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ABSTRACT OF THESIS 
 
 

PROOF OF CONCEPT FOR THE DEVELOPMENT OF A GROUND VIBRATION 
SENSOR SYSTEM FOR FUTURE RESEARCH IN BLASTING 

 
Ground vibrations from blasting are one of the leading limitations to mining 

(underground and surface). There is a need for a low-cost scalable vibration monitoring 
system to conduct large scale ground vibration projects in the mining industry. Studies 
conducted on ground vibrations use any number of different sensors to obtain their data, 
the different sensor capabilities and methods for data processing lead to uncertainties in the 
research and regulations set for ground vibrations. Commercial Systems do not allow 
researchers to obtain raw output data, and the data processing procedures are not provided 
or disclosed for these systems. In order to study ground vibrations and their impact on 
structures, the University of Kentucky Explosives Research Team is developing a system 
to obtain raw ground vibration data for their research projects going forward. This study 
investigates the feasibility of the initial vibration system assembled in conjunction with a 
significant ground vibrations study happening at a surface coal mine. The assembled 
system, along with two other systems, were used to study three blast events at structures 
near the surface coal mine. The two acquired systems were used for data comparison and 
validation against the assembled system in this document. Additionally, a comparative 
analysis was performed on the vibration frequency content obtained from the three sensors 
and a recommendation was made for the continued use of the assembled sensor system in 
ground vibrations research. 
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CHAPTER 1. INTRODUCTION 

1.1 Background 

The purpose of the research project and the framework for the testing are outlined in this 
chapter. The research questions to be considered are listed, and the key terms and 
procedures are included. 
 
Vibrations are controlled at mining operations in order to protect nearby structures.  Many 
research studies have been conducted to understand the structural response from vibrations 
and their impacts on the structures. Vibration monitoring in the mining industry does not 
have specific guidelines for the requirements or the characteristics of the equipment to be 
used or the analysis required for the collected raw data (post-processing). While this 
situation can be enough for the mining industry, it is not enough to conduct accurate and 
efficient research in ground vibrations. From an academic perspective, it is essential to 
obtain raw data with a complete understanding of the signal processing that is occurring 
before producing a “final waveform.” 
 
The commercial devices currently used for vibration monitoring are, in many instances 
expensive and bulky. These devices are adequate for long term vibration monitoring at set 
locations around the structures but are not conducive to fluid large scale research projects 
needed to understand the vibration transmission through the ground and the structural 
responses fully. There is a need in the area of academic and industry research for an 
inexpensive, scalable device to monitor blast vibrations. 
 
The devices used for mining compliance, and to study structural response and vibrations 
transmitted through the ground from blast vibrations were developed a considerable 
number of years ago. The original devices and technologies haven’t been updated. The 
development in the field of electronics and piezoelectric materials in the years since the 
original research by the bureau of mines regarding blast vibrations has seen exponential 
growth, and these new technologies provide the opportunity to update the systems and the 
sensors used in the mining industry. In the long term, this can be used to reevaluate many 
of the vibration regulations used in the mining industry. 

1.2 Statement of Problem 

There is a clear lag in the technology used to monitor and study blast vibrations. A new 
cost-effective system is needed to efficiently and accurately obtain raw vibration data in 
order to complete large scale research projects on the structural response and ground 
vibrations transmission from blast vibrations.  Such large-scale research projects will 
require the use of a considerable number of devices to collect vibration data that it will be 
at some point cost prohibited. 
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1.3 Conceptual Framework for the Study 

Following detonation, an explosive is converted to several types of energy. The 
confinement of the explosive within the medium converts energy from the explosive into 
ground vibration waveforms. In order to simplify the problem of ground vibrations, these 
vibration waveforms are divided into three waveform directions, radial, transverse, and 
vertical components.  Vibration monitoring systems are used to measure the three vibration 
waveforms in order to understand the impact on structural response and limit its exposure 
to vibrations from these blast events. These sensors use the mechanical effects of vibrations 
to produce an electric signal in order to store and analyze the waveforms.   
 
Piezoelectric materials are materials that change their electric response with an input of 
mechanical energy.  These materials have provided the opportunity to miniaturize and 
improve the sensors used to study blast vibrations.   

1.4 Purpose of Study and Research Questions 

This thesis aims to provide an outline of a developed vibration system for the use of 
vibration monitoring. The study provides the outline of the components used to assemble 
the system and the procedure used to study its feasibility compared to accepted industry 
devices. This system was assembled in response to a structural response research project 
being performed at the University of Kentucky and aims to provide an alternative to 
vibration monitoring systems available on the market today.   
 
Ultimately, two questions are investigated in this research 
 

1. Is the assembled system capable of measuring and recording blast vibrations from 
a surface mining operation? 

2. Is the acquired data accurate and precise enough to be used in research projects 
moving forward in the field of mining? 
 

A recommendation will be made at the conclusion of the project for the continued use of 
the system for the ongoing and future University of Kentucky research projects.  

1.5 Procedures 

A prototype system was developed to best study the range of vibrations typical seen from 
a surface mining operation. The system was configured to reproduce similar sampling 
rates used in the mining industry. The system includes a device developed for triggering 
the sensors and logging the events.  
 
Ground vibrations from three surface blasts in a surface coal mine operation were studied 
using the prototype system, a commercial seismograph, and an accelerometer used for 
geophysical research. The systems and the sensors were installed near a structure being 
studied by the University of Kentucky. The recorded waveform components were logged 
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for comparison. Cross-correlation and visual comparison were used to analyze the 
waveforms of the three blast components, and spectral coherence was performed on the 
frequency content of the waveforms.  

1.6 Limitations of the Study 

This study utilized components produced by electronic manufacturers and were confined 
to the configurations of those devices.  The components were programmed to best match 
the needs of vibration monitoring. Still, it is necessary to keep in mind that this was not the 
original purpose of the electronic components of the system.   
 
The events studied for this research project were part of ongoing mining operations, and 
therefore the research had no control over the types or locations of the blasts and would 
frequently obtain this information with minimal lead time.   
 
This developed system is the first iteration of the device and this research is meant to 
provide a recommendation for future work and feasibility for a more complex and 
comprehensive blast vibration monitoring system.   

1.7 Organization of the Study 

This thesis provides a literature review and background information on ground vibration 
response and types of sensors and their role in studying ground vibrations. The developed 
prototype system is outlined and explained. The vibrations project from the University of 
Kentucky is outlined and the procedure for testing the prototype system is provided.  
Following the data analysis and comparison, results, concluding remarks, and 
recommendations for future work are given.  A full outline of the chapters for this can be 
viewed in the table of content. 
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CHAPTER 2. LITERATURE REVIEW 

The three main characteristics of time histories that are important to evaluate wave motions 
are amplitude, frequency, and duration.  A brief review of these components follows. 
 
2.1.1 Amplitude, or the intensity of particle velocity: 
 
A blast time history is made up of peaks and troughs of motion, the height of any wave is 
the amplitude (OSMRE).  The largest value of the ground vibration amplitude is called the 
peak particle velocity (PPV) as marked in the radial direction in Figure 2.1. 
 

 
 

Figure 2.1: Waveform Peak Particle Velocity 

 
2.1.2 Frequency 
Frequency is the number of cycles or oscillations that a wave completes over 1 second and 
is measured in cycles per second or Hertz (Hz).  Frequency is calculated by the time interval 
of one complete cycle.  Equation one shows the calculation for the frequency of one cycle 
of the time increment (p).   

 𝑓𝑓 = 1/𝑝𝑝 [1] 

Figure 2.2 from (OSMRE) shows an example of a cycle of 1 over a 0.2 second interval 
producing a frequency of 5 Hz.   
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Figure 2.2: Waveform Frequency Cycle 

 
2.1.3 Duration 
The duration of a ground vibration event is simply the time interval in which the ground is 
displaced from its original position.  It is important to note for ground vibrations that 
duration increases as the wave disperses.  Duration will increase as the measurement 
distance increases from the source of the blast as frequency and amplitude decrease.   
 
In summary, the amplitude is the strength of the event, frequency is the rate of vibrations, 
and duration is the length of the event.  Each of these characteristics will impact the 
measurement planning for a blast event and will be covered in more detail in the following 
literature review.   

2.2 Blast Vibration Generation 

When preparing to study ground vibrations produced from blasting, it is important to 
understand the energy distribution produced by the explosive material. Within the 
generation zone of the blast the main energy of the explosive contributes to fracturing and 
moving the geologic material. This generation zone is within the inelastic interface of the 
blast and this movement is what propagates to the elastic zone producing seismic waves 
(Bollinger 1971). Outside of the elastic-inelastic interface the seismic waves travel through 
the medium experiencing exponential decay with increasing distance from the blast.  This 
elastic zone and seismic propagation will be the focus of this study. A discussion of the 
inelastic zone during an explosive event can be referenced in (Cook 1958), (Kisslinger 
1963), or (Leet 1960). The principal factors and resulting output ranges will be outlined in 
this section. 
 
The seismic waves generated from a surface mine blast that propagate through the earth 
are divided into two types.  The first type, body waves, are comprised of two types, 
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compressive waves (P-waves) and shear waves (S-waves).  Figure 2.2 and Figure 2.4 
adapted from (Dowding 1985) show these two types of waves and their propagation 
direction.   

 
Figure 2.3: Compressive Wave Propagation 

 
Figure 2.4: Shear Wave Propagation 

 
Body waves, S-waves and P-waves propagate through the media, and the second of the two 
types of waves, Rayleigh waves (R-waves), travel along the surface of the earth media. 
Figure 2.5 shows this type of wave and the propagation direction. 



7 
 

 
Figure 2.5: Raleigh Wave Propagation 

 
R-waves become more important at larger distances as reflection and refraction waves have 
time to develop (Dowding 1985). Most blast phenomena are measured at a distance outside 
the direct pulse region and therefore experience a combination of direct transmission, 
reflection, and refraction.  This combination is illustrated in Figure 2.6 adapted from 
(Dowding 1985). 

