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Abstract
Gate road yield pillars are subject to increases in stress as the longwall face advances through a panel. Safe, efficient 
underground mining is dependent upon proper pillar sizing. Theoretical models of pillar loading are well accepted, and 
geotechnical measurements, including convergence monitoring, have provided important information about stress levels and 
distributions within pillars. Numerical modeling has developed as a method which complements empirical and theoretical 
pillar behavior concepts, and allows prediction of the behavior of various pillar sizes under changing conditions. Seismic 
tomography has seen fairly limited application in the mining industry, but has potential to be a valuable method to further 
improve understanding of coal pillar performance under changing loading conditions. This research presents a case study 
from a longwall mine in the western USA. A two-entry gate road yield pillar in the headgate of the mine was instrumented 
with seismometers and convergence monitoring stations, and was monitored over a period of about 6 months as the longwall 
face approached the pillar. In this paper, the stress distribution imaged using seismic tomography is compared to the stress 
distribution expected from theoretical models, geotechnical measurements, and numerical models. The tomography results 
generally agree with those proposed by theory, convergence measurements, and numerical modeling results. The agree-
ment of the methods provides validation for the theorized stress redistribution, and this study provides further evidence that 
tomography can indicate the redistribution of induced stress within a mined rockmass and is another tool available to ensure 
that mining is conducted safely and efficiently.
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1  Introduction

Safe, efficient underground mining is dependent upon proper 
pillar sizing. Pillar sizing is typically based on a combina-
tion of observation of prior behavior, point measurements, 
theory, and numerical modeling. The actual stress redistribu-
tion within a pillar, while assumed for many years, has rarely 
been imaged. Such imaging can help confirm whether or 
not theoretical and numerical modeling methods agree with 
actual conditions within a pillar.

Pillars must be sized large enough to provide safe sup-
port for the underground operations, but also to allow for 

optimal recovery of a resource. Typically, pillars are sized 
according to existing design criteria and prior performance 
at the current mine or a nearby mine. Pillar performance 
can be predicted with numerical modeling and monitored 
with geotechnical instrumentation, but there are very few 
published accounts confirming actual stress redistributions 
within pillars by imaging. In addition to confirming actual 
stress redistribution, imaging could support a more complete 
understanding actual pillar behavior and lead to more opti-
mal structural design.

A case study from a longwall mine in the western USA 
provided an opportunity to compare the imaged stress distri-
bution with that expected from theoretical models, geotech-
nical measurements, and numerical models. Seismic travel-
time data were used to image P-wave velocity changes, 
indicating induced stress changes, in a yield pillar at a long-
wall mine as the longwall face drew nearer to the pillar. 
Based on previously published results using theory, point 
measurements, and numerical modeling, we hypothesize that 
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the induced stress within the pillar increases as the longwall 
face draws nearer, and ultimately, the stress decreases due 
to failure within the pillar. Using data from a yield pillar, 
the objective of this study is to compare both the expected 
stress change based on theory and estimated from numerical 
models to the velocity change observed with active seismic 
tomography.

2 � Background

Excellent work has been conducted over the past 50 years 
in the field of coal pillar design, initially with empirical 
and theoretical models, then with measurements, and more 
recently with numerical modeling. Additional work has been 
conducted for hard rock pillar design; however, this review 
focuses on coal pillar loading and load distribution. We also 
recognize that outstanding research on stress redistribution 
within longwall pillars has been conducted globally; how-
ever, we focus on prior research in seam conditions in the 
USA that are most similar to the current study.

Initial efforts to quantify a safe pillar design proposed a 
pillar strength that is a function of the coal seam strength 
and the pillar width and height; equations were developed by 
several researchers [1–4]. Following these efforts, Wilson [5, 
6] proposed that the stress redistribution within a coal pillar, 
and hence the pillar strength, was influenced by a confined 
core which had a much greater strength than the perimeter of 
the pillar. The concept of a confined core within a pillar and 
the acknowledgement that the loading conditions of pillars 
change as a function of development and nearby production 
were accepted and further developed.

