
 

 

QUANTITATIVE COMPARISON OF SEISMIC 

VELOCITY TOMOGRAPHY WITH SEISMIC 

ACTIVITY AROUND A DEEP COAL LONGWALL 

PANEL 

 

 
Matthew David Furniss 

 

 

Thesis submitted to the faculty of the Virginia Polytechnic Institute and 

State University in partial fulfillment of the requirements for the degree 

of 

 

 

Master of Science 

In 

Mining & Minerals Engineering 

 

 

Erik Westman, Chairman 

Mario Karfakis 

Kramer Luxbacher 

 

April 29, 2009 

Blacksburg, VA 

 

Keywords: Seismicity Forecasting, Tomography, Longwall Mining



 

 

QUANTITATIVE COMPARISON OF SEISMIC 

VELOCITY TOMOGRAPHY WITH SEISMIC 

ACTIVITY AROUND A DEEP COAL LONGWALL 

PANEL 

Matthew David Furniss  

 

ABSTRACT 

 Mining induced seismicity can lead to bumps which cause problems at many mines 

within the United States and around the world.  This seismicity, often referred to as bumps or 

bursts, can result in injuries, fatalities, and expensive capital damage and production 

interruptions. There are many factors that contribute to mining induced seismicity but there is 

still no concrete method to forecast future seismic activity around a mine.   

 One of the main precursors to large seismic events is an increase in situ stress.  One way 

to find areas within geological strata that are highly stressed is to measure p-wave propagation 

velocities.  High p-wave propagation velocities are associated with high in-situ stress levels.  By 

using tomography programs a three-dimensional velocity model can be constructed.  When 

seismic activity is present the event arrival times at each geophone, the locations of each 

geophone, and the three dimensional velocity model are used in conjunction with one another to 

locate the seismic events.    

 This research compares the locations of seismic events from a deep coal mine longwall 

panel in the western United States with the associated p-wave propagation velocities from the 

previous 24 hours.  The aim of this comparison is to provide a link between high velocities and 

seismic activity that could potentially be used to forecast future seismic activity.  The 

comparison is completed both qualitatively through the use of a visual analysis, and 

quantitatively using various numerical and correlation comparisons on the seismic and velocity 

data.  The qualitative comparison is completed using the event locations from the tomography 

program SIMULPS.  The quantitative comparison is completed twice using two different 

tomography programs, SIMULPS and TomoDD, which use different methods for locating the 

seismic events.   
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Before these comparisons were completed the stresses around the longwall panel were 

first modeled using the boundary element modeling program LAMODEL to study the effects of 

three backfilled cross panel entries which were located ahead of the mining face.  The modeling 

showed similar vertical stress distributions as a panel without cross panel entries but higher stress 

magnitudes.  

 The qualitative analysis involved comparing tomograms created with SIMULPS with 

seismicity plots from the following day.  One noticeable feature of these tomograms is the 

presence of a stressed area directly ahead of the face.  This stressed area represents the forward 

abutment. The results of this qualitative analysis illustrate a correlation between high p-wave 

velocities and seismic activity 24 hours later for several of the days studied.  The other days 

showed little to no correlation.  Additionally, not all high p-wave velocity regions resulted in 

seismic activity.  Due to these inconsistencies visually analyzing velocity plots obtained from the 

program SIMULPS is not a reliable way to forecast the locations of seismic activity 24 hours 

later.   

 The result of the quantitative comparisons completed with the programs SIMULPS and 

TomoDD further highlighted inconsistencies in the correlation between high p-wave velocities 

and associated seismic activity 24 hours later.  TomoDD provided better correlation values than 

SIMULPS and generally showed that as the level of seismicity increased the p-wave propagation 

velocities 24 hours prior also increased.  Although TomoDD provided good correlations for 

some of the data pairs studied, the overall inconsistencies prompt the need for further study in 

this area using TomoDD to find the optimal forecasting time period.   
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CHAPTER 1: INTRODUCTION 

 
 Between 2003 and 2007 there were a total of 38 miners killed in underground coal mines 

due to “Fall of Face, Rib, or Side” and “Fall of Roof (MSHA, 2007)”.  In the same time period 

there were a total of 1666 non fatal days lost and 657 no days lost incidents from the same two 

accident classifications (MSHA, 2007).  The accident classifications “Fall of Face, Rib, or Side” 

and “Fall of Roof” include incidents involving bumps and bursts.  Bumps and bursts result in 

seismic activity and are caused by sudden releases of energy from built up stress within a rock 

mass.  This release causes failure within or at the surface of the rock mass which can be 

extremely dangerous to miners.  In addition to being highly dangerous, bumps and bursts can 

cause damage to mine infrastructure and equipment as well as result in expensive production 

interruptions.   

 Bumps and bursts are caused by many factors which include the mine geometry, the 

geology of the surrounding strata, the characteristics of the coal seam, and the mining depth.  

Although there is a basic understanding of what can cause bumps and bursts within and around 

coal mines many factors are still unknown.  These unknown factors cause large difficulties when 

trying to accurately forecast associated future mining induced seismic activity. 

 Before one can begin to attempt to forecast future seismic activity an accurate method of 

pinpointing the locations of previous seismic events must be used.  A geophone array can be 

used on the surface and within the coal seam to listen for seismic events and to obtain a general 

location.  After the geophones log arrival times and event magnitudes the data can be used in 

addition to an assumed initial p-wave propagation velocity model to estimate the location of the 

seismic events by a tomography program such as SIMULPS or TomoDD.  The initial velocity 

model includes p-wave propagation velocities for the strata surrounding the seismic monitoring 

area.  The tomography program will update the velocity model and relocate the events through 

an iterative process.  The specific calculations of this process differ based on which program is 

utilized.  A cross section taken from the updated velocity model for a specific point in time is 

referred to as a tomogram.  Tomograms are useful for visually identifying areas of high and low 

p-wave propagation velocities. 



2 

 

 High p-wave propagation velocities are understood to occur in areas of high in-situ 

stresses.  Seismic activity is thought to generally occur in highly stressed areas.  Since high 

stresses precede seismic activity and these stresses can be identified from the presence of high p-

wave propagation velocities, a correlation should be identified. 

 In the dissertation entitled “Time-Lapse Passive Seismic Velocity Tomography of 

Longwall Coal Mines: A Comparison of Methods” by Luxbacher, several tomography methods 

are compared for seismic data surrounding several underground mines.  One mine in particular, 

referred to as the “U.S. Western I” mine concentrated on collecting tomography data for an 18 

day period around a deep underground coal longwall panel.  This longwall panel contained three 

back-filled cross panel entries ahead of the face.  These cross-panel entries have an unknown 

effect on the abutment stresses around the longwall panel.  The first analysis section of this paper 

will outline a boundary element modeling process for an underground longwall panel which 

mirrors the panel monitored in the “U.S. Western I” mine data set.  This modeling process will 

be completed with the program LAMODEL. 

 The second analysis section will attempt to identify a positive correlation between high p-

wave propagation velocities and future seismic activity in the same location.  In order to 

complete this correlation analysis several different relationships will be examined between 

tomogram data and associated seismic activity 24 hours later.  The first correlation analysis will 

be strictly based on visual comparisons of tomograms with image maps of the ensuing seismic 

activity processed with the program SIMULPS.  The second correlation analysis will use the 

same SIMULPS data set and quantitatively compare various aspects of the velocity data with the 

seismic data.  The third correlation analysis will mirror the quantitative analysis that was 

completed with the SIMULPS data but will use seismic data processed with the program 

TomoDD. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Longwall Abutments and Stresses 

 

2.1.1 LONGWALL ROOF STRATA AND CAVING  

 

To begin to understand the forces that cause stress in a longwall panel one must first 

examine the controlled caving process and the ground strata.  The ground strata can be grouped 

into three different zones: the caved zone, the fractured zone, and the continuous deformation 

zone (Peng, 1986).  As the mining progresses through the longwall panel the mechanized roof 

supports (shields) move forward as well.  When the shields move they allow a section of the 

immediate roof to cave behind them into the caved zone which alleviates the stress build-up 

caused by the cantilever action of the roof.  The immediate roof is the roof which is supported by 

the shields directly above the mining zone.  The cantilever action and subsequent caving of the 

immediate roof is illustrated below in Figure 2.1.   

 

 

Figure 2.1: Cantilever Action of Immediate Roof and Subsequent Caving 

 

When the immediate roof caves the material breaks into various sizes and shapes and 

piles up irregularly, causing a swell in material volume.  After the immediate roof caves into the 

caved zone (gob area), the main roof, which is part of the fractured zone, breaks predictably into 

large blocks and rests atop the caved zone.  These blocks do not lose contact with each other 

which allows them to continue to transmit horizontal forces that contribute to roof loading at the 



4 

 

face area.  The fracturing and collapse of the main roof occurs cyclically in what is referred to as 

periodic roof weighting with each cycle referred to as a periodic roof weighting interval (Peng, 

1986).  The Australian Commonwealth Scientific and Research Organization (CSIRO) has been 

able to identify the stages of the periodic weighting cycle through the use of microseismics.  The 

microseismic data shows that as the periodic roof weight, the maximum roof weighting during a 

given periodic roof weighting interval, is developed the rock failure moves from in front of the 

face to behind the face (Kelly, 2000).  The fracturing of the main roof is illustrated below in 

Figure 2.2.  The main roof in Figure 2.2 is at the end of a periodic roof weighting interval and  

 

 

Figure 2.2: Main Roof Fracture Behavior (After Peng and Chiang, 1984) 

 

most likely is exerting the periodic roof weight.   Due to their lack of impact on the roof stability 

at the face area the strata above the main roof will not be discussed (Peng, 1986). 

 

2.1.2 LONGWALL PANEL STRESS DISTRIBUTIONS 

 

Before a longwall panel is developed by cutting the entries into the coal the stress 

distribution in the coal seam due to the overburden pressure is relatively uniform.  After the 

entries are cut out along the longwall panel various stress zones are formed because the vertical 

stress due to the overburden pressure above the entries is transferred to the adjacent un-mined 

coal.  There is also a change experienced in the distribution of the horizontal stress in the coal 

seam due to the free faces that are created by cutting the gate entries.  This horizontal stress 

redistribution equates to a reduction in horizontal stress close to the longwall face.  These 

redistributions of the vertical and horizontal stresses can lead to failure of coal in the active 

mining seam if the proper design and precautions are not taken (Richards, 1984).   



5 

 

The stress zones in the coal panel ahead of the longwall face are referred to as the front 

abutment.  The front abutment is widest at the edges of the face and the width in the center of the 

face will range from 0.35h to 0.5h where h is equal to the seam depth (Peng, 1986).  The 

magnitude of the front abutment begins to increase substantially at a distance of 100 ft and peaks 

at a distance of 3-20 ft. in front of the face (Peng, 1986).  The peak magnitude of the front 

abutment pressure is dependent upon the geological properties of the immediate and main roofs 

and will typically lie at the corners or at the center of the front abutment.  The layout and design 

of the mine also have a significant effect on the location of the maximum abutment pressure. 

The presence of more than one longwall panel in sequence and the location of the 

maximum horizontal stress play a large role in the relationship between the front abutment 

pressures in the head and tail entries.  A single panel longwall will exhibit a greater abutment 

pressure on the headgate side if the maximum horizontal stress is on the headgate side.  A 

multiple panel longwall sequence will always exhibit greater pressure on the tailgate side (Chen, 

1999).  “With increasing depth the mechanics become biased towards the tailgate side because of 

the magnitude of overlap between the side abutment from the previous longwall and the forward 

abutment from the retreating face (Kelly, 2000).”   

The stress zones adjacent to the gob along the ribs of the gate roads and at the ends of the 

longwall face are referred to as the side abutments. The side abutment pressure is greatest at the 

ribs of the head and tail entries and will range from 0.4 to 3.5 times the average in-situ 

overburden pressure (Peng, 1986).  According to Peng the width of the side abutment (Ws) will 

conform to the following relationship of the overburden depth (h): 

 

Ws=9.3  

 

In addition to the front and side abutments there is pressure realized from the overburden 

above the gob area.  The maximum pressure in the gob area is realized after the main roof 

fractures and comes to rest fully upon the caved zone.  The percentage of overburden support by 

the gob will depend mostly on the longwall panel width.  A narrow panel will allow the main 

roof to be partially supported by the adjacent pillars in the side abutments (Peng, 1986).  The 

stress zones are illustrated in Figure 2.3.  The generic overburden pressure distributions in the 

roof along cross sections AA and BB shown in Figure 2.3 are illustrated in Figure 2.4.   
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Figure 2.3: Longwall Panel Abutment Layout 

 

 

Figure 2.4: Abutment Pressure Distributions in Roof from Sections in Figure 2.3 where X Represents the Average 

In-Situ Overburden Pressure (After Peng, 1986) 

 

 From Figure 2.4 it can be seen along Section BB that the peak vertical stress in the 

longwall panel is realized at a short distance in front of the face and drops to zero immediately 

behind the face.  One of the main reasons that there is almost no vertical stress realized directly 

behind the face is the vertical support that is provided by the shields.  The vertical stress in the 

gob area does not reach the average in-situ overburden pressure (x) due to bridging of the 

overlying strata.  Section AA illustrates the side abutment pressure distribution.  The greatest 

vertical pressure is realized behind the face where the roof is no longer supported by the shields.  

In this area the abutment pressure is relatively uniform.    
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2.2 Rock Bursts and Roof Falls 

 

2.2.1 OVERVIEW OF FALLS, AND FAILURES, AND BURSTS 

 

There are various types of roof failures associated with underground coal mines.  The 

type of roof failure has a very significant relationship with the geologic conditions of the 

immediate roof and roof strata.  For example, a soft roof material will exhibit sag and result in 

large amounts of plastic deformation.  A heavily bedded roof will deflect much like a beam after 

separation occurs (delamination) between the roof strata.  In mines with very thin strata present 

in the immediate roof the delamination of thin material layers can result in what is referred to as 

skin failure (Shen, King, & Guo, 2008).  A roof consisting of very hard rock with many joints 

will fail in blocks which are defined by the locations of the joints.   Many mines in Australia 

exhibit what is referred to as “guttering (Shen, King, & Guo, 2008).”  Guttering, caused by high 

concentrations of stress, occurs at the corners of the gate entries.  When guttering progresses 

enough it can cause a shear failure plane to form into the roof and possibly lead to a large scale 

roof collapse (Shen, King, & Guo, 2008). 

