monitoring in Minimate Plus, Instantel, Canada (Anon, 2015c) 

 

3.1.4   Signal processing analysis 

Ground vibrations were analysed using signal processing approaches with the help of 

Advanced Blastware and DADiSP software. Each ground vibration event in one 

direction comprised of 2,000-2,500 particle motion discrete samples. A typical wave 

form obtained is shown in Fig. 3.3. Initially, the vibration samples of ground vibration 

events were converted into ASCII file using Advanced Blastware.  

 
Fig. 3.3  Typical ground vibration event 
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Signal processing computation has been done in four stages as follows:  

3.1.4.1   Collection  

Each ground vibration event in one direction comprised of 2000-2500 particle motion 

discrete samples and collectively in all three mutually orthogonal directions 6000-

7500 vibration samples were collected at respective distances using ground vibration 

monitor. 

3.1.4.2   Extraction  

In this stage, discrete vibration sample magnitudes of ground vibration events were 

extracted into an ASCII file using Advanced Blastware Software by removing the 

noise carefully (Fig. 3.4). 

   
Fig. 3.4  Quantized discrete signal 

 

3.1.4.3   Importation 

ASCII values obtained were imported into DADiSP for further signal processing 

analysis. Further, obtained values from ASCII file were imported into DADiSP for 

signal processing analysis.  

3.1.4.4   Reconstruction 

Vibration samples collected were having discrete magnitudes, henceforth those 

sample magnitudes were further processed to obtain a reconstructed vibration wave 

using „Reconstruction Signal Analysis‟ available in DADiSP software which is 

illustrated in steps below (Figs. 3.5 to 3.9). The reconstructed signal was processed 

further to obtain the seismic energy of the vibration event.  



54 

 

 

 

 
Fig. 3.5  Signal with discrete sample magnitudes 

 
Fig. 3.6  Reconstruction of a signal with discrete samples (phase-1) 

 
Fig. 3.7  Reconstruction of a signal with discrete samples (phase-2) 

 
Fig. 3.8  Reconstructed quantized signal 

 
Fig. 3.9  Reconstructed discrete signal 

 

3.1.5  Estimation of seismic energy 

After the reconstruction process, the reconstructed blast induced vibration waves were 

considered in all three orthogonal directions together (Fig. 3.10). 
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Fig. 3.10  Typical reconstructed vibration wave aligned in  

all three mutually orthogonal directions 

 

The waveforms which are in time domain were converted to frequency domain by 

applying Discrete Fourier Transformation (DFT). Since, the reconstructed blast wave 

is a non-periodic discrete wave, application of direct Fourier Transformations for 

finding the frequency is not possible. Application of Discrete Fourier Transformation 

remains the system magnitude with same units but in frequency domain (Fig. 3.11). 

 Input (before DFT)  – Vibration velocity in time domain (mm/s) 

 Output (after DFT)  – Vibration velocity in frequency domain (mm/s) 

 

 
Fig. 3.11  Computation of DFT to random vibration signal aligned in  

all three mutually orthogonal directions 

 

This indicates no change in the state of signal. After DFT using DADiSP package, 

signals were further processed to find Power Spectrum Density (PSD), which is a 

measure of intensity of signal‟s power in the frequency domain. PSD provides a 

useful way to characterize the amplitude versus frequency content of a random signal 

(Brüel and Kjær, 2015). 
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When the input random vibration signal in frequency domain is having units as „G‟, 

the amplitude values of a PSD are normally expressed in „G
2
/Hz‟, where the term „G‟ 

indicates units of the random vibration signal, mm/s, in frequency domain. Typical 

computed power spectrum density after DFT operation is shown in Fig. 3.12. 

