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1. Executive Summary

The purpose of this research project and report was to a) to develop and improve
subsidence engineering parameters, b) to improve prediction methodologies, c)
to apply subsidence methodology for landscape stability and control, d) to assess
long-term stability, and e) to disseminate project results. In order to accomplish
the objectives of the projects, case studies were collected and analyzed for static
and dynamic conditions, the model for the dynamic analysis was updated, new
models were developed for landscape stability and control and for long term
stability and a number of new tools and functions were developed and
incorporated into the Surface Deformation Prediction System (SDPS) software
package. Finally the results of this research effort were integrated into the
revised SDPS User's Manual which includes examples for all new functions and
tools.

2. Introduction and Objectives

The authors have been actively involved in intensive research and application
development concerning ground deformations over underground coal mines for
over 20 years. One of the results of this activity is the development and
continued enhancement of the Surface Deformation Prediction System (SDPS)
software package, for predicting ground movements above undermined areas as
well as for addressing mine stability issues. The SDPS methodology is used
widely by the mining industry and state and federal agencies for subsidence
planning, prediction and control. These calculations are based on several
empirical relationships, developed through the statistical analysis of data from a
number of case studies derived from the U.S. Coalfields.

The objectives of this research were as follows:

1. To develop and improve subsidence engineering parameters. The original
database used in by OSMRE was compiled over 25 years ago and
included only the Eastern US Coalfields. Recently, subsidence
engineering parameters were developed for the central and western US
coalfields; however, gaps in the database for the eastern coalfields were
not addressed. It was proposed that data would be collected in order to
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enhance the database of the regional subsidence engineering parameters.
Data collection would include published and unpublished case studies and
data analysis would focus on the improvement of characteristic
parameters.

2. To improve prediction methodologies. Prediction methodologies available
in the SDPS package are mainly based on the influence function method.
Although these methodologies have been enhanced since the initial
release of the package in 1989, there is further room for improvement. It
was proposed that better methodologies for dynamic deformations, for
subsidence and strain calibrations would be investigated and developed.
In addition it was proposed that the potential of secondary sliding of the
surface layers in steep terrain, due to subsidence trough development,
would be addressed.

3. To apply subsidence methodology for landscape stability and control.
Damage to surface structures is mainly caused by tilt, angular, bending,
horizontal strains, or the combined action of these effects. Damage
classification systems have been proposed depending on the type of
building and foundation. It was proposed that limiting values for horizontal
strain, curvature, and slope due to underground mining would be
correlated so that control measures can be uniformly applied when
necessary.

4. To assess long-term stability. A variety of tools to assess stability of
underground workings exist as standalone software or as separate
modules within software packages. It was proposed that a methodology
would be developed to allow the user to directly evaluate long-term
stability at the mine level so that landscape stability can be evaluated.

5. To disseminate project results. It was proposed that a comprehensive
user’s guide would be developed to aid in the implementation of a uniform
approach towards subsidence/ground-deformation analysis. In addition, a
training course would be held for the benefit of OSMRE personnel to
update them on new technologies and methodologies developed through
this project.

3. Approach

The approach to this research consisted of the following steps:
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Data collection

Reduction of data for static and dynamic analysis

Influence Function Method validation with new case studies

Development of a model for the dynamic analysis

Development of a model for landscape stability and control

Development of a model for long term stability

Development of new tools and functions

Software enhancement to incorporate new features and to allow for the
analysis of case study data

Analysis and processing of collected data using the enhanced software

10. Dissemination of results

These accomplishments for each objective are explained in detail in the following
sections. Screen shots in a form of a step by step guide to applying the Influence
Function program to many of the analyzed case studies are given in Figures in
the Appendices.
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4. Objective |. Develop and Improve Subsidence Engineering
Parameters

4.1 Review of Previous Research

As a result of the empirical nature of many subsidence prediction techniques,
such as the influence function used by SDPS, the amount of reliable data upon
which subsidence relationships are based is a limiting factor. Therefore, more
data results in better defined regional and/or site-specific empirical parameters.
In turn, better subsidence parameters result in more accurate subsidence
predictions and more applicable mitigation efforts.

In the 1980’s, prompted by increasing mine subsidence-related problems and
regulatory requirements, intense subsidence research efforts were carried out by
government agencies, coal companies, and academic institutions in the United
States (Schilizzi, et al. 1986). One such effort, involving the initial collection of
subsidence data from 32 longwall panels and 60 room-and-pillar mines, was
completed by Virginia Tech. Analysis of the initial data resulted in the decision to
use the profile function method and the influence function method to develop a
subsidence prediction system specific to the Appalachian coal region (Schilizzi,
et al. 1986). Of the initial collected data, approximately 25 longwall panels and
21 room-and-pillar mines were used for the project. Due to limitations of the
initial data collected, researchers at Virginia Tech implemented a very detailed
subsidence and strain monitoring program over active mines in Virginia.
Following a more recent update in 2003, the SDPS database consists of data
from 35 longwall mines and 21 room-and-pillar mines.