In addition to the safety risks to the lives of the miners an unexpected roof fall or rock 

burst can interrupt production and cost millions of dollars in the process.  Instabilities of the 

mine roof, longwall face, ribs, and the gate road roofs ahead of the longwall face are all 

relatively common in coal mines.  The most common instability in longwall mines is a failure of 

the gate road roof ahead of the longwall face due to the abutment pressures.  A failure of the gate 

road roof can be the most costly because of the access restrictions to the face that it would cause. 

The front abutment pressure also can cause rib spalling.  Rib spalling is caused by high vertical 

stress and results in blocks of coal falling from the ribs after fracturing(Shen, King, & Guo, 

2008).    

A rock burst is defined as “a sudden and often violent breaking of a mass of rock from 

the walls of a tunnel, mine, or deep quarry, caused by failure of highly stressed rock and the 

rapid or instantaneous release of accumulated strain energy (The American Geological Institute, 

1997).”  Rock bursts can also be referred to as mountain bumps, bumps, bounces, and in coal 

mines coal bursts.  In the United States coal mine bursts occur in Colorado, Utah, Virginia, West 

Virginia, and Kentucky (Iannacchione & Tadolini, 2008).  A rock burst typically results in a 
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violent launch of material into a mine opening from the roof, floor, or ribs that can injure or kill 

workers, slow or halt production, and cause ventilation problems due to excessive dust and gas 

release.  According to Brauner large coal bursts have released as much as 100,000 cubic meters 

of methane gas (1994).  One possible cause of a pillar burst is the action of a stress wave upon a 

pillar which is already highly stressed.  This stress wave could be caused by a sudden roof 

collapse (such as the immediate roof caving in the gob area) or the failure of an adjacent pillar 

(Iannacchione, 1990).  The amount of material released can range from a few tons to a few 

thousand tons and is typically coupled with a “gust of air” often referred to as air blast (Brauner, 

1994).   

 

2.2.2 FAILURE MECHANISMS 

 

There are various geologic factors that can contribute to rock burst conditions in mine 

pillars. Strong roof and floor strata such as sandstone or siltstone that resist breaking can 

overload the coal pillars.  Strong and thick roof strata can bridge with adjacent strata which can 

lead to a buildup of stress.  A survey of burst prone mines in the United States, the former Soviet 

Union, India, China, France, Poland, and Czechoslovakia revealed that every mine’s roof 

consisted of at least eight meters of high compressive strength sandstone (Brauner, 1994).  If the 

coal seam is strong and brittle it will tend to break suddenly when subjected to high stress 

concentrations.  Deep cover is also a major cause of pillar bursts due to the high level of vertical 

stress caused by the overburden (Agapito, Goodrich, & Moon, 1997).  Another cause of rock 

bursts is a non-uniform seam thickness.  If the seam gets thinner as the distance from the face 

increases the risk of a burst is significantly greater than a seam thickness that increases with 

distance from the face (Petroš & Janko, 2000).  A seam which decreases in thickness as the 

distance from the face causes a higher level of stress to occur at the face.  An example of this 

burst prone non-uniform coal seam geometry is illustrated in Figure 2.5.   

 

 

Figure 2.5: Burst Prone Non-Uniform Coal Seam Geometry 
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According to Brauner “coal pillars are known to burst violently only when they are 

several times wider than high (1994).”  There is a risk of coal bursts occurring when an entry is 

developed adjacent to a gob area and at the corners of a longwall panel where the front and side 

abutments meet (Brauner, 1994).  When a new longwall panel is being mined the initial periodic 

roof weighting interval causes the greatest risk of rock bursts around the panel workings.  After 

the first roof collapse the ensuing periodic roof weighting intervals are much more predictable 

and offer less stress buildup which leads to fewer rock bursts (Brauner, 1994).    

The Deer Creek Mine in the Wasatch Plateau in Utah experiences many problems with 

coal bursts due to very deep cover and specific geologic conditions.  A study of the longwall face 

bursts showed that the face of the third panel was most likely to experience bursts due to 

bridging of the overlying strata and the width of the gob from the previous two panels.  

Additionally the bursts were shown to occur at the tailgate side of the face (Agapito, Goodrich, 

& Moon, 1997).   

In the Ostrava-Karvina coal mining district of the Czech Republic there was a sharp 

increase of rock bursts in the past 35 years.  This increase was attributed to increasing cover 

depths and mining into “saddle seams.” The saddle seams are characterized by variable seam 

thickness and strong roof and floor rock (Petroš & Janko, 2000). 

On August 6, 2007 a violent bump which measured 3.9 on the Richter scale occurred at 

the Crandall Canyon Mine in Utah.  According to the Mine Safety and Health Administration 

(MSHA) the bump was caused by an “inadequate mine design (MSHA).”  Crandall Canyon 

Mine is located about 140 miles south of Salt Lake City in Emery County.  The mine, which 

opened in 1939, was mostly a room and pillar mine until 1995 when 22 longwall panels were 

mined out in the following ten years.  After 2005 the mining method changed to a retreat room 

and pillar design.  During this time period additional rooms were developed in the barrier coal 

between the longwall gob areas and main entries.  Following this development the new pillars 

were also extracted. In 2005 the depth of the cover above the Crandall Canyon Mine began to 

cause issues with the stability of the mine and the continuing extraction of pillars (Teaster & 

Pavlovich, 2008).   

A Bureau of Land Management (BLM) Inspector commented in a January, 2005 report 

that “side pillar failures were occurring” and that “attempts to split pillars under this depth could 
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not hold the top and prevent pillar outbursts (Teaster & Pavlovich, 2008).”  In a March, 2007 

report the same BLM inspector commented: “I warned them to beware of the depth above the 

ridge and mining a barrier pillar that has been sitting for a number of years (Teaster & Pavlovich, 

2008).”  The bump on August 6, 2007 caused a violent failure of coal pillars in a section 

measuring 2600 feet long, damaged ventilation controls 4500 feet away from the location of the 

bump, and trapped six miners who were working in the section (Teaster & Pavlovich, 2008).  

The initial attempts to navigate through the rubble by rescuers to the trapped miners failed.   

Beginning on the evening of August 6, 2007 rescuers excavated material with scoops and 

continuous miners in an attempt to reach the trapped miners.  During this time various bumps 

occurred, one with a magnitude 2.2, and on August 16, 2007 a magnitude 1.9 bump caused the 

fatalities of three rescuers and the injury of six more.  Rescue attempts were then ceased to 

prevent any more injury and loss of life due to unsafe conditions (Teaster & Pavlovich, 2008).  

 

2.2.3 MSHA SAFETY STATISTICS 

 

As exhibited by the tragedy at the Crandall Canyon mine, roof falls, bumps, and bursts in 

underground coal mines can be extremely dangerous and troublesome.  During the years 2003 to 

2007 there were an average of eight people killed annually due to “Fall of Face, Rib, or Side” 

and “Fall of Roof or Back” in underground U.S. coal mines.  These are the two accident 

classifications that include bursts and bumps.  According to MSHA the accident classification 

Fall of Face, Rib, or Side “include(s) falls of material (from in-place) while barring down or 

placing props; also pressure bumps and bursts (MSHA).”  The accident classification Fall of 

Roof or Back includes “underground accidents which include falls while barring down or placing 

props; also pressure bumps and bursts (MSHA).”  The fatalities incurred as a result of these two 

classifications for operator and contractors by year are illustrated in Figure 2.6 below.  Between  
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Figure 2.6: Fatalities Incurred by Year Due to Fall of Face, Rib, Side and Roof in U.S. Underground Coal 

 

2003 and 2007 there was a 300% increase in the number of deaths incurred under these two 

accident classifications.  The largest contributor to the increase in 2007 was the incident at the 

Crandall Canyon Mine in Utah.   

During the 2003 to 2007 time period an average of 333 non fatal days lost (NFDL) were 

incurred in U.S. underground coal mines due to Falls of Face, Rib, Side, or Roof (MSHA).  A 

NFDL is defined as a “nonfatal injury occurrence that results in days away from work or days of 

restricted work activity (MSHA, 2007).”  These incidents can include very serious injuries as 

well as those which are relatively minor but still affect the miner’s ability to work.  The number 

of non fatal days lost per year for the years 2003 to 2007 are illustrated below in Figure 2.7.  

From 2003 to 2007 there was an increase of almost 90 percent in the number of non fatal days 

lost.   

   

 

Figure 2.7: NFDL Due to Fall of Face, Rib, Side, or Roof for Underground U.S. Coal Mines 
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 A No Days Lost Incident (NDL) is defined by MSHA as a “nonfatal injury occurrence 

resulting only in loss of consciousness or medical treatment other than first aid (MSHA, 2007).”  

In the 2003 to 2007 time period there was an average of 131 No Days Lost Incidents.  The NDLs 

per year are shown below in Figure 2.8.  The peak number of NDLs for this time period occurred 

in 2006 but exhibited an overall increase of 135 percent from the beginning of the five year 

period.  After examining the safety statistics and the sharp increases in fatalities, NFDLs, and 

NDL, from the past five years it is clear that there is a need for additional safety measures. 

 
 

 

Figure 2.8: NDL Due to Fall of Face, Rib, Side, or Roof for Underground U.S. Coal Mines 

 
2.2.4 PREVENTATIVE MEASURES 

 

Depending on the local geologic conditions surrounding a longwall mine there are 

different measures that can be taken in the mining sequence and the design of the mining layout 

to attempt to minimize or eliminate coal bursts.  A full analysis of safe room and pillar and 

longwall design practices is beyond the scope of this paper but several general practices will be 

discussed. 

  Many room and pillar retreat mines as well as some longwall mines employ a “bump 

cut” as a control measure to de-stress pillars.  A bump cut is a cut that is taken from a critically 

loaded pillar.  This cut, typically about 20 feet in length, is taken toward the center of the pillar.  

The coal left on each side of the bump cut is more likely to yield controllably than to burst 

violently (Iannacchione & Tadolini, 2008).  An example of a bump cut and the resulting yield 

pillars are shown below in Figure 2.9.  In room and pillar retreat mining the bump cut is the first 
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Figure 2.9: Example of a Bump Cut 

 

cut that is taken from the pillar before full extraction.  In longwall mines the bump cut is 

sometimes used to de-stress pillars along gate roads.   

In overly gassy longwall mines the addition of extra gate entries serves to provide 

additional ventilation control.  The multiple gate entries also provide extra pillars which 

distribute the vertical stresses over the longwall panel to further control bursting.  Other 

preventative measures commonly used in longwall mines are the sequencing of chain and yield 

pillars or yield and abutment pillars in the gate roads which position yield pillars adjacent to the 

head and tailgate entries to avoid bursts at the panel corners.  A simplified diagram showing the 

placement of yield pillars adjacent to the gate roads is shown below in Figure 2.10.  During the  

 

 

Figure 2.10: Placement of Yield Pillars Adjacent to Gate Roads 

 

pillar design process careful attention must be given to avoiding the use of a critically sized 

pillar.  The use of critical pillars is risky because they are burst prone due to being too large to 

yield controllably but too small to support the abutment loads from the longwall panel 

(Iannacchione & Tadolini, 2008).   
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2.3 Seismicity in Mines 

 

2.3.1 TOMOGRAPHY AND SEISMIC MONITORING 

 

A seismic event is defined as “a sudden inelastic deformation within a rock mass 

(Mendecki, 1997).”  According to Zhao “seismic tomography is a technique of imaging 3-D 

seismic velocity and/or attenuation structure of the Earth by combining information from a large 

number of crisscrossing seismic waves triggered by natural energy sources or artificial sources 

(Zhao, 2001).”  An example of a natural energy source is an earthquake and an example of an 

artificial energy source is an explosives detonation.  Tomography is still far from being an exact 

science.  Most seismic tomography problems are underdetermined, meaning that they have more 

unknowns than available equations.  The solution often requires the user to assume initial values 

for many of the variables before they are tweaked iteratively by a tomography program.  This 

process can lead to a compounding of errors causing a very poor accuracy of the tomography 

results (Menke, 1984).  

There are two basic types of tomography used for imaging the Earth: body-wave and 

surface-wave.  Body-wave tomography uses shorter wave lengths than surface-wave 

tomography.  Because of the short waves body-wave tomography has a greater ability to produce 

higher spatial resolutions than surface-wave tomography and can therefore be adapted for local, 

regional, and global imaging studies (Zhao, 2001).  The higher resolutions achieved with the 

shorter wave lengths allow one to image a feature which is approximately one half the size of the 

wave length (Westman & Luxbacher, 2008).  Surface-wave tomography is best suited for very 

large studies and will not be discussed further (Zhao, 2001).   

There are two types of body-wave tomography studies that have been conducted.  The 

first is referred to as local/regional tomography and focuses on the arrival times of seismic events 

within the study area.  This approach, commonly referred to as local earthquake tomography 

(LET), involves studying seismically active regions, such as the San Andreas Fault region in 

California and the volcanic region of Yellowstone, and is able to image shallow velocity 

structures.  Seismic data from earthquakes is coupled with known velocity models of the region 

to locate the hypocenter of the quake (Thurber, 1992).    Seismic monitoring and imaging has 
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also been used in mining for a variety of tasks including mapping of stresses, fractures and blast 

damage as well as rock burst investigations (Maxwell & Young, 1996).   

There are two types of seismic monitoring associated with LET: passive and active.  