 Input (before PSD)  – Vibration Velocity in frequency domain (mm/s) 

 Output (after PSD)  – (mm/s)
2
/Hz  (μm

2
/s

2
)/Hz  μ.(m

2
/s) 

 
Fig. 3.12  Computation of power spectrum density to the  random vibration 

signal aligned in three mutually orthogonal directions after DFT operation 

 

It is assumed that the vibration wave has a unit mass, M in kg. Therefore, the output 

after PSD operation is changed as μ (kg.m
2
/s). Output is in the form of angular 

momentum (L). The angular momentum, L, of a rigid body with moment of inertia, I, 

rotating with angular velocity ω, is given by: 

L = I.ω   -------------------------------------------------------         (3.1) 

where, 

L  = Angular momentum, kg-m
2
/s 

I   = Moment of inertia, kg-m
2
 

ω  = Angular velocity, rad/s 

 

Rotational kinetic energy for a mechanical system considering the total mechanical 

energy of a rigid body is defined as,  

 KEr = ∫     
 

 
 = ∫         

 

 
 =  

 

 
 I.ω

2
 ----------------------------         (3.2) 

where, 

 KEr = Rotational kinetic energy, μJ 
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Hence, from the above analysis, it is needed to apply integration to the output of 

vibration data after PSD operation. Integration is applied only for continuous signals 

and for discrete signals, it is not possible. Hence, “Partial Sum” operation was 

computed for finding the Rotational Kinetic Energy available in the waveform (Anon, 

1997). Therefore,  

KEr   ∑     ∑     
  --------------------------------------------         (3.3) 

 

Areas under a vibration signal were calculated for each sample and summed up using 

“Partial Sum” technique by the command area(abs(w4)), which gives the 

Seismic Energy of blast induced vibration wave, where term w4 indicates label of the 

specific window, where Partial Sum operation is processed (Fig. 3.13). 

 
Fig. 3.13  Seismic energy of the blast induced ground vibration wave 

 

3.1.6   Field investigations in limestone formation 

Studies related to blast induced ground vibrations were carried out in three different 

limestone mines of harder formation and one limestone mine of softer formation. 

Among three different limestone mines of harder formation, two mines belong to   

M/S My Home Industries Private Limited, viz. Choutapalli Limestone Mine and 

Yepalamadhavaram Limestone Mine, Mellacheruvu Mandal, Nalgonda District, 

Telangana State and the third one belongs to M/S Sree Jayajothi Cements Limited (A 

100% subsidiary of My Home Industries Private Limited), viz. Yanakandla Limestone 

Mine, Yanakandla Area, Kurnool District, Andhra Pradesh State. For softer 
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formation, research studies were carried out in a limestone belonging to M/S The 

Ramco Cements Limited, i.e. Periyanagalur Limestone Mine, in Periyanagalur 

Village of Ariyalur Mandal in Ariyalur District, Tamilnadu.  

 

Fig. 3.14 shows general view of these mines. 

    
 (a) (b) 

   
 (c) (d) 

(a) Choutapally mine   

(b) Yepalamadhavaram mine 

(c) Yanakandla mine 

(d) Periyanagalur mine 

Fig. 3.14  General view of limestone mines 

Ground vibrations were monitored in different locations at various distances. Entirely, 

116 blast vibrations were collected in harder formation and 37 blast vibrations were 

collected in softer formation from various blast rounds. Typical monitoring of ground 

vibrations is shown in Fig. 3.15. 

 

Blasts were conducted by varying blast design parameters to observe the change in 

vibration propagation, which in turn the seismic energy to find out the relationship 
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between seismic energy and critical blast parameters. Distance between monitoring 

point and blast location was varied from 30m to 485m in harder formation and 100m 

to 560m in softer formation, covering short range and long range monitoring. Most of 

the blasts were recorded and progress of blasts was analysed using High Speed Video 

Camera having the capability of 1,000 frames per second and the ProAnalyst 

software. Typical screenshots of blast progress in different blast rounds as recorded 

with the High Speed Video camera are shown in Appendix-I. 

 

     
 (a) (b) 

     
 (c) (d) 

Fig. 3.15  Monitoring of ground vibrations in limestone mines at different 

locations during research field studies 

 

3.1.7   Field investigations in coal formation 

Ground vibrations associated with blasting operations were studied in an underground 

coal mine belonging to The Singareni Collieries Company Limited. The Singareni 

Collieries Company Limited (SCCL) is operating SRP-3 & 3A Incline Mine in 

Srirampur Area, Adilabad District, Telangana State. This mine was under 

development during studies.  