 
Figure 2.6: Waveform Reflection and Refraction 

In Figure 2.6, A represents a monitoring location within the inelastic zone of the blast, B 
represents a monitoring location in the elastic zone of the blast, D are the direct vibration 
waves, and R are the is reflected vibration waves. 
 
Several principle factors can affect the ground motion seen during a blast including energy 
source, shot geometry, geology, and recording distance.  When developing an instrument 
to study ground motion, it is important to understand these factors and their effect on the 
amplitude and frequency ranges produced during mine blasting. 
 
2.2.1 Explosive Characteristic 
The type of explosive used in blasting influences the amplitude and frequency of the 
vibration.  Two categories are used to explain detonation type, ideal and non-ideal.  Non-
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ideal detonations result in a longer duration explosion with a slow rise and fall time.  During 
ideal detonations the pressure rise time is short in comparison and the pressure drop curve 
is steep (Saharan and Mitri 2008). The density of explosives also affects the generation of 
vibration waveforms. Explosives with lower density and lower detonation velocity produce 
lower ground vibration levels (Hunter et. al. 1993). 
 
2.2.2 Timing and Shot Geometry 
The degree of confinement of charges in a mine blast affects the vibrations levels.  A higher 
degree of confinement will generate higher vibration levels.  Six variables are defined in 
shot geometry and affect the confinement of the blast and the resulting vibration 
waveforms. These variables are the diameter of the hole, burden, spacing, length, 
stemming, and sub-drilling (Ash 1973).  The shot timing also affects the wave vibrations 
through constructive or destructive interference.  Depending on the blast timing, the delays 
can create destructive interference to reduce ground vibrations levels.  
 
2.2.3 Monitoring Distance 
As vibrations travel through the media, the various waveform types travel at different 
speeds.  As the distance from the blast increases, these wave types separate and increase 
the duration of the event.  As the waveform travels, some of the energy is also lost to the 
medium.  In the case of body waves (p and s waves), the amplitude decreases according to 
the relations (1/R) where R is the distance to source measurement.  For surface waves 
(Rayleigh waves), the decrement relation is (1/𝑅𝑅0.5).  As the medium absorbs energy, the 
amplitude of ground motion decreases exponentially with R (Kramer 1996)  
 
2.2.4 Geology 
The vibration waves following a blast event reflect and refract at every boundary in the 
medium.  As this phenomenon occurs new waves can be generated at the discontinuities in 
the rock structure.  The different dynamic properties of the materials making up the travel 
medium change the amplitude and frequency of the waves.  These occurrences explain why 
each unique monitoring location will produce a unique waveform because of the geologic 
features encountered while traveling to the monitoring point.   

2.3 Blast Vibration Characteristics 

Many studies have been produced to study and determine the typical blast vibration 
characteristics experienced during different types of blasting events including (Cording et 
al. 1975), (Duvall 1961), and (Kisslinger, Mateker, and McEvilly 1963).  Kisslinger, 
Mateker, and McEvilly conducted a series of explosions in natural media.  The three-year 
research project included 160 charges ranging from 0.25 to 15 pounds.  The ground motion 
was measured at a distance from 0 to 820 feet from detonation.  The observed frequency 
data can be seen in Figure 2.7.   
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Figure 2.7: Differing Medium Frequency Data 

 
In (Duvall 1961), a Bureau of Mines research program studied the generation and 
propagation of vibrations from quarry blasting, the effect these vibrations have on 
structures, and calibration characteristics for seismographs.  From these studies, a specific 
range of frequencies and the expected displacement and its time derivations were complied. 
The range of these quantities is important in determining the capabilities of a seismograph 
used to study vibrations produced by blasting. The research produced a frequency range of 
1 to 500 Hz, a displacement range of 0.0001 to 0.5 inches, a velocity range of 0.01 to 10 
inches/sec, and an acceleration range of 0.005 to 2 g.   
 
As seen in the previous studies, vibrations from mine blasting have frequency content less 
than 200 Hz (Spathis 2010).  In normal blasting operations for surface mining the ranges 
seen in Figure 2.8 are a good representation of expected outputs and are used as defining 
parameters for this research.  The resulting amplitude ranges of surface blasting events will 
be covered more thoroughly in future sections of the report when peak particle motion is 
discussed.   
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Figure 2.8: Vibration Ranges from Typical Mining Operation (adapted from Cording) 

 
Another important characteristic of blast vibration is the duration of the event.  Duration 
of event or decay of vibrations is crucial in determining sampling time when studying blast 
events.  The duration of the event increases with distance to the monitoring point. The pulse 
duration range is given as 0.5 to 2 seconds.  A duration of 1 second for every 1100 feet 
from the blast can be accounted for to add a safety factor to the recording time.   

2.4 Blast Vibration Typical Measurement and Regulations 

When designing a seismograph or any system to study blast vibrations, the specific 
parameters to be measured will depend on the application of the project.  For seismographs 
used in the explosives industry, most products are developed to record the characteristics 
of blasts that are the limiting factors in vibrations regulations.  A major problem with this 
line of thinking is the non-standardization of vibration regulations throughout the world.  
The European Federation of Explosive Engineers (EFEE) completed a study to aid in the 
understanding of similarities and differences between national legislation, standards, and 
guidelines for vibration monitoring.  Several key findings were outlined in this study.  The 
study found that most of the standards include frequency, where higher frequencies allow 
a higher vibration level.  Most countries included in the study also use the maximum value 
of the three monitored directions as the considering factor in blast vibration (Gjodvad 
2020).  Figure 2.9 shows the standards and regulations used in the different countries 
covered in the study. 
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Figure 2.9: Vibration Regulations from Across the World (Gjodvad 2020) 

 
Similarly, Figure 2.10 and Figure 2.11 showing frequency ranges and monitoring locations 
were included in the paper by Gjodvad. 
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Figure 2.10: Allowed Frequency Ranges in Corresponding Countries 

 

 
Figure 2.11: Monitoring Locations used in the Corresponding Countries 

 
As seen in Figure 2.9 the regulatory legislation for ground vibrations from blasting in the 
United States is USBM RI 8507. This is adapted from a study done by the United States 
Department of Interior’s Bureau of Mines (USBM) to evaluated damage caused by blast 
vibrations (Siskind et. al. 1980). The blast vibrations limits outlined by the study are based 
mainly on particle velocity and frequency content. The research studied houses ranging 
from modern homes with drywall interiors to older houses with plaster and wood interior. 
The damage, either threshold, minor, or major, was graphed from 200 blast events. The 
damage plot produced the “Z” curve seen in Figure 2.12, which is currently used in the 
United States as the regulator guideline for vibrations produced by blasting. 
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Figure 2.12: The United States "Z-curve" (Siskind et. al. 1980) 

 
The Z curve represents safe limits of blast vibrations to produce no damage to surrounding 
houses.  Some shortcomings of the study should be noted. All the blast events studied at 
that time had a hole delay minimum of 8-ms. This was because of the capabilities of 
detonators at the time of the study. The study was also limited to one- and two-story typical 
homes and no other structure types were analyzed. 

2.5 Measurement Techniques and Seismograph Types 

Seismograph installation and recording settings will be laid out in this section in 
accordance with the ISEE blast vibration and seismograph section guidelines. Proper 
installation and sensor design are crucial in obtaining accurate and precise vibration 
readings. In conjunction with the proper installation, a review of the most common 
seismograph types used in the mining industry are explained and reviewed.   
 
In 1997, the Blast Vibration and Seismograph Section was created to answer questions 
raised about the accuracy, reproducibility and defensibility of data from blasting 
seismographs (ISEE 2015) 
 
2.5.1 Sensor Placement:  
The sensor should be placed on or in the ground on the side of the structure towards the 
blast. The location relative to the structure should be less than 10% of the distance from 
the blast. When placing the sensor, the longitudinal channel should be directed at the blast 
at a perpendicular angle.   
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2.5.2 Sensor coupling: 
If the acceleration is to exceed 0.2 g, slippage may occur.   
If the acceleration is expected to be:  
 
a.  less than 0.2 g, no burial or attachment is necessary 
b.  between 0.2 and 1.0 g, burial or attachment is preferred.  Spiking may be acceptable. 
c.  greater than 1.0 g, burial or firm attachment is required (USBM RI 8506). 
 
If the sensor is to be buried the hole must be no less than three times the height of the 
sensor. The sensor should be firmly compacted with soil around and above the sensor. 
 
2.5.3 Programming considerations: 
The trigger level should be set low enough to trigger the unit from blast vibration while 
minimizing the potential for false triggers. The level should, therefore, be set slightly above 
the expected background vibrations in the area. A starting point of 0.05 in/s is 
recommended. An appropriate dynamic range should be used to allow the resolution to 
verify a blast event upon inspection of the report. Lastly, the recording duration should be 
set to 2 seconds longer than the blast duration plus 1 second for every 1100 feet from the 
blast.   
 
Following the standard vibration regulations and ISEE guidelines most of the blasting 
industry uses a mass and spring type geophone to monitor blast vibrations. There are no 
uniform guidelines for the system type or data processing of the actual vibration data.  This 
leads to much ambiguity in the selection of seismographs and the processing 
methodologies of the data. The differences seen in the output of vibration data from 
different units were outlined in-depth in a comparison study and can be reviewed in 
(Aimone-Martin 2016). For the purpose of this report the mechanics behind the typical 
system will be outlined but for specific industry specifications the before mentioned study 
can be referenced.   
 