Review of coal pillar design indicated potential shapes 
for the stress distribution within pillars by showing that the 
stress distribution assumed in the Mark-Bieniawski pillar 
design formula is a pyramid for square pillars and a rectan-
gular, elongated pyramid (with a linear apex) for rectangular 
pillars [7]. The load is a maximum in the center of a pillar (at 
a point for a square pillar and along a line for a rectangular 
pillar) and a minimum at pillar ribs. The ultimate strength of 
the pillar is governed by the strength of the core. Prior to this 
demonstration, Wagner [8, 9] presented a model of stress 
redistribution within a pillar that has been broadly accepted: 
failure occurs starting at the perimeter of a pillar and gradu-
ally progresses inwards toward a confined core which will 
fail if the stress exceeds the ultimate strength of the pillar.

Like theoretical models, geotechnical measurements have 
also provided much information about the stress levels and 
distributions within coal pillars. Instrumentation for geo-
technical monitoring of pillar stress has typically included 
borehole pressure cells, hollow-inclusion cells, and vibrating 
wire stress meters. Geotechnical measurements have con-
firmed the development of a confined core within a pillar as 

the load upon the pillar increases. One example from a long-
wall mine in the western USA showed overburden stresses 
of 8 MPa, and stresses in a yield pillar under side abutment 
loading of 15–20 MPa [10].

Over the past 30 years, numerical modeling has devel-
oped as a method which complements the empirical and 
theoretical pillar behavior concepts. Esterhuizen et al. [11] 
compared stress distribution from Mark’s empirical equa-
tion [12] to that obtained with numerical modeling and 
found that there was generally a good agreement between 
the empirical and numerical approaches. In their case study 
of a longwall mine in the eastern United States, the back-
ground stress level was approximately 5 MPa and the peak 
stress in a chain pillar near the active longwall face was 
27 MPa in the numerical modeling results and 24 MPa 
from Mark’s empirical equation. As a method for providing 
information about the stress within coal pillars, numerical 
modeling allows prediction of the behavior of various pillar 
sizes under changing conditions, and it has the ability to 
extend the geotechnical behavior of a pillar throughout a 
pillar’s entire volume, which can complement the informa-
tion provided by point-location geotechnical measurements.

Although it has seen limited application, seismic tomog-
raphy has potential to be a valuable method to further 
improve understanding of the performance of coal pillars 
under changing loading conditions. Seismic tomography 
allows for the imaging of the interior of a body by analysis 
of energy that has propagated from one boundary to another. 
Computed tomography (CT) has grown from initial imple-
mentation in the late 1960s [13, 14] to a standardized tool 
in the medical field, and this method has been previously 
used for examining stress redistribution in longwall pil-
lars [15, 16]. Tomography offers an independent method 
to which numerical models can be compared, and while 
numerical modeling is valuable and point-location geo-
technical measurements are critical, tomography provides 
a means to understand stress redistribution throughout the 
entire volume of the pillar. This paper presents a comparison 
between measurements, modeling, and inferred stress from 
active seismic tomography in a yield pillar in a longwall coal 
mine, with stress increasing on the pillar over time due to 
increasing proximity of the longwall face.

3 � Methods

The study presented in this paper was conducted at a long-
wall mine in the western USA under approximately 400 m 
of overburden cover. The yield pillar that was studied was 
located approximately 125 m from the recovery room of 
longwall panel that was 260 m wide and 1800 m long. The 
yield pillar was approximately 55 m long and 11 m wide and 
was in the two-entry headgate. The panel was surrounded by 
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unmined coal. The seam thickness averaged 3 m and there 
was a shale parting within the coal seam of approximately 
0.3 m thickness at 1.5-m height above the floor. The imme-
diate roof and floor were composed of shaly sandstone with 
occasional mudstone lenses. The current study is differenti-
ated from prior studies, e.g. [15, 16], in that it collected seis-
mic data transmitted through the interior of a pillar, rather 
than the roof or floor, and it analyzed a yield pillar rather 
than an abutment pillar.