 

Fig. 3.16 shows general view of the underground coal mine.  

Monitoring at same level Monitoring at different level 

Monitoring on soft surface Monitoring on hard surface 



60 

 

 

 

   
 (a) (b) 

   
 (c) (d) 

Fig. 3.16  General view of SRP-3&3A underground coal mine 

 

Conventional drilling and blasting method is used for dislodging coal from the faces 

for further loading and transporting. Ground vibrations were monitored in different 

locations covering different seams and partings. Studies in the mine were carried out 

with 34 blasts. In total, 86 blast vibration events were recorded from various blast 

rounds. Typical locations of ground vibration monitoring at various seams and 

partings are shown in Fig. 3.17. Likewise, distance between monitoring point and 

blast location was varied from 15m to 125m. 

      
 (a) (b) 

Monitoring in 

the same seam 

Monitoring in a different seam with 

more vertical parting 

Rope ladder for safe walking 

Way to surface (740m to surface) 

Junction to reach different seams 

Mine entrance 
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 (c) (d) 

Fig. 3.17  Monitoring of ground vibrations in an underground coal mine  

at different seams and partings 

 

3.1.8   Field investigations in sandstone formation 

Studies were carried out in two different sandstone bench formations. Among them, 

one mine belongs to The Singareni Collieries Company Limited. The Singareni 

Collieries Company Limited is operating the RG OC-I and RG OC-III opencast 

mines, major mechanized opencast mines of SCCL in Godavarikhani Area, 

Karimnagar District, Telangana. Explosive energy is used for fragmenting and 

displacing the overburden and coal from in-situ. The other location is Singareni 

Thermal Power Project (STPP), Mancherial Area, Jaipur Mandal, Adilabad District, 

Telangana State. Fig. 3.18 shows general view of the sandstone bench formations 

considered for research studies. 

     
 (a) (b) 

Fig. 3.18  General view of sandstone bench formations  

 

Monitoring on 

the side wall in 

same seam Monitoring on 

the side wall in 

different seam 
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Ground vibrations were monitored at different locations. In total, 43 blast vibration 

events were collected from various blast rounds. Typical monitoring of ground 

vibrations in these projects is shown in Fig. 3.19. Most of the blasts were recorded 

and progress of blasts was analysed using High Speed Video Camera. Typical 

screenshots of blast progress in different blasts rounds as recorded with the high speed 

video camera are shown in Appendix-II. 

        

 
Fig. 3.19  Monitoring of ground vibrations in sandstone bench formations  

at different locations during research field studies 

 

Blasts were carried out in two sandstone bench formations by varying blast design 

parameters in different blasts to observe the changes in vibration propagation, which 

in turn influence the seismic energy distribution and to find out the relationship 

between seismic energy and critical blast parameters. Distance between monitoring 

point and blast location was varied from 100m to 2,033m.  

 

3.1.9   Field investigations in granite formation 

Research studies related to blast induced ground vibrations were carried out in five 

different granite quarries (Fig. 3.20): 

1. A stone quarry operating in Shivapura Village, Karkala Taluk, Udupi District, 

Karnataka. 
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2. A stone quarry operating in Doddamavathuru Village, Kunigal Taluk, Tumkur 

District, Karnataka. 

3. A stone quarry operating in Nitte Village, Karkala Taluk, Udupi District, 

Karnataka. 

4. A Stone quarry existing in Hosuru Village, Udupi Taluk, Udupi District, 

Karnataka. 

5. Stone quarries belonging to M/S Bhairava Stone Crushers Private Limited 

adjoining two villages, Ajjappanahalli Village and Amalapura Village, Tumkur 

Taluk, Tumkur District, Karnataka.  