A typical seismograph consists of three parts – a transducer, a recorder, and a timing system 
(Bollinger 1980). The transducer is responsible for producing a signal that is proportional 
to the response motion. The recorder then accepts this signal and produces an analog 
recording. The timing is superposed on the analog signal to provide timing information. 
Seismographs are usually single-degree-of-freedom systems and thus require three sensors 
to record 3-degree ground motions. Since the seismometers are to provide a relatively 
steady point in space, the arrangement is made for the inertial member to tend not to 
participate in the vibratory motion, and signal measurement is made of the relative motion 
between this inertial member and the vibrating earth (Bollinger 1980). In order to obtain 
this equilibrium, position a restoring force comprising of elasticity, and gravity is usually 
used along with some type of damping, normally electromagnetic damping. The system is 
modeled by a single-degree-of-freedom system as seen in Figure 2.13. 
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Figure 2.13: Mass, Spring, and Damper System 

 

 𝑍𝑍(𝑡𝑡) = 𝑦𝑦(𝑡𝑡) − 𝑥𝑥(𝑡𝑡) [2] 

As technology has improved and changed, a new type of sensor is beginning to be used to 
measure acceleration. Such new devices are used in many industries, automotive, 
aeronautical, etc. Methodologies have also been changing in vibration analysis. The use of 
piezoelectric materials has been changing the sensors for vibrations. A piezoelectric 
accelerometer uses solid-state materials that are electrically responsive to mechanical 
forces to measure motion. Piezoelectric material produces electrical responses proportional 
to the stress being applied. There are several advantages to piezo accelerometer 
transducers: the sensors have a wider frequency response; they can be used to measure low 
frequency and high frequencies simultaneously. These types of sensors are temperature 
stable, rugged, and, most important, adaptable to different applications. This theory of 
piezoelectric transducer can be seen in Figure 2.14. 
 

 
Figure 2.14: Piezoelectric Theory (Circuit Globe...) 

The direction of the applied force changes the polarity of the charge following the 
constraints of Equation 3.  

 𝑄𝑄 = 𝑑𝑑 ∗ 𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 [3] 
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Where Q is the charge, d is the sensitivity of the material, and F is the force applied in 
Newtons. 
The thickness of the material is changed with force following equation 4, 

 𝐹𝐹 =
𝐴𝐴𝐴𝐴
𝑡𝑡
∆𝑡𝑡 𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡𝑐𝑐𝑁𝑁 [4] 

Where A is the area of the material (m²), t is the thickness of the material (m), and E is the 
young’s modulus. 
The young’s modulus is, 

 𝐴𝐴 =
𝑠𝑠𝑡𝑡𝑠𝑠𝑁𝑁𝑠𝑠𝑠𝑠
𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁

= �
𝐹𝐹
𝐴𝐴�

∗
1

∆𝑡𝑡/𝑡𝑡
 [5] 

 𝐴𝐴 =
𝐹𝐹𝑡𝑡
𝐴𝐴∆𝑡𝑡

𝑁𝑁/𝑐𝑐² [6] 

 𝐴𝐴 = 𝑁𝑁𝑐𝑐 [7] 

Where w is the width of the material (m), and l is the length (m). 
Substituting the value of force into the charge equation, 

 𝑄𝑄 = 𝑑𝑑𝐴𝐴𝐴𝐴 �
∆𝑡𝑡
𝑡𝑡 �

 [8] 

The output voltage is dependent on the electrode charges, 

 𝐴𝐴0 =
𝑑𝑑𝐹𝐹

𝜀𝜀𝑟𝑟𝜀𝜀0𝐴𝐴/𝑡𝑡
 [9] 

 𝐴𝐴0 =
𝑑𝑑
𝜀𝜀𝑟𝑟𝜀𝜀0

𝑡𝑡𝑝𝑝 [10] 

 𝐴𝐴0 = 𝑔𝑔𝑡𝑡𝑔𝑔 [11] 

 𝑔𝑔 =
𝑑𝑑
𝜀𝜀𝑟𝑟𝜀𝜀0

 [12] 

Where 𝐴𝐴0 is the electric field strength. The voltage sensitivity is expressed by the ratio of 
the electric field intensity and the pressure. (Circuit Globe 2020). This sensitivity 
relationship allowed for a much more sensitive device than the original mass, spring, and 
damper system used for vibrations studies. The materials are much more customizable to 
meet the specifications of the events being studied and can closely follow and more 
precisely convert the actual ground motion levels.  
 
The development of micro-electrotechnical systems (MEMS) has revolutionized the 
accelerometer application. MEMS is a process technology used to create tiny integrated 
devices or systems that combine mechanical and electrical components (Prime Faraday 
2002). These systems can range in size from a few micrometers to millimeters. These 
systems can sense on a micro-scale and can generate effects on the macro scale. These 
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devices have a wide range of applications, from airbag sensors to phone accelerometers 
and are commonplace in recent technology.  
 
MEMS technology has allowed for smaller, low powered, and more accurate affordable 
accelerometers. When these accelerometers are coupled with microcontrollers to store and 
treat data, a usable and affordable product can be created for blast vibration monitoring. 

2.6 Comparison Techniques for Ground Vibration Sensor 

In 2015, Edward Sheehan et al. performed a side-by-side comparison of blasting 
seismographs.  During the test, six blasts were monitored using seven different makes of 
seismograph used for blast monitoring. The seismographs were set up using two different 
deployment techniques, linear and clustered.   

 
Figure 2.15: Seismograph Comparison Deployments (Sheehan et al. 2015) 

At the time of the study, the Seismographs Standards group within the ISEE expected the 
amplitudes would fall within the range of ±5% of the median value for particle velocities. 
The actual % deviation can be seen in Table 1, from the paper written following the study.  
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Table 1: Side-by-side Seismograph Data Summary (Sheehan et. al. 2015) 

 
 

The percentage of deviation from the median recorded for the max deviation in peak 
particle velocity ranged from 20.3% to 30.9%. Of the 138 PPVs recorded during the six 
field tests 50 or 36% fell outside the expected ±5% of median values. Of the 46 maximum 
PPV’s recorded during the six tests, 18, or 39% fell outside the expected range.  
 
This study reinforced the need for more comparative studies using vibration monitoring 
equipment in the industry. It also reinforced the need to practice good field installation to 
minimize variability in data.  
 
Ultimately, it can be concluded that a need for more standardized data processing and 
equipment is needed to perform blast vibration research where these variabilities in data 
can have catastrophic effects on a research project.   
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CHAPTER 3. VIBRATION MONITORING SYSTEM 
 
This chapter will outline the sensor system developed for the ground vibrations project. 
The system contains three main components: the accelerometer, micro-controller, and 
microprocessor. The developed system was created to effectively and accurately gather 
ground vibrations data from surface mine blast events. A sensor was produced to be 
economically feasible in large scale blast vibration research projects requiring many 
monitoring locations. Along with the system electronics, the optimized settings and 
specifications are discussed. 
 
3.1 Accelerometer 
 
During the project several sensors were tested for vibration analysis feasibility. The sensor 
chosen to fit the specific ground vibration needs best was the ICM-20948 developed by 
InvenSense.  The ICM-20948 is the world’s lowest power 9-axis motion tracking device. 
The sensor is equipped with a 3-axis gyroscope, a 3-axis accelerometer, 3-axis compass, 
and a Digital Motion Processor. ICM-20948 supports an auxiliary I²C interface to external 
sensors, programmable digital filters, and an embedded temperature sensor. 
Communication ports include I²C and high-speed SPI.  The main component of interest for 
the project is the 3-axis accelerometer with a programmable force-sensing resistor (FSR) 
of ±2g, ±4g, ±8g, and ±16g. The sensor operating circuit produced from InvenSense and 
the accelerometer component specification can be seen in Figure 3.1 and Figure 3.2. 
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Figure 3.1: ICM-20948 Typical Operating Circuit 

 
Figure 3.2: Accelerometer Specifications 

 
The typical blast vibration ranges are below ±2g so the ACCEL_FS=0 setting was used to 
obtain the largest sensitivity scale factor of 16,384 LSB/g seen in the specifications shown 
in Table 3.1. As discussed in the introduction chapter, the industry-standard used for the 
seismograph sampling rate is 1024. For comparison purposes, the sampling rate for the 
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sensor was 1024 or higher.  To obtain higher sampling rates sent to the micro-processor a 
SPI connection was used for signal transfer.   
 
To connect the accelerometer to the microcontroller a breakout board was required. The 
chosen breakout board was manufactured by SparkFun and is pictured in Figure 3.3.  
Figure 3.3 also shows the breakout pins for SPI configuration.   

 
Figure 3.3: SPI-SparkFun Pin Configuration 

 
For the SPI Connection outlined the pin layout to connect to the breakout board to the 
micro-controller is listed in Figure 3.4. 

 
Figure 3.4: Breakout Board Pin Configuration 

 
The breakout board for the accelerometer sensor was connected to a microcontroller to 
control the sensor programming. 

3.2 Arduino 

A microcontroller is a computer containing a central processing unit (CPU) that executes 
programs.  The CPU loads the program to be used to control the sensor, stored in the read-
only memory (ROM), and has random-access memory (RAM) to store variables. 
Microcontrollers are low-powered devices used for one task and run one specific program. 
In the case of the assembled system the microcontroller used was the Arduino Uno and is 
used to store and run the specific accelerometer sensor programming. The advantage of 
this system for the application is a small size and the low-cost nature of the Arduino Uno. 
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The Arduino Uno Pinout Diagram can be referenced in Figure 3.5 for connection and 
operation. 

 
Figure 3.5: Arduino Uno Rev3 Pinout Diagram 

 
The ICM-20948 breakout board was connected to the Arduino Uno using pin cables and a 
breadboard.  The actual system configuration can be seen in Figure 3.6. The system is 69 
mm by 54 mm and weighs 25g, which allows it to be housed in a small casing and buried 
for ideal vibration monitoring installation outlined by ISEE. The operating voltage is 5V 
and can be easily integrated into a common power supply system used for remote data 
collection. 

 
Figure 3.6: Breakout to Microcontroller Wiring 
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The Arduino Uno was used to run the sensor program for data collection but because of 
the limitations of the microcontroller, a data logging micro-computer was used for logging 
and storing data during vibration collection periods. Standard serial communication was 
utilized between the Arduino and the chosen micro-computer, the Raspberry Pi 4. The 
Raspberry Pi 4 and its specification will be outlined in the following section.   