Figure 1 shows geophone locations and the locations 
where convergence was monitored. Six uniaxial and two 
triaxial geophones were installed in the study pillar. Drill-
hole collar locations were selected to provide unobstructed 
access to the rib and to maintain approximately equal spac-
ing between the sensors on the travelway and beltway sides 
of the pillar. The uniaxial geophones had a 2.54-cm diam-
eter, and were installed in holes drilled into the pillar with a 
3.5-cm diameter bit. The triaxial geophones had a 5.08-cm 
diameter, and were installed in holes drilled into the pillar 
with a 7.6-cm diameter coring bit. The holes were drilled 
from the entries into the ribs of the pillar to an average depth 
of 2.1 m at a height of about 1.2 m from the base of the 
pillar, and were drilled at a slight incline, about 12° from 
horizontal and about orthogonally to the travelway and belt-
way ribs. All of the geophones were mounted in the holes 
using either epoxy or grout and were connected to a seismic 
recording station located in intake air in the cross-cut imme-
diately outby the instrumented pillar.

Active seismic sources were generated by striking the 
pillar with a battering ram. The ram was constructed with 
an interior movable mass to produce a “dead blow” to elimi-
nate, as far as possible, repeated signal from a bounce back 
or double strike on the pillar. During active source genera-
tion, the pillar was struck three times, consecutively, below 
the geophone hole collars, so the travel times could be aver-
aged and the events could be uniquely distinguished as active 
sources, and the sources would not be possibly confused 
with mining-induced seismicity (MIS). Each blow of the 

ram at a given site produced three very similar wave forms 
at each geophone receiver; however, the characteristics of 
the arriving waveforms varied at each geophone receiver. 
Active source signals, generated by striking, were recorded 
regularly over the course of about four months, September 
through December 2017. Passive source signals, from MIS 
and equipment noise, were recorded continually over the 
same period. During the study, the longwall face advanced 
approximately 940 m toward the pillar. Active source data 
from four dates, October 18, November 18, December 18, 
and December 27, 2017, were selected for seismic analysis 
as part of this study.

The first motion of the direct waves of each active source 
were picked manually using Seismic Analysis Code [17, 18] 
to define the arrival time of each event at each geophone. 
For each active source event, travel times through the pil-
lar were calculated by differencing the arrival times at each 
geophone from the arrival times at the geophone nearest 
the source events. Because there were three strikes gener-
ated consecutively at each source, three travel times for each 
assumed raypath were calculated; the travel times were aver-
aged. Velocities were estimated from the assumed raypath 
distance and the travel time. Some unreasonably high veloci-
ties, higher than 3600 m/s, were encountered. These high 
velocities are most likely due to errors in the pick times, and 
were removed from the analysis.

The velocity distribution within the pillar was calcu-
lated for each of the four dates using seismic tomography to 
evaluate how the stress redistribution within the pillar esti-
mated by tomography compared to theoretical and numeri-
cal results. Reliable results from tomography calculations 
depend on several factors including the quality of the input 
data, the method used for raytracing, the raypath coverage 
through the volume of interest, and the method used for 
inverting for the velocity distribution.

3.1 � Data Quality

The input data quality is demonstrated by Fig. 2, which 
shows the distance between source and receiver versus 
the travel time of the seismic P-wave for each of the dates 
studied. Results of least squares regression for each date 
are summarized in Table 1. Regression were fixed with an 
intercept of 0 s. The correlation between distance and travel 
time, quantified by r2, varies from 0.70 to 0.91; based on 
prior experience, these r2 values indicate good data quality. 
Because the surveys were conducted through an intact pil-
lar, it was expected that the distance and travel time would 
be highly correlated; if the survey had included voids, such 
as mine openings, then the correlation would be expected 
to be lower. The average P-wave velocity through the pillar 
for each of the time periods ranged from 2404 to 2899 m/s, Fig. 1   Locations of geophones and convergence stations
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with the velocity increasing from the first to third surveys, 
then decreasing from the third to fourth.