The active mine monitoring program completed by Virginia Tech included
approximately sixteen room and pillar mines and seven longwall mines. The
active mines monitored, and the monitoring techniques employed were chosen
based on a set of fairly strict criteria to ensure accurate, yet practical collection of
data. The criteria included both mining and site/geological parameters.
Preference was given to sites with supercritical width to depth ratio (greater than
1.2), with limited influence from nearby mining, and with easier accessibility
(Schilizzi, et al. 1986). The monitoring program used approximately 1,200
stations, each consisting of either a two or five feet long steel bar monument
(Schilizzi, et al. 1986). The monuments were placed in longitudinal and
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transverse line orientations that extended over the mines as well as far beyond
the expected extent of subsidence influence. Monitoring (utilizing a “total station”
or digital computer tacheometer with built-in electronic distance measurement
device) of the monuments began well before mining impacts (to establish solid
baseline conditions) and continued at regular intervals until mining had passed
and significant subsidence movements ceased (Schilizzi, et al. 1986).

In addition to developing profile function and influence function subsidence
prediction systems based on the collected data, the researchers at Virginia Tech
stressed the fact that rational and realistic solutions to subsidence-related
problems require continued monitoring of additional case studies (Schilizzi, et al.
1986).

4.2 Implemented Methodology

The current research builds upon the original database of subsidence case
studies that was created by Virginia Tech in the 1980’s. New case studies have
been collected and analyzed by comparing the SDPS predictions for each area
with measured data. For each new case study, the mining and geologic
conditions have been documented. The parameters required by SDPS to make
subsidence predictions have been extracted from the site specific information.
Actual measured data has also been entered into SDPS to allow for direct
comparison of predicted versus measured values. Selection of new case study
data was completed based, as closely as possible, on the same criteria used by
the original Virginia Tech research. Due to some difficulty in obtaining
subsidence case study data, not all case studies fit the most desirable criteria.
As in the original study, preference was given to longwall panels with supercritical
width to depth ratios and to panels not significantly influenced by nearby mining.
However, restrictions on data necessitated exceptions to the criteria.

4.3 Validation of Method

Validation and enhancement of the influence function method of subsidence
prediction are accomplished through evaluation of additional case study data.
Nine different lines of measured subsidence from six different case study areas
in three different states (Northern Appalachia, lllinois/Indiana, and Alabama) are
included in this research. Case studies from Northern Appalachia are referred to
as NA-1, NA-2, and NA-3. Case studies from lllinois/Indiana are referred to as
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IL-1 and IL-2. The case study from Alabama is referred to as AL-1. Additional
case study data was collected; however, a significant portion of it proved to be
unreliable, inapplicable, or incomprehensible. Validation/enhancement is
achieved by comparing SDPS-predicted subsidence measurements with actual
field-measured subsidence.

Prediction curves are compared with measured data using the percent error
calculated by SDPS. The program evaluates various combinations of tangent of
the influence angle (Tan b) and subsidence factor (max subsidence/extraction
thickness) based on the restrictions outlined in the Subsidence Calibrations
Options window (the Subsidence Calibrations Options windows for each of the
following case studies are included in Appendix | and referenced throughout the
case study discussions). Put very simply, SDPS performs numerous iterations
as it back-calculates to try to fit the predicted curve to the measured subsidence
curve. For each iteration (combination of tangent of the influence angle (Tan b)
and subsidence factor), an error index is calculated using the following equation
(Agioutantis and Karmis, 2005):

Zia;(|caleulated subsidence — measured subsldence|)
i /measured subsidence|
The combination that produces the lowest error is chosen and displayed.

Adjustment of Tan b and the subsidence factor control the modeling of the
subsidence magnitude. Adjustment of the edge effect controls the position of the
inflection point of subsidence in relation to the side of the panel (Agioutantis,
2008).

g error= X 100%

In general, the case studies include:

v A brief overview of the location and general characteristics of the mine,

v" Mention of any special conditions,

v Description of the case study analysis,

v Figures showing the actual mine layout and prediction point locations (and
figures showing the components as they appear after being
entered/imported into SDPS),

v' Tables of the measured subsidence values along the monument lines,

v' The calibration parameters (Tan b, Smax/m, and edge effect adjustment)
obtained using the SDPS iterative calibration function,
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v' A graph that visually compares predicted subsidence with measured
subsidence, and
v' A discussion of the results of the comparison of predicted to measured
values.
Additional figures showing SDPS screen shots for each step are included in
Appendix . Many of the figures in Appendix | are referenced throughout the text.