3.3 Raspberry Pi 

The data logging entity used for the storage and control of the data stream for this project 
was the Raspberry Pi 4. The Raspberry Pi is a single-board computer, as the entire 
computer is on one board and operates as a complete system. The product is shown in 
Figure 3.7. 

 
Figure 3.7: Raspberry Pi 4 

 
The key features include a 64-bit quad-core processor, dual-display output via two micro 
HDMI ports, and 4GB of RAM. For the project the Raspberry Pi was used for logging the 
continuous data stream collected by the Arduino Uno. The analysis of the continuous data 
stream was used to determine and save each vibration event recorded by the accelerometer. 
The trigger, sample size of events saved, and event storage are all performed from the 
Raspberry Pi 4.   
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CHAPTER 4. EXPERIMENTAL SETUP 

The ground vibration information was collected in a surface coal mine operation and is part 
of ongoing research regarding the structural response of farm buildings subjected to ground 
vibrations from blasting. The description of the structural response project, the mining 
operation, the monitoring locations, the different sensor types used for comparison, and the 
specifics of the events recorded and analyzed are discussed in the following sections. 

4.1 Structural Response of Farm Buildings Project 

The sensor system being developed is part of an ongoing research project conducted by the 
University of Kentucky Explosives Research Team (UKERT). The objectives of the 
research project are included in this subsection of the experimental chapter of this report. 
 
4.1.1 Statement of Work 
 
The last intensive and detailed study to analyze the effects of vibrations in structures, RI 
8507 “Structure Response and Damage Produced by Ground Vibration from Surface Mine 
Blasting”, was published in 1989, almost 30 years ago. New technologies and 
methodologies to collect and analyze data have been developed since the publication of 
this report. Peabody’s Bear Run Mine has three structures that will be demolished in the 
next two years in accordance with the mine development. The structures are typical farm 
structures and include a brick house, a garage, and two silos, Figure 4.1 shows the 
structures. 

 
Figure 4.1: Structures being studied by UKERT 

UKERT is interested in collecting vibration data generated by the surface mine operation 
in those structures as well as the surrounding ground. The data will be used to produce 
papers and reports relating to the parameters of the blast to its effects observed in the 
structures. 
 
4.1.2 Objective of the Structural Response Project 
 
Study the structure response produced by ground vibrations from surface mine blasting 
using modern tools. A primary goal of this project is to be completely non- disruptive to 
normal mine operations, with zero personnel or equipment requirements from Bear Run 
Mine. 
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4.1.3 Data Collection 
 
UKERT will install a network of regular seismographs used to record ground vibrations 
generated from blast events. Also, instrumentation for the structures will be installed. The 
systems utilized at the buildings will be accelerometers, crack displacement detectors, and 
similar devices. All the instrumentation will be provided by UKERT. 
 
4.1.4 Tasks of the Project 
 
Task 1- Installation of the devices. This task is expected to have a duration of one week. 
Task 2- Collection of data. UKERT is developing a ground vibration recording system. 
However, periodic visits to the mine are expected at the beginning of the project. Task 3- 
Analysis of data. The collected data will be processed and analyzed according to the most 
recent methodologies. Task 4- Reports and papers. The findings will be published in reports 
and peer-review publications. Also, technical information will be presented at various 
conferences. 
 
4.1.5 Required Collaboration 
 
Communication with site personnel to schedule any necessary pre -study site visits for 
training and identification of necessary procedures, – Access to the structure sites, – 
Mapping (topographic information) of the blasting site and the area of the structures, – 
Blast logs of the shots relevant to the data collected. 
 
The developed sensor will be applicable to several tasks outlined by the research project 
and has, therefore, been developed to fit the needs of the project.  Several specifications of 
the sensor have been set to match these individual requirements.  As seen in the data 
collection and tasks section of the structural response project, several accelerometers are 
needed for data collection.  It was decided that the best way to obtain raw data for the 
project was the development of the sensor system, which is the focus of this research 
project.    
 
The specific testing and comparison experimental set up will be outlined in the remaining 
sections of this chapter.    

4.2 Location of the Structural Response Project and Blasting Parameters 

The structures outlined in the project parameters are located at Bear Run Coal Co LLC in 
Southern IN.  Bear Run Mine is a subsidiary of Peabody Energy.  The mine operates in the 
Illinois coal basin and is a surface coal mining operation.  The location of the mine can be 
seen in Figure 4.2 
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Figure 4.2: Testing Mine Location 

In Figure 4.3, part of the active working bench is shown in red for reference, and the 
locations of the structures are shown in blue with a star indicating the locations of the 
sensors. The sensors were oriented toward the closest point to the working face.  The 
perpendicular line of the mining working face direct or y-axis is denoted as the radial 
waveform in the data.  The parallel direction of the working face or x-axis is denoted as 
the transverse waveform in the data. The vertical direction of the working face or z-axis is 
denoted as the vertical waveform in the data. 
 

 
Figure 4.3: Sensor Location Oriented to the Working Face 

Three blast events were studied for data comparison between devices.  One event each day 
from the dates 01/20/2020, 01/21/2020, and 01/22/2020.  The shot numbers designated by 
the mine for the events studied were #12278, #12284, and #12287, respectively.  The 
blasting reports for the three events are included in Appendix A. The map in Figure 4.4 can 
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be used to reference the specific locations of each of the blast events compared to the 
location of the house. 
 
Shot #12278 (event 1): 
 
The shot type for this event was a corner blast consisting of 78 holes with an average depth 
of 44 ft.  The burden was 24 ft. and the spacing was 25 ft.  The explosives used were 72,352 
lbs. of bulk ANFO and 31,008 lbs. of Bulk Emulsions. 
 
Shot #12284 (event 2): 
 
The shot type for this event was a cast blast consisting of 60 holes with an average depth 
of 93 ft.  The burden was 23 ft. and the spacing was 32 ft.  The explosives used were 
146,016 lbs. of Bulk ANFO and 26,504 lbs. of Bulk Emulsion. 
 
Shot # 12287 (event 3):  
 
The shot type for this event was a corner blast consisting of 88 holes with an average depth 
of 64 ft.  The burden was 24 ft. and the spacing was 26 ft.  The explosives used were 
101,486 lbs. of bulk ANFO and 43,494 lbs. of Bulk Emulsion. 
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Figure 4.4: Blast Event Locations (provided by Andrew Alano with Peabody Energy) 

Both the distance from the shot and the elevation changes are shown in Figure 4.4.  In order 
to study the blast events and validate the data recorded with the system under development, 
two additional systems were used. The two additional systems considered were a typical 
commercial seismograph used in the mining industry, and an accelerometer used for 
measuring seismic activity (Geophysics studies) and borrowed from the United States 
Kentucky Geological Survey (USKGS). The specific sensor types, installation specifics, 
and specifications of the three sensors are outlined in the following sections of this chapter. 
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4.3 System Under Development 

The developed prototype sensor electronics were explained in chapter three.  For installing 
the developed system device below the ground to record the blast vibration waveforms, a 
PVC pipe housing was created. This prototype housing was assembled to orient the sensor 
and protect it from environmental damage.  The PVC housing can be seen in  
 
Figure 4.5 and Figure 4.6. 

 
 

Figure 4.5: Electronic Positioning within the PVC Housing 
 

 
 

Figure 4.6: PVC Sensor Housing 

Both the sensor and the microcontroller were housed within the component underground, 
while the Raspberry Pi being used for data logging remained above ground in a 
weatherproof casing. A schematic of the housing with sensor and Arduino installed can be 
seen in Figure 4.7.  
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Figure 4.7: PVC Housing Unit 

The Arduino was screwed to the side of the housing unit to not interfere with the sensor 
element.  The sensor was mounted to the bottom of the housing unit using a strong 
adhesive.  The two components were connected by a rubber encased serial cable. The PVC 
housing was installed in a post hole with a diameter of 6 inches at the bottom of a 2x2x1 
foot opening in the ground.  The device was firmly compacted with dirt in the 6-inch 
circular hole and then covered with sand in the remainder of the square opening.  The 
installation area and the installed device are pictured in Figure 4.8 and Figure 4.9, 
respectively.   
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Figure 4.8: Ground Prepped for Sensor Installation 

 
Figure 4.9: Installed Sensor Before Full Burial 

Before being buried completely, the sensor was connected, and the instantaneous G’s 
readout was monitored to level the device.  Before the device was armed, an average 
running trigger was set to monitor for a 2% rise or fall in average data readings in order to 
capture the events.  The sampling rate was set to 1024 samples (variation was seen in the 
sampling rate and will be discussed further in the data collection chapter).  When triggered, 
the device was set to read 10,000 samples or roughly ten seconds of data.  After the 
specifications were programmed into the device, it was armed, and the Raspberry Pi was 
installed inside the weatherproof container powered by a 12v battery with a power 
converter to monitor the output.   

4.4 Commercial Seismograph 

The commercial seismograph used in the experiment was a Mini-seis digital seismograph 
produced by White Industrial Seismology, Inc.  The sensor, in the form of a geophone, was 
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installed similarly to the developed system. The device was installed at the bottom of a 
2x2x2 hole and compacted back with the original dirt.  The seismograph data logging 
computer was installed on the surface in a White Industrial Seismograph box equipped 
with a 12v battery for power and a solar panel for extended use.  The prepped hole and the 
installation box for the commercial seismograph are shown in Figure 4.10. 

 
Figure 4.10: Seismograph Installation 

The seismograph was set with a 0.1 in/sec trigger to capture the events.  When triggered 
0.5 seconds prior to the event and 10 seconds following the event are recorded at a sampling 
rate of 1024 samples/sec.  The seismograph utilized a mass and spring geophone, so the 
sampling units are in/sec.  A level was used to prep the ground to ensure that the device 
was level and the recording was accurate. 