  
 (a) (b) 

  
 (c) (d) 

 
(e) 

(a) Granite stone formation-1         

(b) Granite stone formation-2 

(c) Granite stone formation-3 

(d) Granite stone formation-4 

(e) Granite stone formation-5 

Fig. 3.20  Locations of blasts carried out during research studies 

Hard granitic rock formations were proposed to be excavated in these stone quarries 

using drilling and blasting methodology. Ground vibrations were monitored in 

different locations covering different parts of five quarries. Altogether, 94 ground 
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vibration events were collected from various blast rounds. Typical monitoring of 

ground vibrations in granitic formation is shown in Fig. 3.21. Distance between 

monitoring point and blast location was varied from 20m to 300m. 

 

 
Fig. 3.21  Monitoring of ground vibrations in granite stone formations at 

different locations during research field studies 

 

3.2   Piezo Generator (Piezo-Gen) Circuit  

Blasting is an important activity in all the mines and quarries, carried out regularly, 

for fragmenting and displacing rock mass for further loading and transporting. Ground 

vibrations of different intensities are generated from each blast carried out in mines 

and quarries. Ground vibrations carry seismic energy, a part of the wasted explosive 

energy in the blasting process. Intensity of ground vibrations varies from few 

hundreds of mm/s at closed distances from the blast site to a few mm/s at longer 

distances. There is a potential for tapping of electrical energy from the ground 

vibrations generated due to blasts carried out in mines and quarries using piezo 

sensors.  

 

Proposed research work focuses on tapping of electrical energy using undesirable 

ground vibrations caused due to blasting operations, with developed piezo sensor 

based circuit model. Basic principle of the circuit is piezo based electricity generation. 

Whenever there is a compression of the ceramic PZT (lead ziconate titanate) sensor, 
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then a positive pulse of electricity is produced whereas tension on the sensor unit 

gives rise to negative pulse. In such a way, the generation of electrical energy was 

accomplished through the ground vibrations using piezo based ceramic sensor. The 

circuit was placed at a distance, d, (in m) from the blasting location. On the 

occurrence of blast, shock waves resulting from ground vibrations were tapped using 

piezo sensor and an electrical potential (voltage) was generated. Fig. 3.22 shows the 

outline of electrical energy tapping from blast induced ground vibrations using piezo 

generator circuit.  

 

Sensor unit was placed towards blast field in such a way that the ground vibrations 

may create the tension and compression in the circuit, which will deliberately cause 

disturbance of electrical polarization in sensor unit, thereby generating electrical 

potential across the sensor unit. Generated potential may be used by placing a proper 

electrical load across the sensor. In the present basic circuit scenario, capacitor with 

parallel connected Power LED (5V capacity) was used as a load and the voltage 

generated was perceived using Multimeter (Fig. 3.22). Later, the basic circuit model 

was modified by integrating a microcontroller and other circuitry for getting 

optimized output. 

 
Fig. 3.22  Electrical energy tapping from blast induced ground vibrations using 

piezo generator circuit  

 



66 

 

 

3.2.1   Development of piezo generator circuit 

Experiments were carried out rigorously during development and improvement 

process of piezo generator circuits to achieve the devised output. Initially, circuits 

were developed on an electronic bread board and required modifications in the circuit 

layout were made. After getting satisfactory results, the final circuits were developed 

by incorporating all the required modifications on Printed Circuit Boards (PCBs).  

 

Initially, a basic circuit model was developed with simple piezo ceramic sensor, 

available as a piezo buzzer or piezo disc. Generated electrical potential was having 

improper frequency with more unwanted ripples (harmonics). Hence, the generated 

AC voltage was converted back to DC voltage using four germanium based diodes, 

forming a simple bridge rectifier circuit. Germanium based diodes were used which 

may further reduce losses in the output (in the form of voltage drop) compared to 

silicon based diodes. Thereafter, the obtained electrical voltage was stored in a DC 

Capacitor having 2,200μf, 25V capacity for utilization purpose. Besides, a Power 

LED having 5V capacity with a switch was connected across the capacitor to 

discharge higher voltages, if any, in case the capacitor gets fully charged, as a 

preventive measure of capacitor from damage. A switch control was employed in the 

circuit, to enable the LED to ON/OFF. The magnitude of obtained voltage due to blast 

induced ground vibrations was assessed using multimeter by connecting the 

instrument terminals across the capacitor (Fig. 3.23).  