4.4 Case Studies

4.4.1 NA-1 Case Study (Northern Appalachia)

This case study involves data from above a longwall panel in a mine in Northern
Appalachia. The data for this mine is of moderate to good quality. The average
extraction thickness for the mine is 6.5 feet. Average seam depth is estimated to
be 305 feet. The percentage of hardrock in the overburden is 34 percent, as
provided by the coal company. The panel has an approximate width to depth
ratio of 3.28 (1000 ft/305 ft), which classifies it as supercritical. An initial estimate
of subsidence factor was calculated to be 53.8 percent (3.5 feet/6.5 feet)
(Appendix I, Figure 2). For confidentiality, the scanned image of the mine map
used for this case study is not provided. Figure 1 shows the mine plan and
points after being imported into SDPS.

Figure 1: Mine plan and prediction point locations for NA-1 Case Study

As is evident from Figure 1, variable edge effect offset distances were applied to
the panel (Appendix I, Figures 4-6). An edge effect offset of 150 feet was applied
to the northwest, northeast, and southeast sides of the panel. An offset of 100
feet was applied to the southwest edge of the panel. The final edge effect offsets
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were found during the calibration process by observing the graphical “best fit”
and adjusting the offsets accordingly. For the final calibration run, the edge
effect calibration function was set to “Apply Edge Effect as Defined in Mine Plan”
(therefore “locking in” the variable edge effects) (Appendix I, Figure 10).

Measured subsidence values (Table 1) were entered into the Scattered
Prediction Points Management screen (Appendix I, Figure 7). Once all
measured data and known mine parameters were entered into SDPS, the
Subsidence Calibration function of SDPS was used to find the combination of
influence angle, subsidence factor, and edge effect that most closely matched
predicted values of subsidence with measured values of subsidence.

Table 1: NA-1 Case Study, measured subsidence values

Measured Measured

Point Subsidence (ft) Point Subsidence (ft)
1 0.07 12 -3.5
2 0.08 13 -3.38
3 0.24 14 -3.23
4 0.16 15 -2.74
5 0.16 16 -0.07
6 -0.33 17 0.04
7 -1.31 18 0.11
8 -2.74 19 0.12
9 -3.24 20 0.12
10 -3.36 21 0.12
11 -3.38

The “best fit” subsidence parameters, resulting from matching predicted values
with measured values, are shown graphically in Figure 2 and the three lowest-
error iterations are listed in Table 2.
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Figure 2: Graphical display of predicted and measured subsidence profiles after
calibration

Table 2: Calibration parameters for NA-1 Case Study

Rank Iteration | Tangent | Subsidence Edge Total Percent
Number of Factor Effect Error Error
Influence | (Smax/m) Offset
Angle (ft)
(Tanb)

1 6 2.50 52 150 6.664 7.90
5 2.40 52 150 6.877 8.15
3 7 2.60 52 150 6.949 8.24

As indicated, predicted values were calibrated to measured values with only
7.90% error. This case study further validates the influence function prediction
method utilized by SDPS. Some of the error may be attributable to the positive
measured subsidence values on the outer edges of the subsidence basin.
Positive subsidence, or upsidence, means that the ground has actually moved
upward due to the ground deformation. Positive subsidence has been observed
on the edges of the subsidence trough in other case studies. The influence
function used by SDPS is not designed to predict positive subsidence values
and, therefore, does not match the predicted curve to the measured data in these
areas.
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4.4.2 NA-2 Case Study (Northern Appalachia)

This case study pertains to data collected in the mid-1980’s over a longwall mine
in Northern Appalachia. Data for this mine was collected along both a transverse
line and a longitudinal line. Default values for the tangent of the influence angle,
strain coefficient, and time coefficient were initially used for both lines (Appendix
I, Figures 12 and 22). Depth to seam ranges from 698 feet to 827 feet according
to data for the transverse line and from 695 feet to 767 feet for the longitudinal
line. However, these depths are not completely accurate because only an
average elevation was known for the mine. The average extraction height is 6.5
feet, as provided by the company. A percent hardrock value of 50% was used
for both lines in this case. For the transverse line, an initial estimate of the
subsidence factor was calculated by dividing the maximum measured subsidence
by the average extraction height (3.06 ft/6.5 feet = 0.47). The estimated
subsidence factor for the longitudinal line is (3.48 ft/6.5 ft = 0.53). Based on
these two estimates, an initial subsidence factor of 0.50 was used for both the
transverse and longitudinal lines (Appendix |, Figures 13 and 23). The panel
monitored is classified as a subcritical panel, having an approximate width to
depth ratio of 0.86 (630 feet/730 feet). Despite its subcritical status, the mine
was included as a case study due to its abundance of well documented
measured data (both measured subsidence and measured strain).