4.5 Accelerometer Used for Geophysics Applications 

The final device used to measure the ground vibrations from the three events was a geology 
industry accelerometer used for geophysics studies. The device was a Nanometrics Titan 
4g accelerometer utilizing a Nanometrics Centaur 2 data logger.  The device was installed 
similarly to the developed prototype sensor.  A 6inch diameter hole was dug at the bottom 
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of a 2x2x1 foot hole, and the device was seated firmly to the bottom, as shown in Figure 
4.11. 

 
Figure 4.11: Nanometrics Titan 

The device was packed firmly with sand per the manufacturer’s instruction and was 
connected to the data logger being powered by a 12v battery inside the provided 
weatherproof encloser.  The final setup can be viewed in Figure 4.12. 

 
Figure 4.12: Data Logger Connection to Titan Accelerometer 

The accelerometer was configured to trigger at a 10% change in continuous data.  When 
the device was trigger 1 second prior to the trigger and 10 seconds after the trigger was 
recorded.  All three devices listed above were oriented with the radial component, or y-
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axis depending on the system’s utilized coordinate system, facing the closest point to the 
working face to ensure uniformity in each components data.   

4.6 System Installation Map 

Two different system installation setups were used during data collection for the three 
systems. Event 1 and Event 3 used the same system configuration and the positioning of 
the systems are shown in Figure 4.13 
 

 
Figure 4.13: Event 1 and Event 3 Map of Installed Monitoring Systems 

Event 2 used a similar setup, but the assembled system was installed in the back row 
closer to the seismograph as seen in Figure 4.14. 
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Figure 4.14: Event 2 Map of Installed Monitoring Systems 

As seen in Figure 4.13, the assembled system and the Titan Accelerometer were installed 
together at 3 feet for Event 1 and Event 3. The seismograph was installed behind the 
other two devices at 20 feet for Event 1 and Event 3. When the systems were installed, it 
was considered that the distance between the seismograph (A) and the other two systems 
(B and C) would not impact the collected data. However, this setup caused some 
discrepancies between the two systems (B and C), and the seismograph (A) for Event 1 
and Event 3. Such discrepancies are discussed in detail following the data comparison 
section of this document.  
 
Likewise, for Event 2 seen in Figure 4.14, the assembled system and seismograph were 
installed together at 3 feet, while the Titan Accelerometer was installed in front of the 
two systems at a distance of 20 feet. In the results chapter of this report, the discrepancies 
in data caused by the differing distances is discussed and outlined.  
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CHAPTER 5. DATA COLLECTED 

As mentioned in the previous chapter, in order to compare the performance of the 
assembled system, two additional ground vibrations recording systems were used. The data 
collected corresponds with three blast events in a surface coal mine operation. In this 
chapter, the details of the raw data and its post-processing procedure is included. Due to 
clarity in the document, the details are included for one of the events. The results and details 
of the other two events are included in the following chapters and the appendices. The 
event selected for presentation in this chapter is the event number two or event #12284 on 
01/21/2020 This event was selected because of a complete triggering of the assembled 
system. During the other two events the triggering specifications on the assembled system 
did not save the 1 second of data prior to the triggering. Around 5% of the initial waveform 
was lost during event 1 and event 2.  In order to directly compare the waveforms, it was 
required to use several data processing techniques. The main aim of the pre-processing data 
was to be able to normalize the data sampling rates and time shift the signals for analysis. 
The focus of the chapter will be the processing of the assembled system. However, the raw 
seismograph and Titan Accelerometer data will be shown in its original form in this 
chapter. 

5.1 Assembled System Data 

The raw output of the assembled system was measured using Least Significant Bit units 
(LSB) and was the starting point for the data analysis.  The three-axis accelerometer is 
denoted by an x, y, and z coordinate system. The system was aligned so that the y-axis 
represents the radial, the x-axis represents the transverse, and the z-axis represents the 
vertical component of the measured vibration waveform. Figure 5.1shows the raw output 
data from the event for the three components downloaded directly from the data logging 
Raspberry Pi in its original form. 

 
Figure 5.1: Raw LSB Data from Developed System 

According to the specifications of the electronic components, the sensitivity of the 
assembled system is 16384 LSB/g.  The sensitivity of the device was used to convert the 
raw data to Gals or g’s. Once the three waveforms are in g units, a value of 1 g was 
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subtracted from the z component to account for the insitu gravitational force exerted on the 
sensor. After this operation, all the data is now using the same zero reference axis and only 
contains the output of the vibration waveform in units of g’s, as seen in Figure 5.2 

 
Figure 5.2: Raw Acceleration Waveform in g's from Assembled System 

 
Figure 5.3: Frequency Content of Signal Experiencing Noise 

As seen in Figure 5.3. The assembled system experienced a considerable amount of high-
frequency information in the form of noise. In order to filter out this noise, a bandpass filter 
was utilized to obtain a “clean” vibration waveform. For each component of the vibration 
waveform, a bandpass filter was utilized. The bandpass filter cutoffs were determined using 
the three decibels rule (3dB) that uses Equations 1,2, and 3. Cutoff frequencies include a 
lower limit and an upper limit creating a range of frequency allowed to pass through the 
filter as illustrated by Figure 5.4. 
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Figure 5.4: Bandpass Filter 

 
The variables in Figure 5.4 are governed by the following equations. 

 𝑄𝑄 =  
𝑓𝑓0

𝑓𝑓2 − 𝑓𝑓1
 [13] 

Where Q is the signal quality factor, this quality factor measures the selectiveness of the 
bandpass filter. The lower the value of Q, the wider the bandwidth, and consequently, the 
higher the Q factor, the narrower and more selective the filter. 

 𝑐𝑐𝑚𝑚 =  𝑓𝑓2 − 𝑓𝑓1 =  
𝑓𝑓0
𝑄𝑄

 [14] 

Where 𝑐𝑐𝑚𝑚 is the bandwidth  

 𝑓𝑓1 =  𝑓𝑓0 ��1 +
1

4𝑄𝑄2
−

1
2𝑄𝑄2�

 [15] 

Where 𝑓𝑓1 is the lower cutoff frequency and 𝑓𝑓0 is the central frequency 

  𝑓𝑓2 =  𝑓𝑓0 ��1 +
1

4𝑄𝑄2
+

1
2𝑄𝑄2�

 [16] 

Where 𝑓𝑓2 is the upper cutoff frequency  
 
In order to determine the upper and lower frequency cutoff using the process shown in 
Figure 5.4, a 3dB loss must be represented by a decay in the amplitude of the signal. Using 
Equation 7, the decay in amplitude can be calculated to represent such loss. 
 

 𝐿𝐿 = 20 ∗ log (
𝑠𝑠𝑐𝑐𝑝𝑝𝑐𝑐𝑠𝑠𝑡𝑡𝑐𝑐𝑑𝑑𝑁𝑁 𝑠𝑠𝑓𝑓𝑡𝑡𝑁𝑁𝑠𝑠 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠
𝑠𝑠𝑁𝑁𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑐𝑐 𝑠𝑠𝑐𝑐𝑝𝑝𝑐𝑐𝑠𝑠𝑡𝑡𝑐𝑐𝑑𝑑𝑁𝑁

) [17] 
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In Equation 7, L is the loss in decibels, so a 3-decibel loss would correspond to a 30% loss 
in the signal amplitude. When applying these equations to the signals, it was found that the 
quality factor of the filter to be much to low and was filtering at too small an interval to 
pass the entire frequency content of the blast event. In order to correct the bandpass filter, 
the quality factor was lowered until the bandpass encompassed the typical range of 
frequency seen in similar surface coal mine blasts. A quality factor of 1.25 was determined 
and applied to the waveforms. 
 
Once the cutoffs were determined following the previous procedure, the bandpass filter 
was applied to each waveform signal. 
 
The bandpass filtered of the waveforms are shown in the table below. 
 

Table 2: Bandpass Filters for Event 2 

Waveform Bandpass Units 
X Component 5.3-47.7 Hz 
Y Component 1.8-16.2 Hz 
Z Component 5.3-47.6 Hz 

 
The resulting waveforms are shown in Figure 5.5 

 
Figure 5.5: Filtered Acceleration Waveforms 

In order to obtain the particle velocity waveform in (in/sec), which is the unit of measure 
used in the United States’ vibration regulation, the acceleration in g’s must be converted to 
(in/sec²) using the conversion factor of 1g = 386.08 in/sec². The following figure shows the 
individual waveforms in acceleration.  The acceleration graphs that follow are also shifted 
to orient the front of the vibration waveform arrival with time stamp zero. 
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Figure 5.6: Transverse Component Acceleration 

 

 
Figure 5.7: Radial Component Acceleration 

 
Figure 5.8: Vertical Component Acceleration 

In order to integrate the acceleration waveforms to obtain the velocity curves needed for 
data comparison, the trapezoid rule was used. The trapezoid rule is a technique for 
approximating the definite integral as follows 
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 �𝑓𝑓(𝑥𝑥)𝑑𝑑𝑥𝑥 
𝑏𝑏

𝑎𝑎

≈ (𝑐𝑐 − 𝑠𝑠) ∗ �
𝑓𝑓(𝑠𝑠) + 𝑓𝑓(𝑐𝑐)

2
� [18] 

 
Figure 5.9: Trapezoidal Rule Representation 

Thus, the rule works by approximating the region under the graph of function 𝑓𝑓(𝑥𝑥) as a 
trapezoid and calculating the area as indicated in Figure 5.9. Using this basic technique, 
the particle velocity curves for each component were determined and are included in Figure 
5.10 to Figure 5.12. 