Passive monitoring listens for local failures within the geologic structure.  Active monitoring 

listens for an artificial seismic source, such as an explosive, that is intentionally initiated on an 

opposite boundary of the structure in study (Westman, Luxbacher, & Swanson, 2008).  The most 

important factors to consider when conducting a LET study include the appropriate wavelength 

selection to achieve proper resolution and the proper selection and placement of the seismic 

receivers to obtain proper seismic coverage.  Poor coverage can lead to incorrect seismic data.  

Incorrect seismic data input into a processing program will result in poor velocity images which 

do not allow for accurate interpretation (Glazer & Lurka, 2007).  If the received raypath 

geometries do not include many angles and crossings there will be a significant amount of “data 

smearing (Westman & Luxbacher, 2008).”  In order to ensure that there are enough ray path 

crossings to properly image a geologic structure a large set of seismic events, around 100, must 

be simultaneously located (Menke, 1984).     

The second body-wave tomography approach is referred to as teleseismic tomography 

and uses the arrival times of events that are located outside of the study area.  The teleseismic 

method is able to image deep structures but does not provide clear images of shallow areas.  The 

imaging characteristics of teleseismic tomography can be attributed to the long wavelengths 

which are utilized.  Due to closer spacing of the seismic stations, higher wave frequencies, and 

dense ray path sampling, LET typically offers a much higher spatial resolution than teleseismic 

methods (Thurber, 1993).  When LET and teleseismic tomography methods are coupled even 

greater resolution can be achieved at shallow depths by offering additional ray path crossings 

(Zhao, 2001). 

According to Mendecki, seismic monitoring was first introduced into the mining industry 

for two purposes.  The first purpose was to attempt to identify potential instabilities of large rock 

masses and the second was to locate seismic events for the purpose of rescue operations 

(Mendecki, 1997).  The seismic event monitoring systems that are typically implemented into 

mines are commonly referred to as microseismic monitoring systems and consist of a network of 

geophones and/or accelerometers which listen for seismic activity.  The sensors should be 

impedance matched, anchored tightly to the rock mass to allow the proper transition of 
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vibrations, and be able to sense the correct frequency spectrum for the anticipated seismic source 

(Westman & Luxbacher, 2008).   

According to Morrison “the purpose of any (mining) microseismic system is to present 

data which reflects the energy changes taking place as a result of mining and which indicates the 

mechanism by which these energy changes are produced (1989).”  These energy changes include 

stress redistributions which can be caused by many different aspects in mining as well as natural 

seismic and volcanic features that are unrelated to the mining activity.  Recent advances in 

microseismic technology and the subsequent computer monitoring programs are continuing to 

make this technology a more feasible tool for the mining industry.  Results from microseismic 

monitoring at longwall mines have provided a new insight into the strata mechanics and have 

shown a significantly higher amount of seismic activity occurring in advance of the longwall 

face as opposed to the gob area (Heasley, Ellenberger, & Jeran, 2002).   

 

2.3.2 VELOCITY MAPPING AND SEISMICITY 

 

Seismicity is defined by Mendecki as “the intermittent momentum flux due to the sudden 

motion of discrete lumps of rock (Mendecki, 1997).”  In other words a high level of seismicity is 

associated with a high number of seismic events.  According to Glazer “rock mass stress, or the 

state of fracturing, influences the seismic wave velocity (Glazer & Lurka, 2007).”  High levels of 

seismicity have been correlated to high p-wave velocity regions whereas low p-wave velocity 

regions have been correlated with low levels of seismicity (Maxwell & Young, 1996).  Low 

velocity regions are known to include areas of weak geology which are not capable of storing 

enough energy to cause a sizeable seismic event (Mendecki, 1997).  Faulted areas are also 

known to be areas of low p-wave velocities (Westman & Luxbacher, 2008).   

When one examines the equation for the velocity of a p-wave the relationship between 

the p-wave velocity and the magnitude of vertical stress becomes evident.  The velocity of a p-

wave (ft/sec) is given by: 

 

 

   where, 
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    = Poisson’s Ratio   (unitless) 

   E = Young’s Modulus  (lb/ft
2
) 

   g = gravitational acceleration  (ft/sec
2
) 

    = density    (lb/ft
3
) 

   (Sharma, 1986) 

 

 

 

 

 

Young’s Modulus is given by: 

  

 

   where, 

   = vertical stress   (lb/ft
2
) 

   = strain    (unitless)  

   (Herget, 1988) 

  

From the above equations for p-wave velocity and Young’s Modulus it can be seen that 

as the magnitude of the vertical stress increases the magnitude of the p-wave also increases. 

Another p-wave velocity relationship that that has been correlated to high levels of 

seismic energy in the past is the velocity gradient.  The velocity gradient is the slope of the level 

of change in p-wave velocity between adjacent geological areas.  Lurka noted that “strong 

seismic tremors correlate with high velocity zones and high velocity gradient zones” in a study 

involving the Polish Zabrze Bielszowice coal mine (Lurka, 2008).  

In a case study involving a tunnel excavation in Canada velocity images confirmed that 

high velocity zones were located at areas of seismic deformation.  The sides of the tunnel, which 

were not undergoing deformation, were revealed to be low velocity zones (Maxwell & Young, 

1996).  In another case study involving a rock burst prone deep gold mine in South Africa, high 

velocity zones were found to exist ahead of the face in areas which were highly stressed 

(Maxwell & Young, 1996).  An example of a velocity map, also referred to as a tomogram, is 

shown below in Figure 2.11.  The red zones indicate the zones with the highest velocity and the 

dark line represents the face of a longwall panel.   
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Figure 2.11: Tomogram around a Longwall Panel Illustrating Velocity Zones 

 

Tomograms most commonly illustrate P-wave velocity but can also aid in studying the 

seismic attenuation of a particular geologic structure (Glazer & Lurka, 2007).  Two dimensional 

tomograms like the one illustrated in Figure 2.11 are created by measuring the arrival times of P-

waves, mapping them in 3-D then taking a cross section of the 3-D model at a particular point 

(Luxbacher, Westman, & Swanson, 2008).   

In longwall seismic imaging studies such as the one which created the tomogram 

illustrated in Figure 2.11, the longwall mining equipment on the face is used as the seismic 

source.  The longwall mining equipment is an example of a mining-related seismic source.  

Another example of a mining-related source is mining induced seismicity.  Examples of mining-

independent seismic sources include hitting a rock mass with a sledgehammer or detonating an 

explosive (Westman & Luxbacher, 2008).  Typically mining-related sources are preferred to 

mining-independent sources because they are part of the mine and do not disrupt production like 

most mining-independent sources.  The main drawback to mining-related sources is that there is 

little control over the timing and location (Westman & Luxbacher, 2008).  Besides interrupting 

production the main drawback to using mining-independent sources on a regular basis for 

seismic monitoring of the mine is an associated high level of labor (Luxbacher, Westman, & 

Swanson, 2008).  With tight budgetary constraints and a growing shortage of mine labor most 

mines would have trouble maintaining an active seismic monitoring system utilizing mining-

independent seismic sources.     

When the source location is known the P-wave velocities and attenuation properties can 

be studied more effectively.  The local earthquake tomography process helps to accurately 

relocate seismic sources once an area is imaged by using updated velocity models.  Traditional 
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seismic source location techniques were not as accurate due to the use of an assumed velocity 

model (Westman & Luxbacher, 2008).  The study by Westman and Luxbacher incorporated data 

from 16 geophones which were positioned above the mine on the surface in an area measuring 

600 m
2
.  The study helped confirm the location of high stress areas around the face of the 

longwall and around the tailgate entry.  As previously discussed the elevated stress 

concentrations which occur around the tailgate entries in the side abutment are the result of the 

effect of the previously mined out panel.  Additionally, the front abutment was shown to move 

consistently with the advance of the longwall face (Westman, Luxbacher, & Swanson, 2008).   

 

 

2.3.3 CAUSES OF SEISMIC ACTIVITY IN MINES 

 

Seismic activity in mines is caused by different factors which involve redistribution of 

stresses.  Mining activity creates stress gradients.  The rock reduces these gradients by deforming 

inelastically towards the mine openings (Mendecki, 1997).  Inelastic rock deformations towards 

the mine openings can cause rock bursts or bumps when enough stress is present which will 

result in a high level of seismicity.  Many bumps are even large enough to register on regional 

seismic monitoring networks (Ellenberger, Heasley, Sawnson, & Mercier, 2001).   

A bump will always result in a seismic event but the majority of seismic events at mines 

are not caused by bumps (Brauner, 1994).  For example, planned caving in the gob area of a 

longwall mine is another event that causes seismicity in mines (Brauner, 1994).  An Australian 

study showed that prior to a roof fall the recorded seismicity in the area increased significantly 

(Shen, King, & Guo, 2008).  Large scale seismic events have been known to occur within 

relatively close proximity to active mine workings without causing bursts or face damage.   

A seismic study by NIOSH in a bump prone longwall coal mine in Utah recorded a 

magnitude 4.2 event.  The mine is characterized by having up to 3000 feet of overburden which 

includes a very large sandstone formation.  The magnitude 4.2 seismic event was located 

approximately 300 feet in front of the face and 560 feet above the coal seam.  Due to its location 

within the earth the event was classified as an overburden failure and not a pillar or panel failure 

(Heasley, Ellenberger, & Jeran, 2002).  The event caused damage on the surface in the form or 

rock slides which blocked a railroad track and caused damage to vehicles on an adjacent 
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highway (Ellenberger, Heasley, Sawnson, & Mercier, 2001).  Underground, there was almost no 

damage to the face but there were multiple roof falls in the bleeder entries and a large of amount 

of methane was rapidly released.  This study helped to confirm that detectable seismic events in 

longwall mines are mainly caused by shear fracture in advance of the face and not by tensile 

failure in the gob zone (Heasley, Ellenberger, & Jeran, 2002).  The study also illustrated a 

positive correlation between face advance rates and seismicity (Heasley, Ellenberger, & Jeran, 

2002).  The greater the rate of longwall face advance, the higher the seismicity.  Although 

mining activity is shown to contribute a large amount of seismic events, local seismicity around 

mines cannot always be attributed to mining activities.     

In some mining regions local seismicity is caused by a combination of mining activity 

and regional plate tectonics.  An example of this combination can be found in the seismically 

active Upper Silesian Coal Basin in Poland (Mutke & Stec, 1997).  According to Stec the Upper 

Silesian Coal Basin in Poland is the most seismically active mining region in the world.  

Between the years of 1974 and 2005 there were over 55,900 mine tremors with a magnitude of at 

least 1.5 in this region (Stec, 2007).   

A passive microseismic mine monitoring system could help to detect areas of increased 

risk during the mining process.  The technology and methods are still being developed but 

continue to show promising results that can help to save lives, prevent injuries, and help to 

minimize damages caused by bumps. 
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CHAPTER 3: SEISMIC DATA COLLECTION 

 

The mine characteristics and data collection specifics pertaining to the tomography data used 

in this analysis are outlined by Luxbacher in the dissertation entitled “Time-Lapse Passive 

Seismic Velocity Tomography of Longwall Coal Mines: A Comparison of Methods.”  This 

dissertation focused on comparing and contrasting three different inversion methods for creating 

tomograms using data from three different mine locations.  The analysis in this paper will use the 

data from the mine titled “US Western I Mine” and the tomograms which were created using the 

programs SIMULPS and TomoDD (Luxbacher, 2008).    

The tomography data was collected between July 20, 1997 and August 7, 1997 at a longwall 

coal mine in the western United States.  This mine features an average overburden depth of about 

1150 ft. and an average seam height of about 8.5 to 10 ft.  There is between 6 and 23ft. of 

sandstone above the coal seam and 115 ft of sandstone below the coal seam.  The elevation of 

the panel that was seismically sampled is approximately 5500 ft. above sea level.  The depth of 

the seam and the presence of rigid sandstone strata above and below the coal seam have led to 

the occurrence of bumps in the mine which mainly occur in the tailgate entries (Luxbacher, 

2008).   

The seismic monitoring system consisted of 16 geophones which were mounted on the 

surface above the 820 ft. wide longwall panel being studied.  The positioning of the geophones, 

face locations by day, and the panel orientation is illustrated in Figure 3.1.  There was an 

extracted panel on the tailgate side and an un-mined panel on the headgate side.  Over the 18 day 

period 172,632 p-wave arrival times were recorded.  During the data collection period the face 

retreated an average of 79 ft per day and a total of 1416 ft.  The mining progressed through three 

backfilled mid-panel entries during the period of 7/29/1997 to 8/3/1997.  The backfilled entries 

were originally cut to serve as escapeways (Luxbacher, 2008). 

The US Western I Mine data set initially included the locations of the events and stations, the 

P-wave arrival times, and the event magnitudes.  The first step to reduce the data set was to 

discard any events which did not register on at least 10 out of 16 geophones to provide the most 

accurate seismic data.  A layered initial velocity model for the local geology was used in 

conjunction with the distance between the event and the first geophone station triggered to 

calculate a travel time.  Next, the differences in the arrival times for this event at each geophone 



22 

 

station were added to the calculated travel time to obtain station specific event travel times.  

After the data were reduced and the initial travel times were calculated the data were input into 

two separate programs to relocate the events, SIMULPS and TomoDD (Luxbacher, 2008). 

 

 

Figure 3.1: US Western I Geophone Placement (Luxbacher, 2008) 
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CHAPTER 4: NUMERICAL MODELING OF ABUTMENT 

STRESSES USING BOUNDARY ELEMENT MODELING 
 

4.1 Longwall Panel Geometry Background 

 

The typical stress distributions and abutment pressures around active longwall mining 

panels are understood fairly well for many cases.  When the longwall panel layout follows a 

traditional design and when the geology and strata are well documented a good approximation of 

the abutments can be determined.  A longwall panel design will typically incorporate a 

continuous panel with yield, chain, or abutment pillars in the head and tail entries.  An example 

of a panel layout where the stress distributions may differ is a panel that incorporates cross panel 

entries.  This analysis will focus on modeling the abutments surrounding the panel that was 

seismically sampled for the “U.S. Western I Mine” dataset in an attempt to understand the 

influence of cross panel entries on the abutment pressures.  This longwall panel features three 

cross panel entries that were cut ahead of the longwall face to serve as escapeways.  These 

entries were later backfilled before the mining commenced.   