A paper copy of the mine plan, showing both the transverse and longitudinal
monument lines, was scanned using a desktop scanner. The scanned image
was imported into AutoCAD using the “Image Manager” function and was scaled
to match the original document. Figure 3 shows the original scanned image.
Mining direction was from left to right.

The outline of the longwall panel was digitized and saved on its own AutoCAD
layer. The width of the extracted panel was digitized to include, not only the
width of the panel, but also the width of the entries immediately adjacent to the
panel. The digitized panel outline was imported into SDPS. For this case study,
locations of the monitoring points were input manually into SDPS (Appendix I,
Figures 17 and 26). Figure 4 shows the mine plan and monitoring points for both
the transverse line (top) and longitudinal line (bottom).
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Figure 3: Original scanned image of mine plan showing panel, transverse monitoring line,
and longitudinal monitoring line. Mining progressed from left to right (Coal mine in
Northern Appalachia, reprinted with company permission, mine location and company
name confidential)
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Figure 4: Mine plan and monitoring points for transverse and longitudinal lines as
imported into SDPS.

Edge effect offsets for the transverse and longitudinal lines were initially
estimated to be approximately 100 to 110 feet based on measurements of panel
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width and depth (Appendix I, Figures 15, 16 and 25). However, suggested edge
effect offsets resulting from the iterative calibration process are 167 feet (Table 5)
for the transverse line and 218 feet (Table 6) for the longitudinal line.

The measured subsidence values to which the SDPS predicted values were
calibrated are presented in Table 3 for the transverse line and Table 4 for the
longitudinal line. The measured subsidence values reflect the final subsidence
measured at all points following the passing of the longwall.

Table 3: Measured Subsidence Values for NA-2 Case Study, Transverse Line

Measured Measured Measured
Point Subsidence (ft) Point Subsidence (ft) Point Subsidence (ft)
1 0.03 22 -1.72 43 -0.05
2 0.04 23 -2.14 44 -0.05
3 0.05 24 -2.49 45 -0.03
4 0.05 25 -2.82 46 -0.04
5 0.05 26 -3 47 -0.02
6 0.06 27 -3.06 48 -0.01
7 0.06 28 -3 49 0.01
8 0.05 29 -2.86 50 -0.01
9 0.09 30 -2.66 51 0.01
10 0.03 31 -2.27 52 -0.01
11 -0.02 32 -1.95 53 -0.01
12 -0.05 33 -1.62 54 0
13 -0.08 34 -1.28 55 0
14 -0.11 35 -0.95 56 0
15 -0.16 36 -0.61 57 0
16 -0.23 37 -0.43 58 0.04
17 -0.32 38 -0.28 59 0.03
18 -0.43 39 -0.19 60 0.02
19 -0.62 40 -0.13 61 0
20 -0.92 41 -0.13 62 0
21 -1.3 42 -0.07

Table 4: Measured Subsidence Values for NA-2 Case Study, Longitudinal Line

Measured Measured Measured
Point Subsidence (ft) Point Subsidence (ft) Point Subsidence (ft)
1 -3.21 21 -3.43 41 -0.22
2 -3.17 22 -3.41 42 -0.19
3 -3.24 23 0 43 -0.16
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4 -3.21 24 -3.48 44 -0.14
5 -3.19 25 -3.44 45 -0.12
6 -3.15 26 -3.45 46 -0.1
7 -3.05 27 -3.42 47 -0.09
8 -2.99 28 -3.39 48 -0.09
9 -3.01 29 -3.31 49 -0.08
10 -3 30 -3.19 50 -0.06
11 -3.01 31 -3.06 51 -0.06
12 -3.03 32 -2.42 52 -0.06
13 -3.02 33 -2.1 53 -0.06
14 -3.04 34 -1.76 54 -0.04
15 -3.11 35 -1.42 55 -0.05
16 -3.22 36 -1.1 56 -0.03
17 -3.39 37 -0.81 57 -0.03
18 0 38 -0.6 58 -0.01
19 0 39 -0.43 59 0
20 -3.46 40 -0.29

The calibration function of SDPS was used to better match predicted subsidence
values with measured values for each line. Figure 5 and Table 5 indicate the
calibration parameters for the transverse line and Figure 6 and Table 6 indicate
the calibration parameters for the longitudinal line. Figures 18 through 21 in
Appendix | provide the subsidence calibration options yielding the calibrated
results for the transverse line. Appendix I, Figures 27 through 30 show the
calibration settings for the longitudinal line.