 

Following components were used during the development of basic circuit for tapping 

electrical energy from blast induced ground vibrations: 

 Piezo Ceramic Disc (PZT) – 4 Nos.  

 Germanium diodes (1n34) – 4 Nos. 

 Push-to-On switch  – 1 No. 

 Power LED (5V)   – 1 No. 

 Capacitor (2,200μf)  – 1 No. 

 Connecting wires   – As required 
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Fig. 3.23  Schematic of basic piezo generator circuit developed  

 

Later, to determine the exact magnitude of generated voltage tapped from blast 

induced ground vibrations, the circuit was modified by integrating a microcontroller 

to piezo sensor along with microSD card (to store generated voltage magnitude 

values), which is discussed in the following section.  

 

3.2.2   Modified piezo generator circuit 

Following components were used in the second version of the circuit: 

 Microcontroller (ATMega328P-PU) – 1 No. 

 Operational-AMPlifier (LM-358) – 1 No. 

 MicroSD Module with card (32GB) –  1No. 

 7805 voltage regulator (0-5V)     – 1 No.  

 Capacitor (22pF)    – 2 Nos. 

 Capacitor (10
1
 x 104 pF)   – 1 No. 

 Resistor (330ohms)   – 3 Nos. 

 LEDs (3.5-5V)    – 2 Nos. 

 Crystal Oscillator (10MHz)  – 1 No. 

 Push-to-On-Push-to-Off Switch   – 1 No. 

 9V battery with connector clip  – 1 No. 

 Connector for PC communication – 1 No. 

 Piezo ceramic sensor (PZT)  – 1 No. 

 Connecting wires    – As required 

 

Blast induced ground vibrations were tapped using piezo sensor, analogous to basic 

circuit model. In the improved version of basic circuit model, piezo sensor was 

connected to LM-358 (Op-Amp) differential amplifier to convert the input analog 
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data (voltage magnitude value) into digital data (machine language, for storage 

purpose). The LM-358 is having a resolution of 1024 size (digital), which means 5V 

of analog voltage generated due to piezo sensor can be replicated in digital form of up 

to a maximum value of 1024. Since, the input generated voltage (tapped from ground 

vibrations) is restricted to 5V using voltage regulator, to prevent the microcontroller 

(having a maximum capacity of 5V) from damage. Therefore, output of the Op-Amp 

represents 1 (Digital) = 4.89mV (Analog). Similarly, all digital values (values stored 

in microSD card) need to be multiplied by the factor (4.89 x 10
-3

) to obtain the actual 

magnitude of voltage generated from blast vibrations. An LED was also connected in 

the circuit, for which LED be glowing whenever the blast vibration gets tapped and 

voltage is generated. Figs. 3.24 and 3.25 show the schematic and pin configuration of 

OP-AMP (LM-358) adopted in the modified circuit model. 

 

 
Fig. 3.24  Schematic of LM-358 differential OP-AMP (Anon, 2000) 
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Fig. 3.25  Pin configuration of LM-358 (Anon, 2000) 

 

All the above processes of tapping ground vibrations, indication of vibration tapping 

and voltage generation, storing the value of voltage magnitude into microSD card, 

were controlled by a microcontroller (ATMega328P-PU). Power was supplied to the 

circuit through 9V battery for running Microcontroller, Op-Amp and Memory 

Module. Oscillator circuit to generate clock pulses for finding the next vibration was 

connected to the microcontroller. Fig. 3.26 shows the pin diagram of ATMega328P-

PU microcontroller used in the circuit model. 

 

 
Fig. 3.26  Pin diagram of ATMega328P-PU microcontroller (Anon, 2005) 

 

Final circuit to find out the exact magnitude of electrical voltage generated (tapped 

from blast induced ground vibrations) was developed by assembling all the 

components and integrating ATMega328P-PU microcontroller to the piezo sensor 
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along with microSD card (to store output magnitude values). Fig. 3.27 shows the 

improved version of basic piezo generator circuit. 