  

4.2 Boundary Element Modeling Using LAMODEL  

 

The analysis for this section was completed using the boundary element modeling 

program LAMODEL.  This program was developed by NIOSH and is available for download on 

their website.  LAMODEL is a useful tool for modeling stresses and convergences in 

underground coal mines as well as optimizing pillar sizes.  According to NIOSH, “LAMODEL 

simulates the overburden as a stack of homogeneous isotropic layers with frictionless interfaces, 

and with each layer having the identical elastic modulus, Poisson's Ratio, and thickness. This 

"homogeneous stratification" formulation does not require specific material properties for each 

individual layer, and yet it still provides a realistic suppleness to the overburden that is not 

possible with the classic, homogeneous isotropic elastic overburden used in previous boundary 

element formulations (NIOSH, 2008).” 
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 The LAMODEL modeling process utilizes three different programs in series: LAMPRE, 

LAMODEL, and LAMPLT.  LAMPRE is used to input the project parameters such as the seam 

thickness, overburden depth, material properties, and the seam geometry.  Multiple stages can be 

input to simulate mine development or to simply make a comparison between several different 

designs.  LAMPRE automatically calculates a series of material values for the coal and the gob 

that can be assigned to different areas of the seam.  The seam geometry can be input either 

graphically or through the use of a text file.  The seam geometry graphical interface screen is 

illustrated below in Figure 4.1.  Through this interface the user can draw the pillars and gob areas 

and assign the desired material properties to each section.     

 

 

Figure 4.1: Seam Geometry Graphical Interface Screen 

 

 LAMODEL takes the input data file that is created in LAMPRE and generates an output 

file that contains the results of the boundary element modeling.  This output file is then input into 

LAMPLT where the user can view the results.  LAMPLT offers the user a wide variety of data 

analysis viewing options which include stress items such as seam convergence and vertical stress 

in 2-D or 3-D plots.  The 2-D plots are essentially a cross section of the stress item at an input 

location and the 3-D plots are a contour image of the stress item. 
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4.3 LAMODEL Experimental Modeling Procedure 

 

LAMPRE requires the user to input multiple project parameters before one can draw the 

seam geometry.  This analysis utilized a mine with one seam two mining stages.  The default 

overburden and rock mass properties were accepted with the exception of using an 80 ft. 

lamination layer thickness.  This thickness was optimized experimentally to match existing 

theory.  The default overburden and rock mass properties included the values which are shown 

below in Table 4.1.  Next the seam geomtery and boundary conditions were entered into 

LAMPRE. 

 
Table 4.1: LAMPRE Project Input Parameters 

Poisson’s Ratio 0.25 

Elastic Modulus (psi) 3,000,000 

Vertical Stress Gradient (psi/ft) 1.1 

 

The required seam geometry parameters included the element width in feet (the width of 

each grid cell in the seam geometry graphical interface screen), the number of elements in the x 

direction, and the number of elements in the y direction.  The element width was chosen to be ten 

feet with 210 elements chosen for the x-direction and 200 elements for the y-direction.  Through 

this input screen the seam thickness was set to nine feet and the overburden depth was set to 

1150 feet.  Next, the seam boundary conditions were set to be rigid on the head and tail sides and 

rigid on the top and bottom sides of the model.  The final stage of the LAMPRE parameter input 

process calculates material properties for the coal and for the gob based on the previous inputs.  

After these material properties are calculated the user is prompted to input the layout for each 

mining stage. 

 For this analysis a longwall panel with three cross panel entries located a distance of 100 

ft. ahead of the face was modeled to mimic the layout of the “U.S. Western I Mine” longwall 

panel.  Similar pillar configurations and geometries were modeled to attempt to make the 

modeling results as relevant as possible.  For comparison purposes a longwall panel with no 

cross panel entries was also modeled as the second stage.  The geometry and material properties 

of this panel are the same as the panel modeled with the cross panel entries.   
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 The next step was to use LAMODEL to create an output file for LAMPLT.  Once this 

output file was created the results of this modeling process could be interpreted visually.  

 

4.4 LAMODEL Modeling Results 

 

 This section will overview the results that were obtained from the LAMODEL series of 

programs.  First the longwall panel containing no cross panel entries will be examined.  

Following this examination the mining stage for the longwall panel containing three cross panel 

entries will be analyzed. 

The LAMPLT 3-D contour image showing the vertical stress distributions for a panel 

with no cross panel entries is shown below in Figure 4.2.  This plot confirms the abutment stress 

distribution that was overviewed in Chapter 2.  The front abutment is widest on the tailgate side 

and shows a maximum value at the center of the face.  The pillars adjacent to the gob on the 

tailgate side have yielded around the edges and now show a high stress concentration at their 

centers.  The magnitude of the tailgate-side abutment is greater than the magnitude of the 

headgate-side abutment and extends beyond the face due to the adjacent mined out panel.    

 

 

Figure 4.2: 3-D Contour Image of Longwall Panel with No Cross Panel Entries 
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The 2-D plot showing the vertical stress distributions for the center of the longwall panel 

is shown below in Figure 4.3.  This figure also confirms the abutment stress theories that were 

presented in Chapter 2.  The peak front abutment pressure is realized almost directly ahead of the 

face then immediately drops to a magnitude of zero behind the face.   

 

 

Figure 4.3: 2-D Plot of Vertical Stress at the Center of the Longwall Panel 

 

    The vertical stress distributions for the longwall panel containing cross panels entries are 

illustrated in Figure 4.4.  The maximum magnitude of the vertical stress is over 27000 psi and 

occurs ahead of the face on the tail side of the panel.  The stress distributions are similar to the 

panel without cross panel entries but the magnitudes are noticeably higher.  The front abutment 

is widest on the tail side.  The pillars in the tail entry are stressed along the entire length of the 

gate road and appear to be yielding around their edges. 
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Figure 4.4: 3-D Contour Image of Longwall Panel with 3 Cross Panel Entries 

 

4.5 LAMODEL Modeling Conclusions 

 

After completing the modeling of the panel containing the cross panel entries and 

comparing it with the model of a longwall panel with no cross panel entries there were several 

observations that could be made.  The pattern and location of the longwall abutment stress 

concentrations were very similar for both cases but the vertical stress magnitudes for the case 

containing cross panel entries were much higher especially in the tail entry pillars and at the 

center of the face.  These higher stress concentrations could potentially be responsible for 

increased seismic activity and bursts which could lead to injury and expensive production 

interruptions. 
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CHAPTER 5: SEISMIC EVENT AND P-WAVE VELOCITY 

COMPARISON METHODS AND PROCEDURES 
 

5.1 Seismic Event Relocation by Use of SIMULPS  

 

 SIMULPS, developed by Evans, Eberhart-Phillips, and Thurber, relocates seismic events 

and generates updated velocity models (tomograms).  The program uses a damped least-squares 

inversion method.  When analyzing the US Western I Mine seismic data set Luxbacher opted for 

a damping factor of 500.  The magnitude of this factor is determined experimentally by the user 

during the SIMULPS analysis.  Normally a lower damping factor is desirable but due to the 

sparseness of the data a higher factor was chosen.  One of the key features of SIMULPS is that it 

allows for variable gridding.  Variable gridding enables the user to have denser grid spacing for 

areas containing a large amount of sample data and larger grid spacing for areas that do not 

contain as much data.  After SIMULPS created the tomogram data the program Rockworks was 

used by Luxbacher to visually graph each tomogram (Luxbacher, 2008).   

 

5.1.1 SIMULPS SEISMICITY AND CUMULATIVE EVENT MAGNITUDE DATA 

CLASSIFICATION 

 

 The main objective of the first part of this analysis was to prepare the data for the 

creation of the seismicity (number of events for specific locations) and cumulative magnitude 

maps.  These maps were later compared with the tomograms created by Luxbacher.  All of the 

data classification for this analysis was completed using Microsoft Excel.  After receiving the 

seismic event relocation data output from SIMULPS for the U.S. Western I Mine, the data was 

first filtered to include only those events which were located within the 5500-5700 ft. elevation 

range.  This wide range around the approximate seam elevation of 5500 ft. was chosen due to the 

errors which are associated with the event relocation process in SIMULPS.  Next, the data was 

broken up into separate files for each respective day of the sampling period.    

A simple plot for the seismicity could be completed in Excel without classifying the data 

but this creates a problem with locating the densest event locations on days that possess a large 

amount of data.  For example, it is easy to see where the most events occur on a day where there 

are only 10 events which are relatively spread out over the plot area.  When there is a day with 
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over 100 events and they are located in several general areas all of the plot markers blur together 

and it is not easy to readily identify the area with the most data points.   

A 3-D histogram, which is essentially a generalized contour map, would be an optimal 

tool for visually identifying where the highest concentration of data points occurs.  However, the 

main issue with using a 3-D histogram for this comparison with a tomogram is that it would be 

hard to see correlations between a 3-D image and a 2-D tomogram.  A good way to smoothly 

convey a quantitative z-value with x, and y coordinates in 2-D is with an image map.  Instead of 

applying contour levels an image map assigns several user-designated colors to the various z-

values.  By using an image map one can create plots that illustrate the extremes of a data set 

through easily recognizable schemes such as rainbow coloration.  In order to create an image 

map which would convey the number of events in various parts of the longwall panel a z-

coordinate had to be added to the data set.    

Grouping the events into local areas and summing the number of events per local area 

gave the data sets x and y location coordinates and a quantitative z coordinate which allowed for 

an image map to be constructed of the seismicity.  The events were grouped into grid blocks 

measuring 100 ft. by 100 ft. and assigned the coordinates of the center point of their respective 

grid blocks.  Next, spreadsheets containing the number of events by grid block by day were 

constructed to be used in the generation of the seismicity image maps.  These spreadsheets also 

contained the cumulative magnitude for all of the events that occurred within each respective 

grid block which were used to generate the cumulative event magnitude image maps.        

  

5.1.2 SEISMICITY AND CUMULATIVE EVENT MAGNITUDE IMAGE MAP GENERATION 

 

The next step was to take the data that were classified in Excel and create two sets of 

image maps for each day of the monitoring period.  The first set of maps illustrates seismicity 

while the second set of maps illustrates cumulative event magnitude.  The seismicity and 

cumulative event magnitude maps were created in Golden Software Surfer 8.   

To create image maps in Surfer 8 one must first use the program to make grid files.  The 

program creates the grid files by interpolating between all of the data points using a designated 

gridding method.  Surfer allows the user to input an Excel file and select which columns on 

which sheet to use as the x, y, and z coordinates.  In addition to selecting the desired gridding 
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method the user must select the grid spacing.  Tight grid spacing will yield a smoother contour 

map but the grid calculation time and file size will greatly increase. 

The default gridding method is inverse distance to a power and interpolates the data 

points by using weighted averages.  After completing several plots with this method there were 

evident “bull’s eyes” around the data points.  This “bull’s eye” effect is shown below in Figure 

5.1. 

 

 

Figure 5.1:  Bulls Eye Effect Caused by Inverse Distance Squared Gridding Method 

 

Due to the inaccurate and unprofessional appearance of the map which was assembled 

using the inverse distance to a power gridding method the Modified Shepard’s Method was 

selected instead.   According to the Surfer 8 help menu, the “Modified Shepard's Method uses an 

inverse distance weighted least squares method. As such, Modified Shepard's Method is similar 

to the Inverse Distance to a Power interpolator, but the use of local least squares eliminates or 

reduces the "bull's-eye" appearance of the generated contours.”  Figure 5.2 illustrates an image 

map created using the same data as Figure 5.1 but was gridded using the Modified Shepard’s 

Method. 
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Figure 5.2: Image Map Created with the Modified Shepard's Method 

 

 Due to the lack of the “bulls-eye” effect the Modified Shepard’s Method was chosen to 

create all of the grid files for the seismicity and cumulative event magnitude maps.  The x and y 

coordinates were the same for both sets of grid files but they utilized different quantitative z 

coordinates.  The seismicity grid files used the total number of events per designated grid area 

while the cumulative magnitude grid file used the sum of the event magnitudes per designated 

grid area for the z-coordinates.  A grid spacing of 20 ft by 20 ft was chosen.  When determining 

grid spacing there was not a large difference in the final image map when a grid spacing of 100 

ft. by 100 ft. was used instead of the 20 ft. by 20ft. spacing.  The 20 ft. by 20 ft. grid simply 

produced a slightly smoother image map.  If the data set were larger it would have been more 

efficient to use a larger grid spacing to cut down on file size and computation time.   

 After the grid files were created the next step was to create the image maps with Surfer.  

These maps were formatted to match the tomograms and a uniform color scale was assigned to 

all of the plots.  After creating image maps for the seismicity and cumulative event magnitude it 

was evident that the plots were very similar in appearance.  An image map showing the 

seismicity for August 1, 1997 is shown below in Figure 5.3.  In comparison, an image map 

showing the cumulative event magnitudes for the same day is shown in Figure 5.4.  Since the 

data concentrations were almost identical only the seismicity plots were selected to use for the 

qualitative comparison with the tomograms. 
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Figure 5.3: Image Map Illustrating Seismicity for 8/1/1997 

 

 

Figure 5.4: Image Map Illustrating Cumulative Event Magnitude for 8/1/1997 

 

5.1.3 QUALITATIVE SEISMICITY AND P-WAVE PROPAGATION VELOCITY 

COMPARISON 

 

 This qualitative analysis focused strictly on a visual comparison of the seismicity image 

maps for a given day with the tomograms from the previous day.  The objective of using such an 

analysis is to attempt to forecast local seismicity from high p-wave propagation velocity zones 

which are shown on the tomograms.  If this theory proves valid a mine operator could examine 

the tomogram from the current day and designate areas in the mine which are at high risk for 

seismic activity. 

 First, the seismicity image maps and the tomograms were scaled to be the same size.  