3.2 � Raytracing

When seismic waves travel through media of varying modu-
lus, the waves refract such that the first-arriving energy has 
followed a curved raypath. Because the velocity distribution 
within the pillar is assumed to be non-uniform it is neces-
sary to approximate the curved raypath in order to achieve 
the best tomographic results possible. A Matlab-based 
implementation of the Fast Marching Method was used to 
determine the paths of the P-waves through the pillar [19, 
20]. This method was developed by Sethian and provides an 
efficient and accurate solution to the Eikonal equation [21].

3.3 � Inversion and Raypath Coverage

Inversion of the velocity distribution was conducted using 
the Simultaneous Iterative Reconstruction Technique 
(SIRT). With tomography, the volume of interest is divided 
into discrete units (termed ‘voxels’), and the portion of the 
curved raypath within each of the voxels that it traverses is 
catalogued and summed for all raypaths that travel through 
each voxel. A correction factor based on the difference 

between the calculated and measured travel times is then 
applied as a function of the length of the ray through a voxel 
compared to the total ray length.

The selection of the optimal voxel size depends on the 
number of rays used to image the volume of interest, and 
it must balance resolution versus accuracy of the results. 
More accurate results are obtained by using relatively more 
rays per voxel, and hence a larger voxel size; however, with 
larger voxel sizes, the resolution of the results is diminished. 
Rawlinson [22] provides a description of several methods 
that use synthetic travel times to ensure that the results are 
adequately supported by the input data. The checkerboard 
method employs synthetic arrival times calculated for rays 
that travel through alternating voxels of high and low veloc-
ity; the synthetic arrival times are then inverted and the reli-
ability of the output is determined by the ability to regen-
erate the input checkerboard pattern. Rawlinson, however, 
proposes using more widely-spaced high- and low-velocity 
voxels (“spikes”) for generating the synthetic arrival times, 
arguing that this allows the user to more readily determine 
where smearing of the results occurs due to poor raypath 
geometry.

For each day that data were collected, there were about 15 
raypaths through the interior of the pillar plus an additional 
30 or so along the ribs, for a typical total of about 45 ray-
paths for each of the four days that data were analyzed. The 
typical frequency of the P-wave arrivals was 1000 Hz, and 
hence a typical wavelength is 2.5 m at an average velocity 
of 2500 m/s.

Best tomography results are obtained when multiple rays 
pass through a voxel and from multiple angles. Because of 
the relatively few rays available for the current study, an 
appropriate voxel size was determined by examining the 
number of rays per voxel within the pillar, for varying voxel 
sizes. Figure 3 shows voxel spacings ranging from 0.83 to 
5 m, and also voxels that have at least three rays passing 
through them (the legend for each plot shows the number of 

Fig. 2   Distance versus travel 
time for four time periods, 
adapted from [19]

Table 1   Distance versus travel time regressions, correlations, and 
average velocities

Date Least Squares Regression 
(y = mx + b)

r2 Average 
Velocity 
(m/s)

b (s) m (s/m)

Oct. 18 0 0.000395 0.82 2532
Nov. 18 0 0.000382 0.78 2618
Dec. 18 0 0.000345 0.91 2899
Dec. 27 0 0.000416 0.70 2404
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rays passing through each voxel). Voxel coverage extends in 
three dimensions, but because the source points and receiver 
locations were at approximately the same elevation, the 
plotted results represent a horizontal cross-section through 
the pillar. Figure 3 shows that with relatively close spac-
ing (from 0.83 to 1.67 m per voxel) not all of the voxels in 
the interior of the pillar have rays passing through them. A 
spacing of 2.5 m between voxels was selected as most of the 
voxels in the interior of the pillar have rays passing through 
them. A spacing of 5 m between voxels would also be rea-
sonable, but the smaller spacing was preferred for this study.