 

 
Fig. 3.27  Schematic of improved piezo generator circuit  

 

Yet again, it was noticed that with mere modification in improved circuit version, 

output may be much enhanced, i.e. from mV to V. Hence, the following final circuit 

model was adopted for tapping electrical voltage from blast induced ground vibrations 

(Fig. 3.28).  
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Fig. 3.28  Schematic of final piezo generator circuit 



72 

 

 

Microcontroller (ATMega328P-PU) was operated with set of commands programmed 

in it, for obtaining the magnitude of tapped electrical potential (generated electrical 

voltage) from blast induced ground vibrations.  

 

Code (.ino or .odt) programmed in the microcontroller for achieving the entire process 

of tapping electrical energy from ground vibrations is illustrated below: 

 
%% MICROCONTROLLER CODE for tapping electrical energy from 

ground vibrations 
 
#include <SD.h> 
#include <Time.h> 
#include <Wire.h> 
#include <DS1307RTC.h> 
File myFile; 
const int analogInPin = A2;  // Analog input pin that the Piezo is attached to 
const int analogOutPin = 9; // Analog output pin that the LED is attached to 
int sensorValue = 0;        // value read from the Piezo sensor 
int outputValue = 0; 
int outputVal=0; 
void setup() 
{ 
  Serial.begin(9600); 
  while (!Serial) { 
} 
Serial.print(“Initializing SD card...”); 
pinMode(10,OUTPUT); 
//void loop() { 
if (!SD.begin(4)) { 
Serial.println(“initialization failed!”); 
return; 
} 
Serial.print(“Initialization done...”); 
//} 
} 
void loop() { 
myFile = SD.open(“test.txt”,FILE_WRITE); 
if (myFile){ 
sensorValue = analogRead(analogInPin);             
// map it to the range of the analog out: 
outputValue = map(sensorValue, 0, 1023, 0, 2047); 
Serial.print(outputValue); 
 if (outputValue<1) 
    {outputVal=0;} 
else 
    {outputVal=outputValue; 
} 
analogWrite(analogOutPin, outputVal); 
Serial.println(); 
Serial.print(“Writing to test.txt”); 
//myFile.println(“Writing to test3...”); 
myFile.print(hour()); 
myFile.print(“:”); 
myFile.print(minute()); 
myFile.print(“:”); 
myFile.print(second()); 
myFile.print(“ “); 
myFile.print(outputVal); 
myFile.println(); 
myFile.close(); 
} 
else { 
Serial.print(“Error writing to test.txt..."); 
} 
delay(1000); 
} 
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3.2.3   Validation of piezo generator circuit 

Validation of piezo generator circuit was done by comparing its output (generated 

voltage) with the vibration data obtained from geophones of Minimate Plus, Instantel, 

Canada.  

 

Initially, piezo sensor and geophone were completely glued to the ground surface with 

double gum sticker, in the laboratory. Vibrations were monitored by dropping a 

standard weight from specified height of 1m, thereby identifying intensity of ground 

vibrations using both the instruments. Experiments were carried out as shown in Fig. 

3.29. 

 
(a) 

 
(b) 



74 

 

 

  
(c) 

(a) Piezo sensor and geophone 

attached to the ground 

(b) Drop weight setup 

(c) Dropping a weight from 1m 

specified height 

Fig. 3.29  Validation of piezo generator circuit  

 

In total, 34 readings were collected by dropping a weight of 2.5kg, from specified 

height of 1m and instruments were placed at 1m distance from the vibration source to 

verify and validate the functionality of developed piezo generator circuit. Piezo 

generator circuit and vibration monitor were placed at same distance from the drop 

weightage. Readings were taken 34 times to find out the precision and accuracy of the 

piezo device developed.  

 

Similarly, ground vibrations were recorded by dropping a weight from specified 

height of 1.5m, thereby identifying the PPV of ground vibrations using both 

instruments, outside the laboratory. Experiments were carried out as shown in Fig. 

3.30. 
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