The calibration results for the two lines yield similar tangent of influence angle
(Tanb) values and similar subsidence factors (Smax/m). This is not uncommon
for two lines over the same panel. The difference in calibrated edge effect offset
between the two lines may be a result of the orientation of the lines with respect
to direction of mining or local geologic conditions. Despite the slightly higher
percentage error for the transverse line, and the undulation of the measured data
in the longitudinal line (Figure 6), this case study further validates the influence
function prediction technique.
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Figure 5: Transverse Line - matched predicted and measured subsidence profiles

Table 5: Transverse Line - calibration parameters

Tangent of
Influence | Subsidenc Edge
Iteration Angle e Factor Effect Percent
Rank Number (Tanb) (Smax/m) | Offset (ft) | Total Error Error
1 856 3.00 53.0 167.00 10.895 13.21
2 371 3.00 52.0 163.00 10.962 13.29
3 492 3.00 52.0 164.00 10.977 13.31

Figure 6: Longitudinal Line — matched predicted and measured subsidence profiles
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Table 6: Longitudinal Line - calibration parameters

Tangent
of
Influence | Subsidenc Edge
Iteration Angle e Factor Effect Total Percent
Rank Number (Tanb) (Smax/m) | Offset (ft) Error Error
1 963 3.10 49.0 218.00 29.332 9.50
2 897 3.10 49.0 216.00 29.333 9.50
3 969 3.20 49.0 218.00 29.362 9.51

4.4.3 NA-3 Case Study (Northern Appalachia)

This case study involves calibration of SDPS predictions with measured
subsidence values from two longwall panels in Northern Appalachia. The panels
are designated as Panel 1 North and Panel 3 North. One line of measured
subsidence data was collected for each of the two panels. The measured
subsidence values were collected as part of an investigation concerning possible
damage to a waterline due to undermining. As shown in Figures 31 and 40 of
Appendix 1, regional default values for tangent of influence angle, strain
coefficient, and time coefficient were used for both panels. The hardrock for both
was estimated to be approximately 21 percent based on a nearby drill hole log
(Appendix I, Figures 31 and 40). The estimated subsidence factors are 85%
(4.68 feet maximum observed subsidence/5.5 feet extraction height x 100%) for
Panel 1 North and 80.9% (4.45 feet maximum observed subsidence/5.5 feet
extraction height x 100%) for Panel 3 North (Appendix I, Figures 32 and 41).
Width to depth ratios for Panel 1 North and Panel 3 North are 1.84 (885 feet/ 480
feet) and 2.78 (890 feet/ 320 feet), respectively.

Due to the very large scale and relatively low quality of the maps included with
this case study, no scan of the original map is provided. Instead, each original
map was scaled down and redrawn by hand to allow for a scanned version to be
imported into AutoCAD. Figure 7 and Figure 8 show scans of the hand-drawn
maps with digitized panels and points.
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Figure 7: Scanned image of hand-drawn version of Panel 1 North with digitized panel and
points. The monitoring points are located along a road above the mine.
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Panel and Points AutoCAD layers for each panel were imported into SDPS.
Figure 9 shows the panel and points for Panel 1 North and Figure 10 shows the
panel and points for Panel 3 North. The edge effect offsets are also represented
in the figures. An average edge effect value is applied to all sides of Panel 1
North. In contrast, variable edge effect offset distances are applied to Panel 3
North. This is a result of numerous attempts to match measured values with
predicted values using the iterative calibration function. The need for variable
edge effect offsets is likely a result of influence from an additional panel located
just south of Panel 3 North. The additional panel was not included in the case
study due to insufficient data.
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Figure 9: Panel 1 North — Mine plan and prediction point locations in SDPS
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Figure 10: Panel 3 North — Mine plan and prediction point locations in SDPS. Note use of
variable edge effect.

Table 7 and Table 8 list the measured subsidence values for Panel 1 North and
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Panel 3 North, respectively. Figure 11 and Table 9 indicate the results of the
calibration procedures for Panel 1 North. Panel 3 North results are indicated in
Figure 12 and Table 10. Calibration resulted in similar values for tangent of
influence angle (Tanb) for the two panels (2.80 for Panel 1 North and 3.20 for
Panel 3 North). Both calibrations resulted in a subsidence factor (Smax/m) of
approximately 80%. The calibrated edge effect for Panel 1 North is 132 feet,
which is just slightly greater than the average of 118 feet estimated prior to
calibration. The post-calibration edge effect indicated for Panel 3 North (45 feet)
in Table 10 reflects only one of the edge effect values applied to that panel. Note
that the edge effect was restricted to be “as defined in mine plan” for Panel 3
North (Appendix I, Figure 48). The ability to assign variable edge effect values
and keep these values constant is a relatively new feature of SDPS that provides
more flexibility, and ultimately results in more accurate model calibration.