Next, the densest event locations were circled on each seismicity map.  These circles were then 
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placed on the tomogram from the previous day in the exact same location.  A basic visual 

correlation between the event clusters and local high p-wave propagation velocity zones was 

then determined.  The approximate velocities that were chosen to be designated local high 

velocity zones were above 13910 ft/sec.  This velocity lied within the top 25 percent of the local 

P-wave propagation velocity range for the U.S. Western I Mine seismic data analysis.   

 

5.1.4 SIMULPS QUANTITATIVE SEISMICITY AND P-WAVE PROPAGATION VELOCITY 

COMPARISON 

 

 This quantitative analysis focused on numerically correlating local seismicity with local 

high p-wave propagation velocity magnitudes from the day before.  The first step was to take the 

velocity data output from SIMULPS and classify it to match the grid center point locations of the 

classified seismicity data.  This classification of the velocity data was completed using 

MATLAB. 

 The next step was to take the classified velocity data for a specific day and pair it with the 

seismicity data for the following day in Excel.  To review, this data contained the x and y center 

location coordinates of each 100 ft. by 100ft. grid block with the total number of seismic events 

located within the respective grid block for a given day.  Next, all data pairs containing a 

velocity located more than four standard deviations away from the mean velocity for each data 

set were classified as statistical outliers and eliminated.  Four standard deviations on each side of 

the mean include 99.99% of a given data set. 

 This quantitative analysis included establishing three different types of data relationships.  

The first part of the quantitative analysis focused on finding what percentage of seismic events 

occurred in the upper 25, 50, and 75 percentages of the p-wave propagation velocity range 

during each given day.  For each velocity percentage range the minimum velocity and the 

number of events within the range were found.  The number of events was then used to find the 

percentage of the total events for the day.  

The second part of the quantitative analysis focused on finding how many classified grid 

blocks contained more than ten seismic events per block, how many blocks contained between 1 

and 10 events per block, and how many grid blocks contained zero events.  For each of the three 

classifications the average velocity within the blocks was found as well as which upper percent 

of the velocity range the average lied within. 
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The third part of the quantitative analysis focused on deriving correlation coefficients 

between the p-wave velocities and the cumulative seismic event magnitudes and the p-wave 

velocities and the number of seismic events.  The correlation coefficient, which is a measure of 

the strength of a linear function between two data variable sets, was calculated using the 

following equation: 

 

 

 

where  and  are the means of their respective data series’ (Ott & Longnecker, 2001).  This 

value varies between -1 and 1 with a value of zero indicating no relationship between the data 

sets.  In addition to the correlation coefficient the covariance was also calculated.  This value is a 

measure of the strength of correlation between two sets of variables (Weisstein, 2009).  The 

covariance is calculated using the following formula: 

 

 

 

where  and are the means of their respective variable sets and n is the number of data pairs.  A 

largely positive covariance value will indicate that the data variables tend to increase with one 

another while a largely negative value will indicate that as one variable grows the other tends to 

diminish.   

 

5.2 Seismic Event Relocation by Use of TomoDD  

 

 In order to make a comparison with the SIMULPS event relocation data the program 

TomoDD was used to relocate the seismic events from the “U.S. Western I Mine” dataset.  

TomoDD, developed by Zhang and Thurber, uses a double difference tomography method.  This 

method “simultaneously solves for the three-dimensional velocity structure and the seismic event 

locations (Zhang & Thurber, 2006).”  TomoDD does not take into account the curvature of the 

earth and is intended for local scale studies.  Double difference tomography has been shown to 

yield more accurate event locations than standard tomography due to the use of differential 

arrival times in addition to absolute arrival times.  Standard tomography only takes into account 
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the absolute arrival times (Zhang & Thurber, 2006).  TomoDD, like SIMULPS, features variable 

gridding to allow the user to increase the resolution in well sampled areas and to decrease the 

resolution where data is not abundant (Luxbacher K. D., 2008).     

  

5.2.1 TOMODD SEISMICITY AND CUMULATIVE EVENT MAGNITUDE DATA 

CLASSIFICATION  

 

 The main objective for this data classification was to prepare the seismic event relocation 

data that was output from TomoDD for a comparison with respective p-wave propagation 

velocities.  This comparison mirrors the quantitative comparison of the SIMULPS seismicity 

data with respective p-wave propagation velocities in Microsoft Excel which was outlined 

previously.  A qualitative visual comparison will not be made for the TomoDD dataset. 

 The first step that was taken to classify the TomoDD dataset was to filter out any events 

which fell outside of the 5500-5700 ft. elevation range which was used during the SIMULPS 

comparison.  Since TomoDD has a unique coordinate system based on meters it was determined 

that the desired depth range lied within 165 and 180 depth units.  The final step was to group the 

seismic events into grid cells.  In order to keep a similar resolution as the classification 

completed on the SIMULPS data set while maintaining a clean data structure, grid cell lengths of 

5000 units in the x-direction and 3000 units were used in the y-direction.  Each seismic event 

was grouped into their respective grid cell and assigned the center coordinates for their 

respective cell.   

 

5.2.4 TOMODD QUANTITATIVE SEISMICITY AND P-WAVE PROPAGATION VELOCITY 

COMPARISON 

 

   The first step to prepare the TomoDD data for this quantitative analysis was to take the 

velocity data output from TomoDD and classify it to match the grid center point locations of the 

classified seismicity data.  This classification of the velocity data was completed using 

MATLAB. The next step for this comparison was to pair the seismicity data for each day with 

the velocity data set from the following day.  The velocity data set included values in meters per 

second for the coordinates of the grid center points.  The seismic events from August 4
th

 were 

paired with August 3
rd

 and August 2
nd

 to make two separate comparisons.  The main reason for 

making two comparisons in this case was because the face was still located within the cross 
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panel entries area on August 2
nd

 but not on August 3
rd

.    A comparison was not made between 

8/2/1997 and 8/4/1997 for the SIMULPS data set due to patchy velocity data coverage in regions 

which experienced seismic activity.  Next all of the data was filtered to eliminate statistical 

velocity outliers which were located more than four standard deviations from the mean velocity 

for a given day.  Four standard deviations on each side of the mean include 99.99% of a given 

data set.      

 This quantitative analysis included establishing three different types of data relationships.  

The first part of the quantitative analysis focused on finding what percentage of seismic events 

occurred in the upper 25, 50, and 75 percentages of the p-wave propagation velocity range 

during each given day.  For each velocity percentage range the minimum velocity and the 

number of events within the range were found.  The number of events was then used to find the 

percentage of the total events for the day.  

The second part of the quantitative analysis focused on finding how many classified grid 

blocks contained more than ten seismic events per block, how many blocks contained between 1 

and 10 events per block, and how many grid blocks contained zero events.  For each of the three 

classifications the average velocity within the blocks was found as well as which upper 

percentage of the velocity range the average lied within. 

The third part of the quantitative analysis focused on deriving correlation coefficients 

between the p-wave velocities and the cumulative seismic event magnitudes, the p-wave 

velocities and the number of seismic events, p-wave velocity gradients and the cumulative 

seismic event magnitudes, and the p-wave velocity gradients and the number of seismic events.  

The p-wave velocity gradients were calculated using MATLAB and are a measure of the rate of 

change of the p-wave velocity.  The correlation coefficient, which is a measure of the strength of 

a linear function between two data variable sets, was calculated using the following equation: 

 

 

 

where  and  are the means of their respective data series’ (Ott & Longnecker, 2001).  This 

value varies between -1 and 1 with a value of zero indicating no relationship between the data 

sets.  In addition to the correlation coefficient the covariance was also calculated.  This value is a 
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measure of the strength of correlation between two sets of variables (Weisstein, 2009).  The 

covariance is calculated using the following formula: 

 

 

 

where  and  are the means of their respective variable sets and n is the number of data pairs.  

A largely positive covariance value will indicate that the data variables tend to increase with one 

another while a largely negative value will indicate that as one variable grows the other tends to 

diminish. 
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CHAPTER 6: RESULTS AND DISCUSSION 

 

6.1 SIMULPS Qualitative Seismicity and P-Wave Propagation 

Velocity Comparison 
 

The following qualitative analysis results are focused on visually comparing the most 

seismically active areas for a particular day with the same location on the tomogram from the 

previous day.  The results from this analysis will systematically progress through each 

comparison.  The correlation between the concentrated event locations on the seismicity maps 

and the high p-wave propagation regions on the tomograms are classified as either corresponds 

well, corresponds fairly well, somewhat corresponds, or does not correspond.  The tomograms 

are the plots located on the left side of each figure which are colored primarily in blue and 

yellow.  The seismicity maps are located on the left side of the figure colored in a rainbow scale 

with red representing the highest number of events.  The face location is illustrated in each figure 

as a black line. 

Between 7/21/1997 and 7/22/1997 there was a face advance of 113 ft.  The concentrated 

event location zone on 7/22/1997, circled on the seismicity map in Figure 6.1, corresponds well 

with the high velocity region on 7/21/1997, circled in the tomogram, which is located ahead of 

the face. 

 

 

Figure 6.1: Tomogram for 7/21/1997 and Seismicity Map for 7/22/1997 
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 Between 7/22/1997 and 7/23/1997 there was a face advance of 104 ft.  Between 

7/23/1997 and 7/24/1997 there was a face advance of 89 ft.  Since this analysis only focuses on a 

24 hour time period and there was no tomogram generated for 7/22/1997 there will be no visual 

analysis of the seismicity plot from 7/23/1997.  Two out of three concentrated event locations on 

7/24/1997, circled on the seismicity map in Figure 6.2, correspond well to high velocity regions 

on 7/23/1997, circled in the tomogram.  The two event locations that correspond well to the high 

velocity zones are the two northern most zones.  It should be noted that the most seismically 

active location on 7/24/1997 does not correspond with a high velocity region on 7/23/1997. 

 

 

Figure 6.2: Tomogram for 7/23/1997 and Seismicity Map for 7/24/1997 

                        

Between 7/24/1997 and 7/25/1997 there was a face advance of 121 ft.  The concentrated 

event location zone on 7/25/1997, circled on the seismicity map in Figure 6.3, corresponds well 

with the high velocity region on 7/24/1997, circled in the tomogram, which is located ahead of 

the face.   
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Figure 6.3: Tomogram for 7/24/1997 and Seismicity Map for 7/25/1997 

 

Between 7/25/1997 and 7/26/1997 there was a face advance of 34 ft.  The two 

concentrated event areas on 7/26/1997, circled on the seismic map in Figure 6.4, somewhat 

correspond with high velocity regions on 7/25/1997 which are circled on the tomogram. 

 

Figure 6.4: Tomogram for 7/25/1997 and Seismicity Map for 7/26/1997 

 

Between 7/26/1997 and 7/27/1997 there was a face advance of 108 ft.  The large event 

concentration area on 7/27/1997, circled on the seismic map in Figure 6.5, corresponds fairly 

well with a high velocity region on 7/26/1997 which is circled on the tomogram.  The small 

event concentration area circled on the seismic map does not correspond to a high velocity 

region on the tomogram.  The relatively high number of seismic events on 7/27/1997 could be 

due to the close proximity of a cross panel entry ahead of the longwall face. 
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Figure 6.5: Tomogram for 7/26/1997 and Seismicity Map for 7/27/1997 

 

Between 7/27/1997 and 7/28/1997 there was a face advance of 95 ft.  The northern most 

concentrated event area, circled on the seismic map from 7/28/1997 in Figure 6.6, somewhat 

corresponds to a high velocity region which is circled on the tomogram from 7/27/1997.  The 

southern most concentrated event area does not correspond with a high velocity region. 

 

 

Figure 6.6: Tomogram for 7/27/1997 and Seismicity Map for 7/28/1997 

                                                     

 Since there is no data available for 7/29/1997, there will be no comparison of the 

tomogram from 7/28/1997 with the seismicity map from 7/29/1997 or the tomogram from 

7/29/1997 with the seismicity map from 7/30/1997.  Additionally no tomogram was available for 

7/30/1997 so there will be no comparison with the seismicity map from 7/31/1997.  Between 

7/28/1997 and 7/30/1997 the face advanced a total of 131 ft.   
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Between 7/31/1997 and 8/1/1997 the face advanced a total of 54 ft.  The concentrated 

event locations, circled on the seismicity map for 8/1/1997 in Figure 6.7, correspond well with 

the high velocity zones which are circled on the tomogram for 7/31/1997. 

 

 

Figure 6.7: Tomogram for 7/31/1997 and Seismicity Map for 8/1/1997 

 

 Between 8/1/1997 and 8/2/1997 there was a total face advance of 58 ft.  The location and 

pattern of the concentrated event area, circled on the seismicity map for 8/2/1997 in Figure 6.8, 

corresponds fairly well with a high velocity region which is circled on the tomogram for 

8/2/1997. 

 

 

Figure 6.8: Tomogram for 8/1/1997 and Seismicity Map for 8/2/1997 
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 Between 8/2/1997 and 8/3/1997 there was a total face advance of 21 ft.  The concentrated 

event location, circled on the seismicity map for 8/3/1997 in Figure 6.9, corresponds fairly well 

with the high velocity region circled on the tomogram from 8/2/1997. 

 

 

Figure 6.9: Tomogram for 8/2/1997 and Seismicity Map for 8/3/1997 

 

 Between 8/3/1997 and 8/4/1997 there was a total face advance of 87 ft.  The tomogram 

from 8/3/1997 does not display a large amount of data in front of the face which made it difficult 

to compare it with the seismicity map from 8/4/1997.  The northern most concentrated event 

location area, circled on the seismicity map from 8/4/1997 in Figure 6.10, somewhat corresponds 

with a high velocity region circled on the tomogram from 8/3/1997.  There was not sufficient 

data on the tomogram to attempt to correlate the lower concentrated event location area. 