42 
 

 
Figure 5.10: Transverse Component Velocity Waveform, Assembled Sensor 

 
Figure 5.11: Radial Component Velocity Waveform, Assembled Sensor 

 
Figure 5.12: Vertical Component Velocity Waveform, Assembled Sensor 

Lastly, the frequency content will be needed to analyze the similarity between waveforms 
in the following chapters. A Fast Fourier Transform was performed on the three velocity 
components in order to produce frequency content spectrums for the collected data in each 
direction. The following figure shows the frequency content of the individual components 
of the vibration waveform. 
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Figure 5.13: Frequency Content of Transverse Waveform, Assembled Sensor 

 
Figure 5.14: Frequency Content of Radial Waveform, Assembled Sensor 
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Figure 5.15: Frequency Content of Vertical Waveform, Assembled Sensor 

5.2 Commercial Seismograph Data 

The White Industrial Seismograph ® comes with a manufacturer’s data processing tool for 
viewing and analyzing the data. The velocity waveforms and the frequency spectrums in 
the form of FFT’s are displayed in the following figures.  These images are straight from 
the manufacturer’s software. The data was then exported to txt files for the comparison 
with the other sensor waveforms in the following chapters. Figure 5.16shows time in 
seconds on the x-axis and velocity in (in/sec) on the y-axis. As discussed previously in this 
chapter, the components of transverse, radial and vertical directions match the x, y, and z 
directions of the assembled prototype system, respectively. 
 

 
Figure 5.16: Waveform for Each Component Taken from Seismograph Software 

Figure 5.17shows the FFT amplitude spectrums of the velocity curves. 
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Figure 5.17: Frequency Content for Each Component Taken from Seismograph Software 

5.3 Accelerometer for Geophysical Studies Data (Titan Accelerometer) 

The raw accelerometer data was measured in counts and required the readings to be 
converted using the companies provided sensitivity and conversion rates to obtain the 
velocity curves in (in/sec). The following graphs provide a visual representation of the 
velocity data with their corresponding frequency contents. The recorded data contains one 
(1) second prior to the blast and 5 seconds following the trigger of the device. 



46 
 

 
Figure 5.18: Transverse Component Velocity Waveform, Titan Accelerometer 

 
Figure 5.19: Radial Component Velocity Waveform, Titan Accelerometer 

 
Figure 5.20: Vertical Component Velocity Waveform, Titan Accelerometer 

Using the velocity curves, the frequency content (FFT) was calculated for each signal. 
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Figure 5.21: Frequency Content of Transverse Waveform, Titan Accelerometer 

 
Figure 5.22: Frequency Content of Radial Waveform, Titan Accelerometer 
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Figure 5.23: Frequency Content of Vertical Waveform, Titan Accelerometer 

The processed data in velocity for the three devices will be used for comparison in the 
following chapter along with the frequency content of the vibration waveforms. 
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CHAPTER 6. DATA VALIDATION AND COMPARISON 

The waveforms from each device were compared both visually and by utilizing cross-
correlation to compare waveform similarity.  Frequency content is an important component 
to understand vibration events, therefor the frequency contents of the vibration’s 
waveforms will be compared both visual and by conducting spectral coherence on the 
waveforms.  The focus of this study is the feasibility of the developed monitoring system, 
so the developed system data will be compared directly with the seismograph waveforms 
in the first section of the chapter and then the comparison between the developed sensor 
and the seismology sensor will follow.  Similar to chapter 5, the report event 2 will be 
outlined in detail in this chapter and the subsequent data from event 1 and event 2 will be 
included for reference in the appendices of the document.   

6.1 Developed Sensor vs. Seismograph 

In order to establish understanding of the waveforms being compared in the following 
sections a visual comparison of the waveforms is provided below.  The transverse, radial, 
and vertical components are shown below from the developed sensor and the seismograph. 
In cases where sampling rates differed, a rational factor of the sampling rates was used to 
resample the data with the lower of the two sampling rates. 

 
Figure 6.1: Transverse Velocity Assembled Sensor vs. Seismograph 
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Figure 6.2: Radial Velocity Assembled Sensor vs. Seismograph 

 
Figure 6.3: Vertical Velocity Assembled Sensor vs. Seismograph  

Cross-correlation was performed on the previous three waveforms from the developed 
sensor and the seismograph.  Cross-correlation measures the similarity between a time 
series and lagged versions of another time series as a function of the lag.  The cross-
correlation graphs that follow show correlation with respect to the measured lag 
correlation.  Cross correlation starts with an estimate of the sample cross-covariance 
function.  Consider the time series 𝑦𝑦1𝑡𝑡 and 𝑦𝑦2𝑡𝑡 and lags k= 0,±1,±2,… for data pairs 
(𝑦𝑦11,𝑦𝑦21), (𝑦𝑦12,𝑦𝑦22), … , (𝑦𝑦1𝑇𝑇 ,𝑦𝑦2𝑇𝑇), an estimate of the lag k cross-covariance is  

 𝑐𝑐𝑦𝑦1𝑦𝑦2(𝑘𝑘) =  �
1
𝑇𝑇∑ (𝑦𝑦1𝑡𝑡 − 𝑦𝑦�1)(𝑇𝑇−𝑘𝑘

𝑡𝑡=1 𝑦𝑦2,𝑡𝑡+𝑘𝑘 − 𝑦𝑦�2);𝑘𝑘 = 0,1,2, …
1
𝑇𝑇∑ (𝑦𝑦2𝑡𝑡 − 𝑦𝑦�2)�𝑦𝑦1,𝑡𝑡−𝑘𝑘 − 𝑦𝑦�1�;𝑘𝑘 = 0,−1,−2, …𝑇𝑇+𝑘𝑘

𝑡𝑡=1

 [19] 

Where 𝑦𝑦�1 and 𝑦𝑦�2 are the sample means of the series.  The sample standard deviations of 
the series are: 

 𝑠𝑠𝑦𝑦1 = �𝑐𝑐𝑦𝑦1𝑦𝑦1(0) [20] 

 𝑠𝑠𝑦𝑦2 = �𝑐𝑐𝑦𝑦2𝑦𝑦2(0) [21] 

Where 

 𝑐𝑐𝑦𝑦1𝑦𝑦1(0) = 𝑉𝑉𝑠𝑠𝑠𝑠(𝑦𝑦1) [22] 
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 𝑐𝑐𝑦𝑦2𝑦𝑦2(0) = 𝑉𝑉𝑠𝑠𝑠𝑠(𝑦𝑦2) [23] 

The estimate of the cross-correlation is 

 𝑠𝑠𝑦𝑦1𝑦𝑦2(𝑘𝑘) =  
𝑐𝑐𝑦𝑦1𝑦𝑦2(𝑘𝑘)

𝑠𝑠𝑦𝑦1𝑠𝑠𝑦𝑦2
; 𝑘𝑘 = 0, ±1, ±2, … [24] 

The cross-correlation outputs a value with a range of -1 to 1 correlation. The peak of the 
correlations is provided and a value of 0.75 or higher shows a strong correlation between 
waveforms. 
 
The following figures show the cross-correlation for the three vibration waveform 
components between the assembled system and the seismograph.  

 
Figure 6.4: Cross-Correlation Transverse Waveform Comparison 
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Figure 6.5: Cross-Correlation Radial Waveform Comparison 

 

 
Figure 6.6: Cross-Correlation Vertical Waveform Comparison 

The high peaks in the graphs indicate a high correlation between all three components of 
the vibration waveform.  To determine the feasibility of the prototype system, not only the 
waveforms in time need to be compared, but also the frequency of the signals. Spectral 
coherence was used to compare the signals in the frequency domain.  Coherence values 
tending toward 0 indicate that the corresponding frequency components are uncorrelated 
while values tending towards 1 indicate that the corresponding frequency components are 
correlated. Values above 0.75 are marked as showing a high coherence between data. These 
values express how x values correspond to y values at each frequency.  This estimate is a 
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function of the power spectral densities.  𝑔𝑔𝑥𝑥𝑥𝑥(𝑓𝑓) and 𝑔𝑔𝑦𝑦𝑦𝑦(𝑓𝑓), and the cross power spectral 
density, 𝑔𝑔𝑥𝑥𝑦𝑦(𝑓𝑓), of x and y: 

 𝐶𝐶𝑥𝑥𝑦𝑦(𝑓𝑓) =
�𝑔𝑔𝑥𝑥𝑦𝑦(𝑓𝑓)�2

𝑔𝑔𝑥𝑥𝑥𝑥(𝑓𝑓)𝑔𝑔𝑦𝑦𝑦𝑦(𝑓𝑓)
 [25] 

The following figures display the spectral coherence and the corresponding frequency 
content components with a high correlated value. 
 

 
Figure 6.7: Spectral Coherence Transverse Component Comparison 

 
Figure 6.7 shows levels of correlation above 0.75 at frequencies of 8.17, 11.67, and 16.35 
Hz. 
 

 
Figure 6.8: Spectral Coherence Radial Component Comparison 

 
Figure 6.8 shows levels of correlation above 0.75 at frequencies of 5.89,9.34, and 12.84  
Hz. 
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Figure 6.9: Spectral Coherence Vertical Component Comparison 

Figure 6.9 shows levels of correlation above 0.75 at frequencies of 8.75, 12.85, and 18.69 
Hz. 

6.2 Assembled System vs. Accelerometer for Geophysical Studies 

The same procedure was used to compare the vibration waveforms with the seismology 
sensor.  The waveforms were show first as a visual comparison and analyzed using cross-
correlation and spectral coherence.   

 
Figure 6.10: Transverse Velocity Assembled System vs. Titan Accelerometer 

 



55 
 

 
Figure 6.11: Radial Velocity Assembled System vs. Titan Accelerometer 

 

 
Figure 6.12: Vertical Velocity Assembled System vs. Titan Accelerometer 

 

 
Figure 6.13: Cross-Correlation Transverse Waveform Comparison 
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Figure 6.14: Cross-Correlation Radial Waveform Comparison 

 
Figure 6.15: Cross-Correlation Vertical Waveform Comparison 
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Figure 6.16: Spectral Coherence Transverse Component Comparison 

 
Figure 6.16 shows levels of correlation above 0.75 at frequencies of 8.18 and 11.68 Hz. 