Table 7: Panel 1 North - Measured subsidence values

Measured Measured Measured
Point Subsidence (ft) Point Subsidence (ft) Paint Subsidence (ft)

1 0.06 22 -1.83 43 -4.68
2 0.04 23 -2.62 44 -4.51
3 0.03 24 -3.16 45 -4.45
4 0.05 25 -3.43 46 -4.13
5 0.02 26 -3.61 47 -3.59
6 0.03 27 -3.75 48 -2.59
7 0.03 28 -4.26 49 -1.44
8 0.02 29 -4.36 50 -0.75
9 0.03 30 -4.31 51 0
10 0.02 31 -4.4 52 -0.25
11 0 32 -4.43 53 -0.22
12 -0.01 33 -4.44 54 -0.2
13 -0.02 34 -4.43 55 -0.17
14 -0.04 35 -4.47 56 -0.16
15 -0.07 36 -4.45 57 -0.15
16 -0.09 37 -4.42 58 -0.15
17 -0.19 38 -4.34 59 -0.13
18 -0.28 39 -4.48 60 -0.47
19 -0.47 40 -4.59 61 -0.12
20 -0.48 41 -4.61

21 -1.04 42 -4.65

The errors associated with the calibrations from both panels are very low (both <
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9%, with Panel 1 North calibrating to less than 6% error), indicating that the
influence function method of SDPS is able to accurately represent measured

subsidence data.

technique of SDPS.

Table 8: Panel 3 North - Measured subsidence values

This case study further validates the influence function

Measured Measured Measured
Point Subsidence (ft) Point Subsidence (ft) Point Subsidence (ft)

1 0 26 -3.83 51 -0.91
2 0.02 27 -3.95 52 -0.41
3 0.02 28 -3.98 53 -0.15
4 0.03 29 -4 54 -0.04
5 0.03 30 -4.12 55 0

6 0.03 31 -4.16 56 0

7 0.03 32 -4.27 57 0.02
8 0.03 33 -4.41 58 0.01
9 0.03 34 -4.43 59 0.01
10 0.02 35 -4.34 60 0.03
11 0.02 36 -4.33 61 -0.01
12 0.01 37 -4.34 62 0
13 0.01 38 -4.4 63 0.01
14 -0.01 39 -4.45 64 0
15 -0.03 40 -4.24 65 0.01
16 -0.06 41 -4.37 66 0
17 -0.08 42 -4.38 67 0.01
18 -0.15 43 -4.39 68 0
19 -0.22 44 -4.42 69 -0.01
20 -0.35 45 -4.18 70 0
21 -0.53 46 -3.88 71 -0.8
22 -1.49 47 -3.46 72 0.03
23 -2.46 48 -3.43

24 -3.23 49 -2.85

25 -3.64 50 -1.72
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Figure 11: Panel 1 North - matched predicted and measured subsidence profiles

Table 9: Panel 1 North — calibration parameters

Rank Iteration | Tangent | Subsidence | Edge Total Percent
Number of Factor Effect Error Error
Influence (Smax/m) Offset
Angle (ft)
(Tanb)
1 887 2.80 81 132 27.352 5.96
2 656 2.90 81 130 27.359 5.96
3 777 2.90 81 131 27.395 5.97

Figure 12: Panel 3 North - matched predicted and measured subsidence profiles
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Table 10: Panel 3 North - calibration parameters

Rank Iteration | Tangent | Subsidence | Edge Total Percent
Number of Factor Effect Error Error
Influence | (Smax/m) Offset
Angle (ft)
(Tanb)
1 3 3.20 80 45 40.043 8.98
2 1 3.00 80 45 40.060 8.99
3 2 3.10 80 45 40.061 8.99

4.4.4 1L-1 Case Study (lllinois)

This case study involves data collected from two monitoring lines (Monument
Line 5 and Monument Line 6) over longwall panels in the Number 5 coal seam of
lllinois. The data in this case study was of only moderate to poor quality. Width
to depth ratios for the panels indicate that both are supercritical. The Monument
Line 5 panel has a width to depth ratio of about 1.21 (667 feet/550 feet) and the
Monument Line 6 panel has a width to depth ratio of about 1.45 (844 feet/582
feet). An average coal thickness of 9.5 feet, found in handwritten notes from the
coal company, was used for the case study (Appendix I, Figures 51 and 60).
50% hardrock was assumed in both cases due to a lack of data (Appendix I,
Figures 50 and 59). The estimated subsidence factor for Monument Line 5 is
56% (5.33 feet/9.5 feet x 100%), and 47% (4.47 feet/9.5 feet x 100%) for
Monument Line 6 (Appendix I, Figures 51 and 60).