The tomography calculation for each time period used its 
median velocity as the initial uniform background velocity 
and one iteration assuming straight raypaths was conducted 
in order to determine an initial velocity distribution. The 
SIRT method is iterative and approaches the solution gradu-
ally; using this method, it is necessary to select the itera-
tion which provides the best-fit solution. Following the first 
iteration, an additional 25 iterations were completed using 
the Fast Marching Method to approximate the refracted 
raypaths. The summed root mean square (RMS) difference 
between the measured and calculated travel times for each 
iteration was plotted. The best-fit solution was selected as the 
iteration nearest the elbow of the curve. Iterations prior to 
the elbow underfit the data and iterations beyond the elbow 
overfit the data such that the calculated velocity distribution 

uses velocities which may exceed those that are physically 
possible. The RMS differences between measured and cal-
culated travel times for the four time periods were 7.7e-5, 
6.2e-5, 3.5e-5, and 1.38e-4 s, respectively. The results from 
the best-fit solution were gridded with Inverse Distance to 
first power at 1-m spacings and a 7.5-m search radius.

4 � Data Analysis

Prior to discussing the specific results as shown in the tomo-
grams, it is important to understand the overall change in 
velocity observed throughout the pillar, as well as the ray-
path coverage within the pillar. The resulting tomograms 
may then be compared to the measured convergence [23] 
and the relative expected stress change due to the longwall 
face approaching the pillar. The relative size and shape of the 
velocity distribution can be compared to the expected size 
and shape of the stress distribution as well.

4.1 � Overall Velocity Change

The mean velocity of all P-waves traversing the pillar on 
a specific date is an indicator of the overall, general stress 
within the pillar at that time. Laboratory studies have 
shown that there is a somewhat monotonic relationship 

Fig. 3   Voxel spacings ranging from 0.83 to 5 m and also voxels that have at least three rays passing through them (legend for each plot shows the 
number of rays passing through each voxel)
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between stress and P-wave velocity [24, 25]. In many of 
the studies the P-wave velocity increases with increasing 
stress, until the stress within the sample nears its ultimate 
strength, at which time microfractures develop within the 
sample resulting in a reduced P-wave velocity. Another 
way to understand the relationship between P-wave veloc-
ity and induced stress is through the equation relating the 
two. Equation 1 shows that the P-wave velocity ( v

P
 ) within 

an elastic media can be calculated as a function of bulk 
modulus (K), shear modulus (µ) and density (ρ):

The P-wave velocity is proportional to the bulk and 
shear moduli, and as the pillar is loaded and the material 
becomes stiffer, due to closure of microfractures within it, 
and the P-wave travels with a greater velocity.

For this study, the mean velocity within the pillar 
increased from 2532 m/s on Oct 18, to 2618 m/s on Nov 
18, to 2899 m/s on Dec 18, and then dropped to 2404 m/s 
on Dec 27. This relative increase in velocity is similar to 
prior work in laboratory coal specimens [26], and as would 
be expected, these results are parallel to those shown in 
Fig. 2. The broad conclusion that can be drawn solely from 
the overall mean velocity is that the pillar appears to have 
reached its ultimate load sometime between Nov 18 and 
Dec 27; the peak velocity occurs sometime between those 
two dates. Dec 18 has the highest recorded mean velocity 
of the four study periods but that date, but it cannot be 

(1)v
P
=

√

√

√

√

[

K +
4

3
�

�

]

stated definitively that the peak velocity occurred precisely 
on this date.

4.2 � Raypath Coverage

Figure 3, in the illustration with 2.5 m spacing, shows the 
number of raypaths which traverse each voxel within the 
pillar for each of the four dates. It is necessary to understand 
the raypath coverage so that the relative levels of confidence 
of the velocities within the pillar can be understood. The 
interior of the pillar has between 5 and 15 rays per voxel, 
indicating good raypath coverage and a relatively high level 
of confidence in the results. However, there are differing 
levels of raypath coverage through the ends of the pillar and 
there are fewer raypaths through the interior of the outby 
portion of the pillar than for the inby portion of the pillar, so 
there is lower confidence in the results seen in the outby sec-
tion of the pillar (note that ‘inby’ refers to the direction that 
is away from the mine portal and toward the working face, 
whereas ‘outby’ refers to the direction that is away from the 
working face and toward the mine portal).