 

 

Figure 6.10: Tomogram for 8/3/1997 and Seismicity Map for 8/4/1997 
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 Between 8/4/1997 and 8/5/1997 there was a total face advance of 81 ft.  The southern 

most concentrated event location area, circled on the seismicity map from 8/5/1997 in Figure 

6.11, corresponds well with a high velocity region which is circled on the tomogram from 

8/4/1997.  The northern most concentrated even location area, circled on the seismicity map for 

8/5/1997 in Figure 6.11, somewhat corresponds with a high velocity region which is circled on 

the tomogram from 8/4/1997. 

                                   

 

Figure 6.11: Tomogram for 8/4/1997 and Seismicity Map for 8/5/1997 

 

 Between 8/5/1997 and 8/6/1997 there was a total face advance of 58 ft.  The concentrated 

event location area, circled on the seismicity map from 8/6/1997 in Figure 6.12, corresponds 

fairly well with the high velocity region which is circled on the tomogram from 8/5/1997.  

Additionally the seismic activity that is located in front of the face on the seismicity map from 

8/6/1997 corresponds well with the high velocity region in front of the face on the tomogram 

from 8/5/1997. 
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Figure 6.12: Tomogram for 8/5/1997 and Seismicity Map for 8/6/1997 

 

Between 8/6/1997 and 8/7/1997 there was a total face advance of 133 ft.  The 

concentrated event location area, circled on the seismicity map from 8/7/1997 in Figure 6.13, 

somewhat corresponds with a very high velocity region which is circled on the tomogram from 

8/6/1997.  One possible reason why a strong correlation between the extremely high velocity 

regions on the tomogram from 8/6/1997 and concentrated seismic event locations on the 

seismicity map from 8/7/1997 could not be established is because the seismic monitoring was 

only conducted until 9 am on 8/7/1997.            

 
Figure 6.13: Tomogram for 8/6/1997 and Seismicity Map for 8/7/1997 

 

 The qualitative analysis results that have been outlined above do not illustrate a concrete 

correlation between high p-wave velocity regions and high levels of associated seismicity 24 

hours later.  Although many of the concentrated event locations occur within or within close 
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proximity to high p-wave propagation velocity zones from the day before, most of the high p-

wave propagation velocity regions do not correspond with high levels of seismicity.  This 

method of visually analyzing a tomogram from the current day and trying to forecast exactly 

where seismic events are going to occur the following day is not valid on this specific scale of 

analysis.  A point of interest that can be taken from the tomograms within the above analysis is 

the presence of a stressed area ahead of the face.  This stressed area represents the front abutment 

and moves with the face. 

 

6.2 SIMULPS Quantitative Seismicity and P-Wave Propagation 

Velocity Comparison 
 

The results from the first part of the SIMULPS quantitative seismicity and p-wave 

propagation velocity comparison are presented in Tables 6.1, 6.2, and 6.3.  Table 6.1, below, 

presents data for the events for a given day that occur in the upper 25 percent of the velocity  

 
Table 6.1: Events Occurring in the Upper 25% of the Velocity Range for a Given Day (SIMULPS) 

  Upper 25% of Velocity Range by Day 

Date of 
Events Above Velocity (ft/s) # Events 

% of Total 
Events 

7/22/1997 13904 20 35.7 

7/24/1997 13906 21 26.9 

7/25/1997 13910 0 0.00 

7/26/1997 13909 46 54.8 

7/27/1997 13907 180 53.7 

7/28/1997 13901 30 19.9 

7/30/1997 13906 98 48.5 

8/1/1997 13907 152 56.1 

8/2/1997 13909 34 9.83 

8/3/1997 13910 2 8.70 

8/4/1997 13911 0 0.00 

8/5/1997 13912 0 0.00 

8/6/1997 13905 136 85.5 

8/7/1997 13904 27 46.6 

  

range for the previous day.  This data includes the minimum velocity for the data range, the 

number of events within the data range, and the percentage of the total events for the respective 
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day that the events in the range represent.   The average minimum velocity for this data set is 

13907 ± 2.99 ft/s.  The average percentage of events present in this data range is 31.9 ± 26.2.      

Table 6.2, below, presents the data for the events for a given day that occur in the upper 

50 pecent of the velocity range for the previous day.   The average minimum velocity for this 

data set is 13898 ± 3.16 ft/s.  The average percentage of events present in this data range is 73.6 

± 25.2. 

 
Table 6.2: Events Occurring in the Upper 50% of the Velocity Range for a Given Day (SIMULPS) 

  Upper 50% of Velocity Range by Day 

Date of 
Events Above Velocity (ft/s) # Events 

% of Total 
Events 

7/22/1997 13898 41 73.2 

7/24/1997 13899 58 74.4 

7/25/1997 13898 37 78.7 

7/26/1997 13899 75 89.3 

7/27/1997 13898 284 84.8 

7/28/1997 13893 114 75.5 

7/30/1997 13892 199 98.5 

8/1/1997 13899 258 95.2 

8/2/1997 13899 240 69.4 

8/3/1997 13903 14 60.9 

8/4/1997 13902 1 7.14 

8/5/1997 13903 42 36.8 

8/6/1997 13897 154 96.9 

8/7/1997 13896 52 89.7 

 

 Table 6.3, below, presents the data for the events for a given day that occur in the upper 

75 percent of the velocity range for the previous day.  The average minimum velocity for this 

data set is 13889 ± 4.29 ft/s.  The average percentage of events present in this data range is 95.9 

± 9.79.    
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Table 6.3: Events Occurring in the Upper 75% of the Velocity Range for a Given Day (SIMULPS) 

  Upper 75% of Velocity Range by Day 

Date of 
Events Above Velocity (ft/s) # Events 

% of Total 
Events 

7/22/1997 13891 55 98.2 

7/24/1997 13891 78 100 

7/25/1997 13886 47 100 

7/26/1997 13890 84 100 

7/27/1997 13890 335 100 

7/28/1997 13884 151 100 

7/30/1997 13879 202 100 

8/1/1997 13892 270 99.6 

8/2/1997 13888 346 100 

8/3/1997 13897 23 100 

8/4/1997 13894 9 64.3 

8/5/1997 13893 100 87.7 

8/6/1997 13888 159 100 

8/7/1997 13888 54 93.1 

 

 The seismic data classifications presented for the upper 25, 50, and 75 percent of the 

velocity range for the preceding day represent a tendency for the seismic events to succeed areas 

of high velocity.  However, the large standard deviation values for the percentage of the total 

events for the 25 and 50 percentage classes indicate an inconsistency in this tendency.     

 The results from the second part of the SIMULPS quantitative seismicity and p-wave 

propagation velocity comparison are presented in Tables 6.4, 6.5, and 6.6.  These tables include 

classifications of the grid blocks which contain more than ten seismic events, between one and 

ten seismic events, and blocks which contain zero seismic events respectively.  Each table 

contains the day respective number of 100 ft. by 100 ft. grid blocks, the average velocity of the 

grid blocks, and the upper percentage of the velocity range for the respective day that the events 

in the range possess.  Table 6.4, below, presents the grid blocks which contain more than ten 

seismic events per respective 24 hour period.  The average velocity for these grid blocks is 

13905 ± 4.08 ft/s.  The upper percent of the daily velocity range that these events represent is 

29.7 ± 9.58. “N/A” represents cases where blocks containing more than ten events are not 

present.   
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Table 6.4: Grid Blocks Containing More Than 10 Seismic Events per Day (SIMULPS) 

  Greater Than 10 Events per Grid 

Date of 
Events # Grids Average Velocity (ft/s) Upper % of Range 

7/22/1997 1 13901 36.5 

7/24/1997 1 13908 20.1 

7/25/1997 0 N/A N/A 

7/26/1997 1 13910 23.0 

7/27/1997 9 13906 26.8 

7/28/1997 3 13896 41.5 

7/30/1997 4 13907 23.4 

8/1/1997 7 13907 26.4 

8/2/1997 11 13902 41.6 

8/3/1997 0 N/A N/A 

8/4/1997 0 N/A N/A 

8/5/1997 1 13905 43 

8/6/1997 4 13909 15 

8/7/1997 1 13903 29 

 

 Table 6.5 presents the grid blocks which contain between one and ten seismic events per 

respective 24 hours period.  The average velocity for these grid blocks is 13901 ± 2.58 ft/s.  The 

upper percent of the daily velocity range that these events represent is 41.5 ± 10.6. 

 
Table 6.5: Grid Blocks Containing Between 1 and 10 Seismic Events per Day (SIMULPS) 

  1 to 10 Events per Grid 

Date of 
Events # Grids Average Velocity (ft/s) Upper % of Range 

7/22/1997 18 13900 40.1 

7/24/1997 25 13902 38.5 

7/25/1997 18 13902 42.1 

7/26/1997 31 13905 36.8 

7/27/1997 26 13901 40.8 

7/28/1997 37 13898 33.9 

7/30/1997 28 13902 31.8 

8/1/1997 17 13903 37.1 

8/2/1997 19 13899 48.8 

8/3/1997 9 13905 41.8 

8/4/1997 7 13896 68.1 
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       Table 6.5 Continued 

  
1 to 10 Events per Grid 

Date of 
Events # Grids Average Velocity (ft/s) Upper % of Range 

8/5/1997 26 13900 58.3 

8/6/1997 27 13903 30.5 

8/7/1997 21 13902 31.9 

 

Table 6.6 presents the grid blocks which contain zero seismic events per respective 24 

hour period.  The average velocity for these grid blocks is 13899 ± 1.54 ft/s.  The upper percent 

of the daily velocity range that these events represent is 48.1± 11.5. 

 
Table 6.6: Grid Blocks Containing 0 Seismic Events per Day (SIMULPS) 

  0 Events per Grid 

Date of 
Events 

# 
Grids Average Velocity (ft/s) Upper % of Range 

7/22/1997 74 13900 41 

7/24/1997 79 13902 39 

7/25/1997 125 13898 50 

7/26/1997 56 13899 50 

7/27/1997 187 13898 50 

7/28/1997 191 13900 30 

7/30/1997 145 13899 38 

8/1/1997 136 13899 52 

8/2/1997 208 13897 54 

8/3/1997 68 13898 71 

8/4/1997 85 13899 59 

8/5/1997 147 13899 60 

8/6/1997 100 13898 47 

8/7/1997 110 13902 31 

 

 The seismic data classifications pertaining to the grid blocks that contain more than ten 

events illustrate a tendency for the most seismically active regions to possess relatively high p-

wave velocities.  The average velocity for the grid blocks containing more than ten seismic 

events is not largely different from those containing between one and ten events and the blocks 

containing zero events but the upper percentage of the daily velocity range that these blocks 

occupy is smaller and has a lower standard deviation.  The fact that there is not much difference 



52 

 

between the classification for the blocks containing between one and ten events and the blocks 

containing zero events suggests that this specific comparison is more valid for regions containing 

large (more than ten events) amounts of seismic activity. 

 The results from the third part of the SIMULPS quantitative seismicity and p-wave 

propagation velocity comparison are presented in Tables 6.7, 6.8, and 6.9.  This comparison 

focused on calculating the correlation coefficients and covariance values between the magnitude 

of the velocity values and the number of events and between the magnitude of the velocity values 

and the sum of the seismic event magnitudes.  Like the previous comparisons the velocity values 

utilized for the comparisons were obtained 24 hours prior to the seismic events.  Table 6.7, 

shown below, presents the correlation coefficients and covariance values for the overall data set 

by day. 

 

 
Table 6.7: Correlation Coefficients and Covariance Values for SIMULPS Unfiltered Data Set by Day 

    Overall 

Date of 
Events Number of Grids   Velocity/Events Velocity/Sum Mag 

7/22/1997 93 

Correlation 0.055 0.035 

Covariance 0.598 0.762 

7/24/1997 105 

Correlation 0.040 0.028 

Covariance 0.449 0.538 

7/25/1997 143 

Correlation 0.137 0.118 

Covariance 1.10 1.55 

7/26/1997 88 

Correlation 0.311 0.308 

Covariance 4.96 8.06 

7/27/1997 222 

Correlation 0.201 0.178 

Covariance 8.11 14.18 

7/28/1997 231 

Correlation -0.032 -0.035 

Covariance -0.548 -1.18 

8/1/1997 160 

Correlation 0.250 0.239 

Covariance 12.4 21.2 

8/2/1997 238 

Correlation 0.112 0.099 

Covariance 5.51 13.5 

8/3/1997 77 

Correlation 0.271 0.267 

Covariance 1.79 2.84 
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        Table 6.7 Continued 

    Overall 

Date of 
Events Number of Grids   Velocity/Events Velocity/Sum Mag 

8/4/1997 92 

Correlation -0.109 -0.075 

Covariance -0.487 -1.02 

8/5/1997 174 

Correlation 0.038 0.045 

Covariance 0.694 1.76 

8/6/1997 131 

Correlation 0.320 0.310 

Covariance 9.07 15.4 

8/7/1997 132 

Correlation 0.012 0.031 

Covariance 0.127 0.582 

 

From Table 6.7 it can be seen that there is very little correlation present between the 

unfiltered velocity values and seismic activity 24 hours later for the SIMULPS data set. 

 Table 6.8, shown below, presents the correlation coefficients and covariance values for 

the SIMULPS data set by day filtered to include only those grid blocks containing at least one  

 
Table 6.8: Correlation Coefficients and Covariance Values for SIMULPS Data Set by Day for At Least One Event 

  
With At Least One Seismic Event Per Grid Block 

Date of 
Events Number of Grids 

 
Velocity/Events Velocity/Sum Mag 

7/22/1997 19 

Correlation 0.173 0.099 

Covariance 2.44 2.74 

7/24/1997 26 

Correlation 0.072 0.034 

Covariance 1.05 0.864 

7/25/1997 18 

Correlation 0.015 -0.058 

Covariance 0.149 -0.999 

7/26/1997 32 

Correlation 0.306 0.307 

Covariance 4.75 7.90 

7/27/1997 35 

Correlation 0.251 0.174 

Covariance 16.9 23.4 

7/28/1997 40 

Correlation 0.042 0.018 

Covariance 1.30 1.12 

8/1/1997 24 

Correlation 0.275 0.271 

Covariance 27.3 49.2 

8/2/1997 30 

Correlation 0.138 0.086 

Covariance 11.0 19.2 
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         Table 6.8 Continued 

  
With At Least One Seismic Event Per Grid Block 

Date of 
Events Number of Grids 

 
Velocity/Events Velocity/Sum Mag 

8/3/1997 9 

Correlation -0.238 -0.183 

Covariance -2.35 -3.09 

8/4/1997 7 

Correlation -0.086 -0.014 

Covariance -0.665 -0.437 

8/5/1997 27 

Correlation 0.042 0.090 

Covariance 0.970 4.776 

8/6/1997 31 

Correlation 0.354 0.351 

Covariance 14.0 24.9 

8/7/1997 22 

Correlation 0.078 0.141 

Covariance 1.39 4.61 

 

seismic event.  The correlation coefficients for the blocks containing at least one seismic event 

are better than the correlation coefficients for the overall data set but the values still illustrate 

very little dependence between the velocity and seismicity 24 hours later. 