 
Figure 6.17: Spectral Coherence Radial Component Comparison 

 
Figure 6.17 shows levels of correlation above 0.75 at frequency of 9.35 Hz. 
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Figure 6.18: Spectral Coherence Vertical Component Comparison 

Figure 6.18 shows levels of correlation above 0.75 at frequency 11.68 Hz. 

6.3 PPV Comparison and Frequency Summary 

The peak particle velocities (PPVs) were obtained from the waveforms for each monitoring 
device and listed according to the component in Table 3.  

Table 3: PPVs and Deviations for Event 2 

Component/System Transverse 
PPV (in/sec) 

Radial PPV 
(in/sec) 

Vertical PPV 
(in/sec) 

Assembled Sensor -1.33 1.53 -0.46 
Seismograph -1.28 1.60 -0.44 

Titan Accelerometer -1.18 1.33 -0.56 
Assembled System Deviation from 

Seismograph 0.05 0.07 0.02 

Assembled System Deviation from 
Titan Accelerometer 0.15 0.19 0.10 

Assembled System % Deviation from 
Seismograph 3.91 4.44 4.55 

Assembled System % Deviation from 
Titan Accelerometer 12.71 14.58 17.86 

 
The percent deviations of the assembled system from the other two monitoring devices for 
each component are listed in the final two rows of Table 3. 
 
A summary of the spectral coherence values above 0.75, showing strong relationships, are 
provided in Table 4.  
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Table 4: Frequencies with Spectral Coherence Values Above 0.75 

Spectral Coherence Frequencies Transverse Radial Vertical 

Assembled System vs. Seismograph 8.17 5.84 8.76 
 11.68 9.34 12.85 
 16.35 12.85 18.69 

Assembled System vs. Titan 
Accelerometer 8.17 9.34 11.68 

 
The values that corresponded across the two coherency tests are highlighted in Table 4. 
These values show the frequencies present in all the vibration waveforms and correspond 
to the peak frequencies of the signals. The vertical component has no matching frequencies 
above the 0.75 coherency value.  
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CHAPTER 7. SUMMARY OF THE RESULTS 

Event 1:  
 
In the data comparison of Event 1 each of the three components, transverse, radial, and 
vertical were compared visually. Each of the waveforms seemed to follow the general 
waveform of the ground vibration with similar amplitude values. When cross-correlation 
was performed each of the waveform comparisons showed a spike in correlation around 
the origin of the lag. It can be inferred from these graphs that all the waveforms from Event 
1 were aligned properly with respect to time and each waveform showed a significant 
correlation with respect to the ground vibration from the blast event. The assembled 
system’s PPV percent deviation from the seismograph for each component was 19.5%, 
53.13%, ad 28.21%, respectively.  The assembled system’s PPV percent deviation from 
the Titan Accelerometer was 15.76%, 10.58%, and 0.08%, respectively. These values show 
a much lower percent deviation from the Titan accelerometer than from the seismograph. 
When comparing the frequency content of the signal, the coherence values were above 0.75 
for the spikes or the main frequency content of the ground vibrations. The characteristic 
values above 0.75 coherence for the Transverse waveform was 5.93 Hz. The characteristic 
values above 0.75 coherence for the Radial waveform were 8.29 Hz and 18.69 Hz. No 
frequencies found for the vertical waveform matched from the spectral coherency tests. 
 
Event 2: 
 
In the data comparison of Event 2 each of the three components, transverse, radial, and 
vertical were compared visually. Each of the waveforms seemed to follow the general 
waveform of the ground vibration with similar amplitude values. When cross-correlation 
was performed each of the waveform comparisons showed a spike in correlation around 
the origin of the lag. It can be inferred from these graphs that all the waveforms from Event 
2 were aligned properly with respect to time and each waveform showed a significant 
correlation with respect to the ground vibration from the blast event. The assembled 
system’s PPV percent deviation from the seismograph for each component was 3.9%, 
4.44%, ad 4.55%, respectively.  The assembled system’s PPV percent deviation from the 
Titan Accelerometer was 12.71%, 14.58%, and 17.86%, respectively. These values show 
a much lower percent deviation from the Titan accelerometer than from the seismograph. 
When comparing the frequency content of the signal, the coherence values were above 0.75 
for the spikes or the main frequency content of the ground vibrations. The characteristic 
values above 0.75 coherence for the Transverse waveform was 8.17 Hz. The characteristic 
values above 0.75 coherence for the Radial waveform was 9.34 Hz. No frequencies found 
for the vertical waveform matched from the spectral coherency tests. 
 
Event 3: 
 
In the data comparison of Event 3 each of the three components, transverse, radial, and 
vertical were compared visually. Each of the waveforms seemed to follow the general 
waveform of the ground vibration with similar amplitude values. When cross-correlation 
was performed each of the waveform comparisons showed a spike in correlation around 



61 
 

the origin of the lag. It can be inferred from these graphs that all the waveforms from Event 
3 were aligned properly with respect to time and each waveform showed a significant 
correlation with respect to the ground vibration from the blast event. The assembled 
system’s PPV percent deviation from the seismograph for each component was 6%, 
35.56%, and 54.24%, respectively.  The assembled system’s PPV percent deviation from 
the Titan Accelerometer was 17.54%, 3.39%, and 15.63%, respectively. These values show 
a much lower percent deviation from the Titan accelerometer than from the seismograph. 
When comparing the frequency content of the signal, the coherence values were above 0.75 
for the spikes or the main frequency content of the ground vibrations. No frequencies found 
for the transverse waveform matched from the spectral coherency tests. The characteristic 
values above 0.75 coherence for the Radial waveform were 3.58 Hz and 8.36 Hz. No 
frequencies found for the vertical waveform matched from the spectral coherency tests. 
 
In summary, for all three events the visual comparisons showed a similarity between the 
waveforms. Some of the visual comparisons were at the level needed to mark the assembled 
system as feasible, while others lacked a continuous similarity between the two waveforms. 
The assembled system percent deviation from the comparison devices ranged from 0.08% 
to 53%. The seismograph had a very wide range of percent deviation while the Titan 
accelerometer percentages remained around 15% for all three events. As expected, the 
spectral coherencies show coherence values about 0.75 percent for most of the peak 
frequencies of the signal. 
 
As outlined in the experimental setup chapter of the report, the differing distances between 
systems has a significant impact on the comparisons between the waveforms. Table 5 
shows the correlations between the systems with respect to the distance between them for 
each waveform component. 
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Table 5: Correlation Between Systems with Respect to Distance 

 
Distance 
Between 
Systems 

Transverse Radial Vertical 

Event 1     
Correlation between Assembled 

System and Seismograph 20 feet 0.48 0.56 0.47 

Correlation between Assembled 
System and Titan Accelerometer 3 feet 0.84 0.81 0.63 

Event 2     
Correlation between Assembled 

System and Seismograph 3 feet 0.66 0.78 0.56 

Correlation between Assembled 
System and Titan Accelerometer 20 feet 0.3484 0.6351 0.3992 

Event 3     
Correlation between Assembled 

System and Seismograph 20 feet 0.6943 0.5279 0.5909 

Correlation between Assembled 
System and Titan Accelerometer 3 feet 0.8834 0.8443 0.6783 

     
Average correlation for a 
distance of 3 feet between 

systems 
 0.79 0.81 0.62 

Average correlation for a 
distance of 20 feet between 

systems 
 0.51 0.57 0.49 

 
A summary of the percent deviations between PPV values for the systems with respect to 
distance is provided in Table 6. 
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Table 6: PPV % Deviation Between Systems with Respect to Distance 

  Distance 
Between 
Systems 

Transverse 
PPV  

Radial 
PPV  

Vertical 
PPV  

Event 1         
Assembled System % Deviation 
from Seismograph 

20 feet 19.50 53.13 28.21 

Assembled System % Deviation 
from Titan Accelerometer 

3 feet 15.76 10.58 0.80 

Event 2         
Assembled System % Deviation 
from Seismograph 

3 feet  3.91 4.44 4.55 

Assembled System % Deviation 
from Titan Accelerometer 

20 feet 12.71 14.58 17.86 

Event 3         
Assembled System % Deviation 
from Seismograph 

20 feet 6.00 35.56 54.24 

Assembled System % Deviation 
from Titan Accelerometer 

3 feet 17.54 3.39 15.63 

          
Average % deviation for a 
distance of 3 feet between 
systems 

  12.40 6.14 6.99 

Average % deviation for a 
distance of 20 feet between 
systems 

  12.74 34.42 33.43 
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CHAPTER 8. CONCLUSIONS AND FUTURE WORK 

The two research questions posed at the beginning of the research are listed again below.   
 
1. Is the developed system capable of measuring and recording blast vibrations from 
a surface mining operation? 
2. Is the acquired data accurate and precise enough to be used in research projects 
moving forward in the field of mining? 
 
At the beginning of the research conducted for this report, it was not known whether the 
assembled system would be capable of measuring and recording the ground vibrations from 
a surface mine blast. Through the testing done on the three events, it is clear the system is 
capable of performing these actions. The waveform durations and sampling rates of the 
system closely matched those of the seismograph and Titan accelerometer. For the 
preliminary testing for the feasibility of the device, the waveforms were visually similar 
and provided accurate frequency content for the events. However, there are some issues 
with the data that need to be outlined before a decision on the feasibility of the system can 
be determined. 
 
There were noticeable variations in the waveforms from the assembled system versus the 
seismograph.  The wide range of deviation from the seismograph in Event 1 and Event 3 
is believed to be linked to the monitoring location of the seismograph. As shown in the 
experimental setup, the seismograph was placed 20 feet from the assembled system as 
opposed to 3 feet for the Titan accelerometer. Likewise, in Event 2 the deviation of the 
Titan Accelerometer is believed to be linked to this same discrepancy in distance. This 
distance likely led to the deviations in the vibration waveforms seen for those devices in 
the respective events. It is not certain whether this is the cause of the differences in the 
waveforms because of the limited tests done on the system. In order to prove this 
hypothesis, further testing would need to be done. 
 