4.3 � Tomograms

The resulting tomograms for the four face locations are 
shown in Fig. 4. In this figure, the beltway is at the bottom 
of the figure and the travelway is to the top, black squares on 
the plots are source locations along pillar ribs, the horizontal 
cross sections shown are at an elevation between the inby 
and outby source elevations, and the velocity scales vary. 
As shown in Fig. 4, the distribution of the velocity changes 

Fig. 4   P-wave velocity tomograms for four time periods, geophones shown as black markers. Axis units are meters; velocity units are meter per 
second (m/s
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from two high-velocity peaks on Oct 18, to a broader high-
velocity ‘ridge’ on Nov 18, to a fairly uniform high velocity 
across the entire pillar on Dec 18. Finally, on Dec 27, there 
is a single high-velocity peak within the inby portion of the 
pillar and a low-velocity in the outby portion of the pillar. 
There is a consistent low-velocity zone on all four tomo-
grams for the beltway rib on the inby end of the pillar; one 
possible explanation for this observation is that this portion 
of the pillar yielded as a result of a local geologic anomaly 
or possibly an anomalous mining practice. Similarly, there 
is a low-velocity zone on three of the dates for the travelway 
rib on the outby end of the pillar (observed Oct 18, Nov 18, 
and Dec 27). The maximum velocity within the tomogram 
rises from 2580 m/s on Oct 18, to 2775 m/s on Nov 18, to 
3,369 m/s on Dec 18 and then to 2798 m/s on Dec 27. This 
variation is slightly higher than the observed mean velocity 
for all of the raypaths for each date through the pillar, as 
shown in Fig. 2. The highest velocities were observed in the 
core of the pillar, toward the inby end. In a previous study 
applying seismic refraction tomography through the floor 
under a longwall yield pillar, Freidel et al. [16] also observed 
the highest velocities in the core of the pillar, toward the 
inby end.

5 � Results

5.1 � Comparison to Previous Studies

Stress measurements within the pillar were not acquired in 
this study, but the tomographic results may be compared to 
previously published stress measurements in similar pillars. 
Prior research under similar conditions at another two-entry, 
longwall mine in the western United States has related onset 
of forward abutment stresses to the ratio of distance from 
face to overburden thickness using borehole pressure cells 
in pillars [27]. Although similar pillars exhibited differing 
responses, the consensus observation was that peak pressure 
within the pillar, which was followed by yielding, occurred 
when the ratio of face distance to depth was reduced to 20%, 
that is, when the face was located at a distance to the pillar 
20% of the overburden thickness. In the current study, the 
overburden thickness at the pillar was approximately 400 m, 
and the face locations evaluated in this study were 678 m, 
320 m, 114 m, and 41 m away from the inby end of the pillar, 
resulting in face locations that were 170%, 80%, 28%, and 
10% of the overburden thickness from the pillar. The behav-
ior shown in the current study is similar to that observed by 
the prior study. The peak velocity, indicating peak loading, 
occurs at approximately the same ratio of face distance to 
depth, less than 28% in the current study versus 20% in the 
prior study.

5.2 � Comparison to Geotechnical Monitoring 
(Convergence)

As a pillar undergoes increased loading it would generally 
be expected that there would be an associated increase in 
roof-to-floor convergence and that the inby end of the pillar 
may show more convergence than the outby end; however, 
geologic variation can also affect convergence. Throughout 
this study, convergence measurements were taken at points 
around the pillar (locations are shown in Fig. 1), and these 
measurements were compared to the results of the tomo-
grams. Table 2 shows the measured convergence on the four 
dates included in this study. The convergence increased for 
all points as the face drew nearer, the inby measurement 
points (B04 and T04) had greater convergence than the 
outby points, and the convergence increased monotonically 
from outby to inby points through all time periods. In sum-
mary, convergence was highest at the pillar locations closest 
to the longwall face and convergence increased across the 
entire pillar as the face advanced.