 Table 6.9 presents the correlation coefficients and covariance values for the SIMULPS 

data set by day filtered to include only those grid blocks containing at least five seismic events.  

“N/A” indicates cases where correlations could not be formed due to insufficient grid blocks 

fulfilling the filtering parameters.  The comparison made between the seismic activity on 

7/24/1997 and the velocity data from 7/23/1997 illustrates a good correlation.  Additionally this 

level of filtering illustrates that the comparison between the seismic activity on 8/5/1997 and the 

velocity data from 8/4/1997 possesses a larger correlation.  The presence of negative correlation 

values for other days conflicts with the theory that seismic activity is preceded with high velocity 

24 hours prior. 

 

 
  



55 

 

Table 6.9: Correlation Coefficients and Covariance Values for SIMULPS Data Set by Day for At Least Five Events 

    With At Least 5 Seismic Events Per Grid Block 

Date of 
Events 

Number of 
Grids   Velocity/Events Velocity/Sum Mag 

7/22/1997 4 

Correlation -0.214 -0.391 

Covariance -2.95 -10.1 

7/24/1997 5 

Correlation 0.808 0.850 

Covariance 5.94 9.38 

7/25/1997 3 

Correlation 0.212 0.066 

Covariance 0.333 0.275 

7/26/1997 4 

Correlation 0.494 0.412 

Covariance 1.75 2.15 

7/27/1997 19 

Correlation 0.338 0.203 

Covariance 23.8 28.4 

7/28/1997 9 

Correlation 0.007 0.029 

Covariance 0.343 2.85 

8/1/1997 11 

Correlation 0.321 0.327 

Covariance 27.8 53.3 

8/2/1997 12 

Correlation 0.084 -0.084 

Covariance 5.38 -16.9 

 1 

Correlation N/A N/A 

8/3/1997 Covariance N/A N/A 

8/4/1997 1 

Correlation N/A N/A 

Covariance N/A N/A 

8/5/1997 7 

Correlation 0.636 0.616 

Covariance 23.0 57.2 

8/6/1997 8 

Correlation 0.334 0.351 

Covariance 11.1 21.6 

8/7/1997 3 

Correlation -0.859 -0.607 

Covariance -4.16 -5.69 

 

 Table 6.10, shown below, presents the correlation coefficients and covariance values for 

the SIMULPS data set by day filtered to include only those grid blocks containing at least 10 

seismic events.  “N/A” indicates cases where correlations could not be formed due to insufficient 

grid blocks fulfilling the filtering parameters.  From the table it can be seen that most of the days 

do not possess more than one grid block containing more than ten events for the SIMULPS data 



56 

 

set.  Due to the lack of data this level of filtering for the correlation and covariance comparison is 

not valid.  

 
Table 6.10: Correlation Coefficients and Covariance Values for SIMULPS Data Set by Day for At Least Ten Events 

    With At Least 10 Seismic Events Per Grid Block 

Date of 
Events 

Number of 
Grids   Velocity/Events Velocity/Sum Mag 

7/22/1997 1 

Correlation N/A N/A 

Covariance N/A N/A 

7/24/1997 1 

Correlation N/A N/A 

Covariance N/A N/A 

7/25/1997 0 

Correlation N/A N/A 

Covariance N/A N/A 

7/26/1997 1 

Correlation N/A N/A 

Covariance N/A N/A 

7/27/1997 12 

Correlation 0.21 0.04 

Covariance 13.97 5.90 

7/28/1997 4 

Correlation 0.38 0.54 

Covariance 11.88 35.06 

8/1/1997 8 

Correlation 0.49 0.50 

Covariance 48.40 92.71 

8/2/1997 11 

Correlation -0.37 -0.44 

Covariance -17.13 -68.75 

8/3/1997 0 

Correlation N/A N/A 

Covariance N/A N/A 

8/4/1997 0 

Correlation N/A N/A 

Covariance N/A N/A 

8/5/1997 1 

Correlation N/A N/A 

Covariance N/A N/A 

8/6/1997 4 

Correlation -0.14 0.14 

Covariance -0.84 1.95 

8/7/1997 1 

Correlation N/A N/A 

Covariance N/A N/A 

 

Although there were isolated cases within the above correlation analysis that possessed 

attractive correlation coefficients, the SIMULPS data sets do not exhibit an overwhelming 

codependence between the velocity values and the seismic activity 24 hours later.   
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6.3 TomoDD Quantitative Seismicity and P-Wave Propagation 

Velocity Comparison 
 

 The results from the first part of the TomoDD quantitative seismicity and p-wave 

propagation velocity comparison are presented in Tables 6.11, 6.12, and 6.13.  Table 6.11, 

presented below, presents data for the events for a given day that occur in the upper 25 percent of 

the velocity range for the previous day.  This data includes the minimum velocity for the data 

range, the number of events within the data range, and the percentage of the total events for the 

respective day that the events in the range represent.  The average minimum velocity for this data 

set is 4339 ± 51.23 m/s.  The average percentage of events present in this data range is 36.92 ± 

33.86. 

 

Table 6.11: Events Occurring in the Upper 25% of the Velocity Range for a Given Day (TomoDD) 

  Upper 25% of Velocity Range by Day 

Date of 
Events Above Velocity (m/s) # Events 

% of Total 
Events 

7/24/1997 4333 12 10 

7/25/1997 4292 98 90 

7/28/1997 4318 32 27 

8/1/1997 4273 423 100 

8/2/1997 4379 269 40 

8/3/1997 4444 5 12 

8/4/1997 4306 24 3.5 

8/4/1997 
(Velocity from 8/2) 4313 449 65 

8/5/1997 4408 61 34 

8/6/1997 4327 11 4.1 

8/7/1997 4335 38 21 

 

 Table 6.12, presented below, presents the data for the events for a given day that occur in 

the upper 50 percent of the velocity range for the previous day.   The average minimum velocity 

for this data set is 4274 ± 67.7 m/s.  The average percentage of events present in this data range 

is 75.29 ± 26.7. 
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Table 6.12: Events Occurring in the Upper 50% of the Velocity Range for a Given Day (TomoDD) 

  Upper 50% of Velocity Range by Day 

Date of 
Events Above Velocity (m/s) # Events 

% of Total 
Events 

7/24/1997 4293 58 49.2 

7/25/1997 4264 109 100. 

7/28/1997 4294 73 61.9 

8/1/1997 4219 423 100. 

8/2/1997 4313 510 76.5 

8/3/1997 4364 13 31.0 

8/4/1997 4287 563 82.0 

8/4/1997 
(Velocity from 8/2) 4103 694 99.9 

8/5/1997 4314 167 91.8 

8/6/1997 4305 98 36.2 

8/7/1997 4253 181 100. 

 

 Table 6.13, presented below, presents the data for the events for a given day that occur in 

the upper 75 percent of the velocity range for the previous day.   The average minimum velocity 

for this data set is 4208 ± 112 m/s.  The average percentage of events present in this data range is 

97.45 ± 3.95. 

 
Table 6.13: Events Occurring in the Upper 75% of the Velocity Range for a Given Day (TomoDD) 

  Upper 75% of Velocity Range by Day 

Date of 
Events Above Velocity (m/s) # Events % of Total Events 

7/24/1997 4253 111 94.1 

7/25/1997 4237 109 100. 

7/28/1997 4270 118 100. 

8/1/1997 4166 423 100. 

8/2/1997 4248 666 99.9 

8/3/1997 4284 37 88.1 

8/4/1997 4267 647 94.2 

8/4/1997 
(Velocity from 8/2) 3892 694 99.9 

8/5/1997 4220 182 100. 

8/6/1997 4283 260 95.9 

8/7/1997 4171 181 100. 
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 The data presented previously in Tables 6.11, 6.12 and 6.13 illustrates a strong tendency 

for seismic events to occur in areas of high p-wave propagation velocities.  Due to the very high 

standard deviation of the percentage of seismic events in the upper 25 percent of the daily 

velocity range this correlation is not particularly useful.  The upper 50 percent of the velocity 

range is more promising, while the upper 75 percent of the velocity range possesses almost all of 

the events with a very low standard deviation.   

In order to further study the relationship between the p-wave propagation velocities and 

the seismic activity 24 hours later the results from the second part of the TomoDD quantitative 

seismicity and p-wave propagation velocity comparison are presented in Tables 6.14, 6.15, and 

6.16.  These tables include classifications of the grid blocks which contain more than ten seismic 

events, between one and ten seismic events, and blocks which contain zero seismic events 

respectively.  Each table contains the day respective number of 5000 unit by 3000 unit grid 

blocks, the average velocity of the grid blocks, and the upper percentage of the velocity range for 

the respective day that the events in the range possess.  Table 6.14 presents the grid blocks which 

contain more than ten seismic events per respective 24 hour period.  The average velocity for 

these grid blocks is 4323 ± 44.8 m/s.  The upper percent of the daily velocity range that these 

events occur within is 29.32 ± 13.5. “N/A” represents cases where blocks containing more than 

ten events are not present.   

 
Table 6.14: Grid Blocks Containing More Than 10 Seismic Events per Day (TomoDD) 

  Greater Than 10 Events per Grid 

Date of 
Events # Grids 

Average Velocity 
(m/s) 

Upper % of 
Range 

7/24/1997 3 4290 52 

7/25/1997 2 4303 15 

7/28/1997 4 4319 23 

8/1/1997 9 4305 10 

8/2/1997 14 4361 32 

8/3/1997 0 N/A N/A 

8/4/1997 12 4291 45 

8/4/1997 
(Velocity from 8/2) 12 4291 28 

8/5/1997 4 4435 18 

8/6/1997 6 4313 41 

8/7/1997 4 4320 30 
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Table 6.15 presents the grid blocks which contain between one and ten seismic events per 

respective 24 hour period.  The average velocity for these grid blocks is 4304 ± 21.0 m/s.  The 

upper percent of the daily velocity range that these events occur within is 42.17 ± 15.7.  

 
Table 6.15: Grid Blocks Containing 1 to 10 Seismic Events per Day (TomoDD) 

  1 to 10 Events per Grid 

Date of 
Events # Grids 

Average Velocity 
(m/s) 

Upper % of 
Range 

7/24/1997 34 4298 47 

7/25/1997 28 4297 21 

7/28/1997 30 4294 50 

8/1/1997 33 4290 17 

8/2/1997 45 4296 57 

8/3/1997 23 4338 58 

8/4/1997 42 4289 47 

8/4/1997 
(Velocity from 8/2) 49 4291 28 

8/5/1997 27 4351 40 

8/6/1997 50 4291 65 

8/7/1997 30 4305 34 

 

Table 6.16 presents the grid blocks which contain zero seismic events per respective 24 

hours period.  The average velocity for these grid blocks is 4288 ± 1.39 m/s.  The upper percent 

of the daily velocity range that these events occur within is 47.95 ± 17.5. 
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Table 6.16: Grid Blocks Containing 0 Seismic Events per Day (TomoDD) 

  0 Events per Grid 

Date of 
Events # Grids 

Average Velocity 
(m/s) 

Upper % of 
Range 

7/24/1997 212 4289 52 

7/25/1997 226 4287 29 

7/28/1997 196 4288 56 

8/1/1997 180 4287 19 

8/2/1997 256 4290 59 

8/3/1997 303 4290 73 

8/4/1997 169 4290 46 

8/4/1997 
(Velocity from 8/2) 266 4288 28 

8/5/1997 346 4285 58 

8/6/1997 191 4288 69 

8/7/1997 329 4288 40 

 

 The results from the preceding classification of seismically active grid blocks for the 

TomoDD data set illustrates that seismicity occurs in grid blocks containing higher p-wave 

propagation velocities 24 hours prior.  Similar to the classification for the SIMULPS data set, 

there is not a large differentiation between the blocks containing between one and ten events and 

the blocks containing zero events.  The grid blocks containing more than 10 events possess a 

greater tendency for the most seismically active regions to occur in areas of high p-wave 

propagation velocities.  Like previous comparisons, however, this tendency cannot be relied 

upon due to large standard deviations within the averages. 

The results from the third part of the TomoDD quantitative seismicity and p-wave 

propagation velocity comparison are presented in Tables 6.17, 6.18, 6.19, and 6.20.  This 

comparison focused on calculating the correlation coefficients and covariance values between 

the magnitude of the p-wave velocities and the cumulative seismic event magnitudes, the p-wave 

velocities and the number of seismic events, p-wave velocity gradients and the cumulative 

seismic event magnitudes, and the p-wave velocity gradients and the number of seismic events.  