Available mine maps were scanned with a desktop scanner and imported into
AutoCAD. The scanned maps were scaled, and each panel and monitoring point
locations were digitized. Figure 13 shows the mine and points for Monument
Line 5 and Figure 14 shows the mine and points for Monument Line 6.
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Figure 13: Monument Line 5 - Scanned image of mine map with digitized panels and
points. The map was retrieved from company information (The American Coal Company,
Galatia Mine, Harrisonburg, lllinois) submitted to the lllinois Department of Natural
Resources, Office of Mines and Minerals for permit application in 1989.
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Figure 14: Monument Line 6 - Scanned image of mine map with digitized panels and
points. The map was retrieved from company information (The American Coal Company,
Galatia Mine, Harrisonburg, lllinois) submitted to the lllinois Department of Natural
Resources, Office of Mines and Minerals for permit application in 1989.

For each monument line, the digitized panel and points were imported into
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SDPS. Figure 15 and Figure 16 show the SDPS representations of Monument
Line 5 and Monument Line 6, respectively. An average edge effect of 138 feet
was initially applied to the panels for both Monument Line 5 and Monument Line
6 (Appendix I, Figures 53 and 62).

-

Figure 15: Monument Line 5 - Mine plan and prediction point locations in SDPS
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Figure 16: Monument Line 6 - Mine plan and prediction point locations in SDPS

Measured subsidence data for Monument Line 5 and Monument Line 6 is
included in Table 11 and Table 12, respectively. The measured data was
entered into SDPS.

Table 11: Monument Line 5 — Measured Subsidence Note — Reverse numbering matches
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numbering on SDPS mine plan

Measured Measured
Point Subsidence (ft) Point Subsidence (ft)

31 -0.3 15 -1.08
30 -0.23 14 -1.86
29 -0.18 13 -2.84
28 -0.15 12 -3.74
27 -0.12 11 -4.27
26 -0.1 10 -4.53
25 -0.09 9 -4.69
24 -0.09 8 -4.9

23 -0.1 7 -5.12
22 -0.09 6 -5.18
21 -0.11 5 -5.25
20 -0.12 4 -5.18
19 -0.14 3 -5.27
18 -0.2 2 -5.26
17 -0.29 1 -5.33
16 -0.45

Table 12: Monument Line 6 — Measured Subsidence

Measured Measured
Point Subsidence (ft) Point Subsidence (ft)
1 -0.01 22 -4.02
2 -0.06 23 -4.02
3 -0.06 24 -4.03
4 -0.06 25 -4.06
5 -0.08 26 -4.1
6 -0.09 27 -4.15
7 -0.11 28 -4.24
8 -0.14 29 -4.36
9 -0.17 30 -4.45
10 -0.25 31 -4.47
11 -0.46 32 -4.46
12 -0.68 33 -4.37
13 -1.21 34 -4.21
14 -1.92 35 -3.93
15 -2.64 36 -3.33
16 -3.26 37 -2.52
17 -3.63 38 -1.69

Final Report on Mine Subsidence Prediction and Control Methodologies

33



18 -3.84 39 -1

19 -3.97 40 -0.61
20 -4.05 41 -0.43
21 -4.02 42 -0.35

Calibration parameters are presented in Figure 17 and Table 13 for Monument
Line 5 and in Figure 18 and Table 14 for Monument Line 6. It is important to note
the differences in calibration parameters that exist between Monument Line 5
and Monument Line 6. The calibration parameters for Monument Line 5 suggest
a tangent of the influence angle (Tan b) of 2.0 and an edge effect offset of 250
feet. Tan b = 2.0 is very low compared to the average value of Tan b = 3.5 for
previously analyzed lIllinois data, established by previous studies of lllinois
subsidence during the development of SDPS. Similarly, an edge effect of 250
feet is unusually high (and may have been higher if not restricted during the
calibration procedure, see Figure 57 in Appendix I). The calibration of Monument
Line 6 yields parameters more common to lllinois subsidence, a Tan b of 4.60
and an edge effect offset of 85 feet. Such a large difference in calibration
parameters between measurement lines located so close together may suggest
that an anomalous geologic condition exists. The difference may also be an
indication of limitations of the prediction program or attributable to human error
associated with the calibration process. The difference may also be a result of
the unusual orientation of Monument Line 5 with respect to the panel (see Figure
13). Monument Line 6 is aligned as a transverse profile of the panel, a more
common alignment for measuring subsidence.
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Figure 17: Monument Line 5 - matched predicted and measured subsidence profiles
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Table 13: Monument Line 5 - calibration parameters

Rank Iteration | Tangent | Subsidence | Edge Total Percent
Number of Factor Effect Error Error
Influence | (Smax/m) Offset
Angle (ft)
(Tanb)
1 51 2.00 55 250 19.694 6.49
2 50 2.00 55 249 19.949 6.58
3 49 2.00 55 248 20.197 6.66
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Figure 18: Monument Line 6 — matched predicted and measured subsidence profiles