Overall, the convergence monitoring data appear support-
ive of the tomographic results. In the tomography study, the 
mean velocity increased across the entire pillar for the first 
three dates, indicating increasing load, and then decreased 
from the third to fourth date, indicating post-peak behavior. 
This observation is compatible with the observed conver-
gence measurements. The greatest amount of convergence 
occurred between the third and fourth dates. On average, 
only 1.8 mm of convergence was measured between Oct 18 
and Dec 18, whereas an average of 4.9 mm of convergence 
was measured for the eight points between Dec 18 and Dec 
27. As a more localized comparison, convergence station 
B04, located on inby end of the pillar along the beltway, 
had the most roof-to-floor convergence, and this region 
also showed a low-velocity zone in the tomographic results, 
which perhaps indicates that this location was relatively 
weak, or prematurely yielded. It should be noted, however, 

Table 2   Measured convergence at the four dates for which tomo-
grams were generated

Distance to Face (m)

678 320 114 41

Convergence (mm)

T
ra

v
el

w
ay

T4 2.1 3.1 6.1 12.0

T3 0.8 1.2 3.0 5.3

T2 0.6 1.1 2.2 3.8

T1 0.5 0.8 1.5 2.0

B
el
tw
ay

B4 4.2 6.0 11.6 19.1

B3 1.0 1.8 4.2 7.5

B2 0.8 1.2 2.7 5.5

B1 0.3 0.7 1.4 3.1
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that the tomographic results also show a low-velocity zone 
near convergence station T02, but the measured convergence 
at T02 was not larger than adjacent stations.

5.3 � 3 Comparison to Theory

Pillar strength and behavior is not only a function of coal 
strength and pillar shape, but also of constraint imposed by 
material properties of the roof and floor interfaces [28]. The 
stress redistribution within a pillar due to the nearing of 
the longwall face with a stiff overburden typically transfers 
stresses over a greater distance than in seams with a rela-
tively less stiff overburden [29]. Because the floor and roof 
strata at the study site were of moderate strength, primarily 
a shaly sandstone with occasional mudstone lenses, it would 
be expected that the stress within the pillar would redistrib-
ute within the typical pattern expected from prior theories, 
as well as numerical modeling results.

The distribution of the velocity within the pillar aligns 
fairly well with the proposed theoretical stress distribution 
by Wilson [6] and Wagner [9] and others. The theoretical 
stress redistribution within a pillar under increasing load is 
stress that is initially evenly distributed to the perimeter of 
the pillar, and then, as the perimeter fails, stress migrates 
toward the confined core and the level of stress within the 
confined core increases. In other words, as load on the pillar 
increases and portions of the pillar fail, then the remaining, 
intact portions of the pillar accept an increasingly higher 
load. This redistribution agrees with that shown in Fig. 4 
where the velocity increases in magnitude and migrates 
toward the interior of the pillar during the first three time 
periods, then from the third to the fourth time period the 
magnitude of the velocity decreases, and it could be inter-
preted that by the fourth time period, a portion of the pillar 
has failed and potentially load has transferred to surrounding 
pillars.

5.4 � Comparison to Numerical Models

Advances made in computing capabilities have led the devel-
opment and use of numerical tools to simulate stress-induced 
yielding and damage process of rocks and rock masses, 
including the boundary element method, the finite difference 
method, and the finite element method [30]. As described by 
Larson and Whyatt [31], ALPS, MULSIM/NL, LaModel, 
and FLAC are stress analysis software tools used for evaluat-
ing mine layout design. Numerical models are able to pro-
vide useful results for an extreme range of mining conditions, 
including changing stress due to longwall face advance [29]. 
Carefully implemented finite element analysis based on first 
principles of mechanics is well-suited for rational design of 
safe underground entries and crosscuts, barrier pillars, and 
bleeder entries [32]. Monitoring, including convergence, can 

be important for calibration of numerical models, including 
finite element models [33].