This difference in seismograph data is again outlined when the PPVs are analyzed, with 
the exception of event 2 the deviations of the assembled system PPVs are high compared 
to the seismograph. However, the assembled system PPV deviation from the Titan 
Accelerometer was within the range of 30% maximum deviation outlined by the side-by-
side comparison of industry seismographs performed by Sheehan et al. The assembled 
system PPC deviation from the seismograph fell outside the 30% range on both Event 1 
and Event 2. 
 
When the data was analyzed with respect to distances between the device, a connection 
between similarity of waveforms and distance became apparent. The average correlation 
of devices placed three feet apart was 0.79, 0.81, and 0.62 for the transverse, radial, and 
vertical components respectively. The average correlation of devices placed 20 feet apart 
were 0.54, 0.57, and 0.62 for the transverse, radial and vertical components respectively.  
These values show a stronger correlation when the systems were placed in close proximity 
to one another. When placed together the systems shows a strong correlation (above 0.75). 
The percent deviation of the PPVs showed a similar trend. The percent deviation average 



65 
 

for systems placed 3 feet apart were 12.4, 6.14, and 6.99 for the transverse, radial, and 
vertical components respectively. The percent deviation average for systems placed 20 feet 
apart were 12.74, 34.42, and 33.42 for the transverse, radial, and vertical components 
respectively. When the systems were within 3 feet proximity to one another the deviations 
fell well within the 30% range outlined by the Sheehan et al. side-by-side comparison test. 
The lower vertical component correlation could be linked to the installation of the device. 
As outlined by the ISEE installation guide, the sensor should be buried at a minimum of 
three times its height. The assembled system was buried at the same depth as the other two 
systems which equated to two times the height of the sensor.  
 
To answer the second research question, the assembled system shows hopeful results. If 
being compared solely to the Titan Accelerometer the values would be within the range for 
feasibility of this system for future research at the University of Kentucky. However, with 
the limited events studied and the issued with the distances outlined, it is recommended 
that future tests be performed to inexplicable prove that the assembled sensor is a valuable 
tool for vibrations research.  
 
The research conducted in this report was the initial testing of the assembled system, 
although it is not a finished product the results show that new piezoelectric technologies 
have allowed for the development of a better vibration monitoring system. The creation of 
a low-cost alternative to the monitoring devices available on the market is feasible and will 
allow for the collection of raw ground vibration data for the University of Kentucky 
Explosives Research Team’s projects moving forward.  

8.1 Future Work 

While each of the research questions has been addressed in this thesis, there are 
recommendations for future work to advance the research. As stated above more testing 
needs to be done before this initial system can be accepted as a research tool. The 
following aspects need to be considered in future tests of this system. 
 

1. As outlined in the procedure during a side-by-side comparison paper published in 
2015 by Sheehan et al., the comparison needs to be performed with the systems in 
the same hole as opposed to several holes used in this research. 

2. The system should be compared with more than two other systems to establish a 
better baseline for the ground vibration readings.  

3. Coordination with the surface mine to allow for better oriented systems for the 
specific blast events, instead of a single deployment for a multitude of events 

 
Along with these recommendations for future testing of the sensor, in order to use this as 
a research tool at the University of Kentucky, more rugged and permanent housing for 
the system needs to be produced. 
 
Similarly, a program needs to be developed to more easily run the scripts controlling the 
system and to more precisely set the specifications of the systems. 
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The assembled system was planned to be tested on a shaking table at a certified 
seismograph calibration testing facility, but scheduling conflicts prevented such 
calibration. In the future, once a more complete system is established calibration and 
validation will be preformed at a similar site. Along with this testing an analysis of the 
frequency resolution needs to be performed.  In order to insure the assembled system is 
collecting the most accurate frequency content, an adequate frequency resolution is 
needed.   
 
The assembled system remains in ongoing development at the University of Kentucky. 
Other sensors are planned to be added to the system including air pressure, humidity, and 
gps, in order to better understand the factors affecting ground vibration levels. 
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APPENDIX 2.  EVENT 1 DATA COMPARISON 

Assembled System vs. Seismograph 

 
Figure A2. 1: Transverse Waveform Assembled Sensor vs. Seismograph 

 

 
Figure A2. 2: Radial Waveform Assembled Sensor vs. Seismograph 

 

 
Figure A2. 3: Vertical Waveform Assembled Sensor vs. Seismograph 
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Figure A2. 4: Cross-Correlation Transverse Waveform Assembled System vs. 

Seismograph 

 

 
Figure A2. 5: Cross-Correlation Radial Waveform Assembled System vs. Seismograph 
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Figure A2. 6: Cross-Correlation Vertical Waveform Assembled System vs. Seismograph 

 
Figure A2. 7: Spectral Coherence Transverse Assembled System vs. Seismograph 
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Figure A2. 8: Spectral Coherence Radial Assembled System vs. Seismograph 

 

 

Figure A2. 9: Spectral Coherence Vertical Assembled System vs. Seismograph 
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Assembled System vs. Geophysics Accelerometer 

 

Figure A2. 10: Transverse Waveform Assembled Sensor vs. Titan Accelerometer 

 

 
Figure A2. 11: Radial Waveform Assembled Sensor vs. Titan Accelerometer 

 

 

Figure A2. 12: Vertical Waveform Assembled Sensor vs. Titan Accelerometer 
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Figure A2. 13: Cross-Correlation Transverse Waveform Assembled System vs. Titan 

 
Figure A2. 14: Cross-Correlation Radial Waveform Assembled System vs. Titan 
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Figure A2. 15: Cross-Correlation Vertical Waveform Assembled System vs. Titan 

 

Figure A2. 16: Spectral Coherence Transverse Assembled System vs. Titan 
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Figure A2. 17: Spectral Coherence Radial Assembled System vs. Titan 

 

 
Figure A2. 18: Spectral Coherence Vertical Assembled System vs. Titan 
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PPV Comparison and Frequency Summary 
Table A2. 1: PPVs and Deviations for Event 1 

Sensor Type Transverse 
PPV (in/sec) 

Radial PPV 
(in/sec) 

Vertical PPV 
(in/sec) 

Assembled Sensor 0.48 -0.49 -0.50 

Seismograph 0.40 -0.32 -0.39 

Titan Accelerometer 0.57 -0.55 -0.39 

Assembled System Deviation from 
Seismograph 0.08 0.17 0.11 

Assembled System Deviation from 
Titan Accelerometer 0.09 0.06 0.00 

Assembled System % Deviation from 
Seismograph 19.50 53.13 28.21 

Assembled System % Deviation from 
Titan Accelerometer 15.76 10.58 0.80 

 
Table A2. 2: Frequencies with Spectral Coherence Values Above 0.75 

Spectral Coherence Frequencies Transverse 
(Hz) 

Radial 
(Hz) 

Vertical 
(Hz) 

Assembled System vs. Seismograph 5.93 8.29 7.11 
 8.3 18.96  

Assembled System vs. Titan 
Accelerometer 5.93 8.29  

 13.04 13.04  
  18.96  
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APPENDIX 3. EVENT 3 DATA COMPARISON 

Assembled System vs. Seismograph 

 

Figure A3. 1: Transverse Waveform Assembled Sensor vs. Seismograph 

 
Figure A3. 2: Radial Waveform Assembled Sensor vs. Seismograph 

 
Figure A3. 3: Vertical Waveform Assembled Sensor vs. Seismograph 
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Figure A3. 4: Cross-Correlation Transverse Waveform Assembled System vs. 

Seismograph 

 
Figure A3. 5: Cross-Correlation Radial Waveform Assembled System vs. Seismograph 
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Figure A3. 6: Cross-Correlation Vertical Waveform Assembled System vs. Seismograph 

 
Figure A3. 7: Spectral Coherence Transverse Assembled System vs. Seismograph 

 
Figure A3. 8:Spectral Coherence Radial Assembled System vs. Seismograph 
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Figure A3. 9: Spectral Coherence Vertical Assembled System vs. Seismograph 
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Assembled System vs. Titan Accelerometer 

 

Figure A3. 10: Transverse Waveform Assembled Sensor vs. Titan Accelerometer 

 

 
Figure A3. 11: Radial Waveform Assembled Sensor vs. Titan Accelerometer 

 
Figure A3. 12: Vertical Waveform Assembled Sensor vs. Titan Accelerometer 
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Figure A3. 13: Cross-Correlation Transverse Waveform Assembled System vs. Titan 

 
Figure A3. 14: Cross-Correlation Radial Waveform Assembled System vs. Titan 
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Figure A3. 15: Cross-Correlation Vertical Waveform Assembled System vs. Titan 

 

Figure A3. 16: Spectral Coherence Transverse Assembled System vs. Titan 
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Figure A3. 17: Spectral Coherence Radial Assembled System vs. Titan 

 
Figure A3. 18: Spectral Coherence Vertical Assembled System vs. Titan 

 
PPV Comparison and Frequency Summary 
 

Table A3. 1: PPVs and Deviations for Event 3   

Sensor Type Transverse 
PPV (in/sec) 

Radial PPV 
(in/sec) 

Vertical PPV 
(in/sec) 

Assembled Sensor -0.47 0.61 0.27 
Seismograph -0.50 0.45 0.59 

Titan Accelerometer -0.57 0.59 0.32 
Assembled System Deviation from 

Seismograph 0.03 0.16 0.32 

Assembled System Deviation from 
Titan Accelerometer 0.10 0.02 0.05 

Assembled System % Deviation from 
Seismograph 6.00 35.56 54.24 

Assembled System % Deviation from 
Titan Accelerometer 17.54 3.39 15.63 
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Table A3. 2: Frequencies with Spectral Coherence Values Above 0.75 

Spectral Coherence Frequencies Transverse Radial Vertical 
Assembled System vs. Seismograph 5.97 3.58 7.17 

  5.97  
  8.36  

Assembled System vs. Titan 
Accelerometer 9.557 3.58 7.17 

  8.36  
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