Like the previous comparisons the velocity values utilized for the comparisons were obtained 24 

hours prior to the seismic events.  Table 6.17, shown below, presents the correlation coefficients 

and covariance values for the overall data set by day. 
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Table 6.17: Correlation Coefficients and Covariance Values for TomoDD Unfiltered Data Set by Day 

      Overall 

Date of 
Events # Grids   

Velocity 
/ # Events 

Velocity 
/ Sum Mag 

Velocity Gradient 
/ # Events 

Velocity Gradient 
/ Sum Mag 

7/24/1997 249 

Correlation 0.110 0.136 -0.107 -0.113 

Covariance 3.70 9.32 -0.003 -0.007 

7/25/1997 256 

Correlation 0.254 0.260 -0.009 -0.009 

Covariance 5.40 9.56 0.000 0.000 

7/28/1997 230 

Correlation 0.421 0.441 0.170 0.180 

Covariance 8.61 15.5 0.004 0.008 

8/1/1997 222 

Correlation 0.277 0.276 -0.002 0.001 

Covariance 32.4 52.9 0.000 0.000 

8/2/1997 315 

Correlation 0.595 0.589 0.074 0.073 

Covariance 151 278 0.027 0.049 

8/3/1997 326 

Correlation 0.378 0.378 0.204 0.207 

Covariance 6.07 9.60 0.004 0.006 

8/4/1997 223 

Correlation 0.069 0.063 0.185 0.186 

Covariance 7.08 11.4 0.019 0.034 

8/4/1997 
(Velocity 
from 8/2) 329 

Correlation -0.034 0.324 0.204 0.212 

Covariance 159 277 0.073 0.134 

8/5/1997 377 

Correlation 0.450 0.438 0.330 0.303 

Covariance 50.9 101 0.027 0.051 

8/6/1997 247 

Correlation 0.375 0.373 0.358 0.348 

Covariance 12.7 22.2 0.011 0.018 

8/7/1997 363 

Correlation 0.140 0.129 0.035 0.038 

Covariance 12.7 24.7 0.004 0.010 

 

The correlation and covariance values for the unfiltered TomoDD data set illustrate a 

very weak correlation between the velocity magnitudes and the seismic activity.  The velocity 

gradients exhibit almost no relationship with the seismic activity for this level of data filtering.  

Table 6.18, shown below, presents the correlation coefficients and covariance values for 

the TomoDD data set by day filtered to include only those grid blocks containing at least one 

seismic event. 
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Table 6.18: Correlation Coefficients and Covariance Values for TomoDD Data Set by Day for At Least One Event 

    With At Least One Seismic Event Per Grid Block 

Date of 
Events # Grids   

Velocity 
/ # Events 

Velocity 
/ Sum Mag 

Velocity Gradient 
/ # Events 

Velocity Gradient 
/ Sum Mag 

7/24/1997 20 

Correlation 0.030 0.097 0.006 -0.029 

Covariance 3.35 23.0 0.001 -0.005 

7/25/1997 30 

Correlation 0.448 0.483 0.263 0.253 

Covariance 15.6 29.4 0.008 0.013 

7/28/1997 34 

Correlation 0.479 0.521 0.253 0.274 

Covariance 33.7 64.5 0.017 0.033 

8/1/1997 42 

Correlation 0.710 0.708 0.136 0.145 

Covariance 118 195 0.020 0.036 

8/2/1997 59 

Correlation 0.621 0.616 0.170 0.168 

Covariance 606 1127 0.123 0.227 

8/3/1997 23 

Correlation 0.052 0.080 0.435 0.432 

Covariance 3.99 10.4 0.022 0.037 

8/4/1997 54 

Correlation 0.114 0.104 0.223 0.227 

Covariance 32.6 52.7 0.048 0.086 

8/4/1997 
(Velocity 
from 8/2) 61 

Correlation 0.323 0.319 0.330 0.346 

Covariance 705 1232 0.288 0.535 

8/5/1997 31 

Correlation 0.450 0.481 0.371 0.332 

Covariance 205 469 0.147 0.282 

8/6/1997 56 

Correlation 0.384 0.384 0.583 0.563 

Covariance 35.8 63.6 0.038 0.066 

8/7/1997 34 

Correlation 0.192 0.155 0.151 0.176 

Covariance 42.4 80.1 0.030 0.076 

 

The correlation and covariance values for the TomoDD data set filtered to include only 

those grid blocks containing at least one seismic event illustrate a slightly better correlation 

between the velocity values and the seismic activity than values from the unfiltered data set.  The 

velocity gradients still exhibit a very poor relationship with the seismic activity for the majority 

of the comparisons for this level of data filtering.  

Table 6.19 presents the correlation coefficients and covariance values for the TomoDD 

data set by day filtered to include only those grid blocks containing at least five seismic events.  

“N/A” represents cases where there are no grid blocks containing at least five seismic events.  



64 

 

Table 6.19: Correlation Coefficients and Covariance Values for TomoDD Data Set by Day for At Least Five Events 

      With At Least 5 Seismic Events Per Grid Block 

Date of 
Events 

# 
Grids   

Velocity 
/ # Events 

Velocity 
/ Sum Mag 

Velocity Gradient 
/ # Events 

Velocity Gradient 
/ Sum Mag 

7/24/1997 7 

Correlation -0.213 0.023 0.467 0.285 

Covariance -29.2 7.71 0.035 0.052 

7/25/1997 8 

Correlation 0.071 0.218 0.391 0.362 

Covariance 3.02 16.6 0.018 0.030 

7/28/1997 7 

Correlation 0.184 0.226 0.558 0.586 

Covariance 18.5 37.7 0.025 0.044 

8/1/1997 15 

Correlation 0.726 0.717 0.078 0.096 

Covariance 192 329 0.019 0.041 

8/2/1997 18 

Correlation 0.379 0.379 0.113 0.109 

Covariance 624 1180 0.159 0.287 

8/3/1997 0 

Correlation N/A N/A N/A N/A 

Covariance N/A N/A N/A N/A 

8/4/1997 19 

Correlation 0.195 0.172 0.115 0.123 

Covariance 74.8 118 0.034 0.066 

8/4/1997 
(Velocity 
from 8/2) 19 

Correlation 0.480 0.476 0.294 0.326 

Covariance 1016 1792 0.456 0.902 

8/5/1997 11 

Correlation 0.874 0.877 -0.117 -0.139 

Covariance 439 1021 -0.028 -0.077 

8/6/1997 10 

Correlation -0.114 -0.127 0.681 0.669 

Covariance -21.8 -43.8 0.077 0.137 

8/7/1997 8 

Correlation 0.738 0.641 -0.185 -0.043 

Covariance 162 316 -0.031 -0.016 

 

The correlation and covariance values for the TomoDD data set filtered to include only 

those grid blocks containing at least five seismic events illustrate a better correlation between the 

velocity values and the seismic activity than values from the unfiltered data set.  The days 

containing the strongest correlation values between the seismic activity and the p-wave velocity 

values 24 hours prior are August 1
st
, 5

th
, and 7

th
.  The velocity gradients still exhibit a very poor 

relationship with the seismic activity for the majority of the comparisons for this level of data 

filtering. 



65 

 

Table 6.20 presents the correlation coefficients and covariance values for the TomoDD 

data set by day filtered to include only those grid blocks containing at least ten seismic events.  

“N/A” represents cases where there are no grid blocks containing at least ten seismic events. 

 
Table 6.20: Correlation Coefficients and Covariance Values for TomoDD Data Set by Day for At Least Ten Events 

    With At Least 10 Seismic Events Per Grid Block 

Date of 
Events 

# 
Grids   

Velocity 
/ # Events 

Velocity 
/ Sum Mag 

Velocity Gradient 
/ # Events 

Velocity Gradient 
/ Sum Mag 

7/24/1997 3 

Correlation 0.870 0.983 -0.825 -0.964 

Covariance 76.2 290.319 -0.030 -0.116 

7/25/1997 2 

Correlation -1.00 -1.000 -1.00 -1.00 

Covariance -4.06 -3.45 -0.003 -0.002 

7/28/1997 4 

Correlation -0.425 -0.437 0.716 0.751 

Covariance -19.2 -35.3 0.022 0.042 

8/1/1997 11 

Correlation 0.654 0.652 0.235 0.245 

Covariance 176 313 0.062 0.116 

8/2/1997 14 

Correlation 0.308 0.312 -0.160 -0.161 

Covariance 536 1033 -0.189 -0.363 

8/3/1997 0 

Correlation N/A N/A N/A N/A 

Covariance N/A N/A N/A N/A 

8/4/1997 13 

Correlation 0.158 0.122 -0.008 0.007 

Covariance 62.0 85.3 -0.003 0.004 

8/4/1997 
(Velocity 
from 8/2) 13 

Correlation 0.375 0.372 0.083 0.150 

Covariance 868 1541 0.104 0.341 

8/5/1997 5 

Correlation 0.947 0.895 -0.613 -0.538 

Covariance 335 816 -0.126 -0.284 

8/6/1997 7 

Correlation -0.305 -0.281 0.756 0.719 

Covariance -60.6 -106 0.085 0.154 

8/7/1997 6 

Correlation 0.623 0.476 -0.490 -0.304 

Covariance 118 200 -0.079 -0.109 

 

 Many of the data pairs contained within the TomoDD correlation analysis possess 

attractive correlation coefficient values.  Although the overall level of correlation between the p-

wave velocities and the seismic activity was better for the TomoDD data than for the SIMULPS 

data there are still many poor correlation values present.  These poor correlation values represent 

an inconsistency within this particular scale of comparison and could be contributed to the 
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amount of data utilized to create the tomograms.  The data used to create the tomograms 

originates from the number of seismic events occurring on that day.   

In order to visualize the inconsistencies within this comparison a graph was constructed 

and can be viewed in Figure 6.14.  This graph attempts to illustrate the correlation between the 

amount of data used to create the tomograms and the correlation coefficients between the 

tomograms and the following day’s seismicity.  Figure 6.14 displays the chart created for the  

 

 

Figure 6.14: Graph of the Tomogram Events and Correlation Coefficients for Following Day's Seismicity for the 

TomoDD Data Set Filtered to Include Grid Cells Containing at Least 1 Event 

 

correlation coefficients from the data set filtered to include only the grids containing at least one 

seismic event.  From this graph it can be seen that the magnitude of the correlation coefficient 

changes from day to day in the same direction as the number of events from day to day seven out 

of 10 times.  Although the magnitude of change is not consistent there appears to be a 

relationship.  The data used to create this graph as well as the graphs for the other levels of data 

filtering can be viewed in Appendix D.   
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CHAPTER 7: CONCLUSIONS AND FUTURE RESEARCH 

 

7.1 Boundary Element Modeling of Abutment Stresses 

 

 The numerical modeling of the longwall panel from the “U.S. Western I Mine” using 

LAMODEL helped to confirm that the presence of backfilled cross panel entries ahead of the 

longwall face results in increased abutment stress magnitudes.  The stress distributions are very 

similar to those of a panel without cross panel entries but the stress magnitudes are significantly 

higher.  If possible these cross panel entries should be avoided because the increased stresses 

could lead to potentially dangerous and expensive increased seismic activity and rock bursts.  If 

cross panel entries must be used, careful attention should be paid to assuring that the backfill 

material’s properties closely match those of the surrounding coal. 

 

7.2 Comparison of Seismicity and P-Wave Propagation Velocities 

Using SIMULPS 
 

 The tomograms presented in the qualitative analysis illustrated a stressed area directly 

ahead of the face which represented the forward abutment.  The forward abutment moved with 

the face as the mining progressed.  The qualitative comparison of the seismic events relocated 

with the program SIMULPS with the p-wave propagation velocities from 24 hours prior did not 

illustrate an adequate correlation to attempt to forecast seismicity from the tomograms alone.  

Although some tomograms possessed high p-wave velocity regions that correlated very well with 

areas of high seismicity 24 hours later, the overall inconsistency of this comparison would not 

allow a mine operator to rely on it for seismic forecasting purposes.   

 The quantitative analysis of the seismic events relocated with the program SIMULPS 

with the p-wave propagation velocities from 24 hours prior confirmed the results from the 

qualitative comparison.  There were large inconsistencies and a lack of strong correlation 

between high p-wave propagation velocities and seismic activity 24 hours later. 
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7.3 Comparison of Seismicity and P-Wave Propagation Velocities 

Using TomoDD 
  

 The quantitative comparison of p-wave propagation velocities with seismic events 24 

hours later relocated with the program TomoDD provided better results than the same 

comparison made with SIMULPS.  75.29 ± 26.67 percent of the seismic events occurred within 

the upper 50 percent of the daily p-wave velocity range.  Due to inconsistencies which were 

highlighted by large standard deviations in average velocities and velocity ranges more work 

must be completed to find the most suitable time scale to complete a future comparison study.  

There appeared to be a correlation between the most seismically active regions and the p-wave 

velocities but like the other comparisons made within this study there were inconsistencies 

present.  After comparing the velocity gradients, the rate of change of p-wave propagation 

velocities, it can be seen that there is almost no correlation between these values and the seismic 

activity 24 hours later.  Since p-wave propagation velocities can be linked to in-situ stresses, 

more work should be completed to determine a suitable time scale to compare these gradients 

with future seismic activity.     

 

7.4 Recommendations  

 

The comparison between p-wave propagation velocities and seismic activity that was 

completed helped to highlight that there is a link between seismic activity and p-wave velocities.  

But the specific method of comparison that was implemented in this study is inadequate for 

seismic forecasting and safety purposes.  In order to properly forecast seismic activity the 

optimal time between the high p-wave velocity distributions and the associated seismic activity 

must be found.  TomoDD proved to provide a more accurate correlation than SIMULPS between 

the velocities and the seismic activity.  Future comparisons should be completed using TomoDD 

with shorter increments of time between the velocity sampling values and the associated 

seismicity.  In order to make these additional comparisons tomography readings should be taken 

every 100 feet of face advance instead of once every 24 hours.   

A major factor that must be considered when performing a tomography study is that 

tomography is an inexact science.  Most tomography problems possess more variables than 

equations to solve which can lead to many assumed values.  These assumptions can compound 
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errors and lead to large inaccuracies in seismic event locations.  In order to obtain the most 

accurate event locations, large amounts of seismic data must be processed from a proper 

geophone array. For future studies the geophones should be placed in the seam as well as on the 

surface to provide more accurate seismic event locations.  More experimentation should also be 

used to determine if a smaller geophone array could yield as accurate results as a large array to 

optimize the cost of a mine seismic monitoring system.  
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