A whole-mine finite element model was generated to 
evaluate changes in stress in the test pillar related to face 
advance. The numerical model used a special adaptation 
of the finite element method called Dual Node-Dual Mesh. 
This adaptation has been used in previous studies to effec-
tively model whole-mine history, current, and future mining 
[34]. Input data for the finite element model included digital 
topography, mine plans, a stratigraphic column with strata 
thicknesses and depths, strata properties including elastic 
moduli and strengths, and joint set geometry. In this regard, 
element properties were assigned statistically for greater 
realism in accordance with spatial variability. The output 
results include displacements induced by panel mining, dis-
tribution of stress, and distribution of element safety factors. 
The element safety factors were calculated based upon a 
non-linear, anisotropic form of the Drucker-Prager criterion; 
additional modeling details and analysis are summarized by 
Pariseau et al. [32].

Figure 5 illustrates the safety factor distribution within 
the pillar at four percentages of panel face advance, 55%, 
75%, 87%, and 91%, which correspond closely to the panel 
advance on each of the four dates, Oct 18, Nov 18, Dec 18, 
and Dec 27. Some features of the numerical models and the 
velocities from tomography are comparable. Consistently, 
the numerical model shows the lowest safety factors in the 
beltway near the inby edge of the pillar; in all of the tomo-
graphic results, there is a low velocity zone near this region. 
Safety factors in the interior of the pillar are generally high, 
greater than 2.7, but show the largest decrease from 87 to 
91% panel mined. This observation appears to support the 
decrease in maximum velocity from Dec 18 to Dec 27.

6 � Summary

The results obtained in the current study agree to a large 
extent with the expected distribution and relative magnitude 
of induced stress, as presented in prior studies. P-wave travel 
time tomography provides a method to examine the redis-
tribution of stress throughout a specified volume of a rock-
mass, complementing other methods such as point-location 
measurements and numerical modeling. The information 
provided by the tomograms can be useful to confirm that an 
optimal pillar design is being used – a design that maintains 
safety and does not sacrifice productivity.

7 � Conclusions

Active seismic tomography was conducted on a yield pillar 
in a longwall mine in the western United States. Although 
computed tomography has been relied upon in the medical 
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field for decades, and has the ability to provide information 
about conditions throughout a rockmass, it is still not a com-
mon method in the mining industry. This study provides an 
opportunity to compare results from active seismic tomogra-
phy in a well-defined, unambiguous study to those from cur-
rent theory, numerical modeling, and point measurements.

Data for the tomograms were collected when the longwall 
face was 678 m, 320 m, 114 m, and 41 m inby the pillar, 
resulting in increased loading on the pillar. The purpose of 
the study was to determine whether active seismic tomog-
raphy would allow a measurement of the pillar volume that 
could be compared to traditional pillar design understanding 
from theory, numerical modeling, and point-location meas-
urements. With increased knowledge of pillar load distribu-
tion, optimal pillar dimensions can be selected such that 
both safety and efficient extraction of a resource are allowed.

The tomography results generally agree with those pro-
posed by theory, convergence measurements, and numerical 
models. This observation provides two conclusions: (1) The 
agreement of the methods provides validation for the theo-
rized stress redistribution, and (2) this study provides further 
evidence that tomography can indicate the redistribution of 
induced stress within a mined rockmass and tomography is 
another tool available to ensure that mining is conducted safely 
and efficiently. We can also conclude that at the mine in the 
study, for the loading conditions, the pillar size was within 

acceptable bounds, the pillar did not fail prematurely; however, 
it was not over-designed and thus inefficient.

In addition to the data from the active seismic source, 
microseismic data were collected continually during this 
experiment. Future research can include using the microseis-
mic events as sources for conducting passive seismic tomog-
raphy. The advantages of passive seismic tomography is that 
a more continuous set of data are typically available, and there 
is potential for greater resolution within the tomograms if a 
sufficient number of microseismic events are recorded.
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