Table 14: Monument Line 6 - calibration parameters

Rank Iteration | Tangent | Subsidence | Edge Total Percent
Number of Factor Effect Error Error
Influence | (Smax/m) Offset

Angle (ft)
(Tanb)

1 159 4.60 43 85 26.065 7.05

2 171 4.90 43 85 26.250 7.10

3 167 4.80 43 85 26.256 7.10

The calibration parameters for Monument Line 6 (only 7.05% error) are similar to
previous results obtained from studies of lllinois subsidence, and serve to further
validate the influence function method utilized by SDPS. The results for
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Monument Line 5 also indicate that SDPS is able to match the predicted
subsidence with measured subsidence (only 6.49% error). However, the results
of Monument Line 5 also raise some questions due to inconsistency with
previously determined subsidence parameters typical for lllinois.

4.4.5 IL-2 Case Study (lllinois)

This case study involves data from above a longwall mine in south central lllinois.
The mine is located adjacent to, and beneath, a lake. The lake is the centerpiece
of a very active recreation area. The data was collected as part of a study to
minimize the subsidence effects of high extraction mining of the Herrin (#6) coal
seam. The lake is situated over part of the largest low sulfur coal reserve in
lllinois (Powell, et al. 1992). Deposits of the Herrin (#6) coal are at a depth of
about 600 to 700 feet beneath the lake. The coal ranges from 6 feet thick to 11
feet thick in the area of the lake (Powell, et al. 1992). An extraction thickness of
10 feet was used for calibration purposes. A value of 20% hardrock for the area
is reported by Powell, et al. (1992) and used for calibration (Appendix |, Figure
68).

The case study involves a subsidence measurement line that traverses two
adjacent panels. Considering each panel separately, the width to depth ratio is
approximately 0.89 (611 ft/687 ft) indicating that the panels are subcritical. There
is a 180 feet thick barrier between the panels, the presence of which is very
pronounced in the subsidence data. Therefore, the panels could not be
considered as a single subsidence trough. A pre-calibration subsidence factor of
50% was used for both panels (Appendix I, Figures 69 and 70). The pre-
calibration estimate of the subsidence factor for the left panel is 51% (5.12
feet/10 feet x 100%) and 48% (4.83 feet/ 10 feet x 100%) for the right panel.

The original mine map was scanned with a desktop scanner and imported into
AutoCAD. Two panels and the points along Pin Line 1 were digitized. The
scanned mine map with digitized components is shown in Figure 19. An average
edge effect offset of 108 feet was originally applied to all sides of both of the
panels (Appendix I, Figures 72 and 73). This edge effect offset was estimated
based on an average panel width of 611 feet and an average depth of 687 feet.
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Figure 19: IL-2 Case Study Pin Line 1 - Scanned image of mine map with digitized panels
and points. (Coal minein lllinois, reprinted with company permission, mine location and
company name confidential).

The digitized points and panels were imported into SDPS. Figure 20 shows the
mine plan (including applied edge effect offsets) and prediction points as
imported into SDPS.
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Figure 20: Pin Line 1 - Mine plan and prediction point locations in SDPS

Measured subsidence data used for this case study is provided in Table 15.
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Table 15: Measured subsidence data for Pin Line 1

Measured Measured Measured
Point Subsidence (ft) Point Subsidence (ft) Point Subsidence (ft)
1 0 39 -4.97 77 -4.76
2 0 40 -4.91 78 -4.52
3 0 41 -4.82 79 -4.83
4 0 42 -4.67 80 -4.72
5 0 43 -4.42 81 -4.58
6 0 44 -4.02 82 -4.41
7 0 45 -3.29 83 -4.13
8 0 46 -2.43 84 -3.72
9 0 47 -1.61 85 -3.25
10 -0.04 48 -0.91 86 -2.73
11 -0.11 49 -0.54 87 -2.16
12 -0.12 50 -0.33 88 -1.55
13 0.04 51 -0.24 89 -0.47
14 -0.13 52 -0.2 90 -0.3
15 -0.14 53 -0.19 91 -0.23
16 -0.15 54 -0.18 92 -0.19
17 -0.16 55 -0.16 93 -0.15
18 -0.17 56 -0.15 94 -0.13
19 -0.19 57 -0.14 95 -0.1
20 -0.22 58 -0.14 96 -0.09
21 -0.24 59 -0.17 97 -0.08
22 -0.27 60 -0.15 98 -0.07
23 -0.3 61 -0.18 99 -0.05
24 -0.36 62 -0.37 100 -0.04
25 -0.44 63 -0.2 101 -0.02
26 -0.54 64 -0.13 102 -0.03
27 -0.73 65 -0.5 103 -0.02
28 -1.17 66 -0.25 104 -0.03
29 -2.04 67 -0.53 105 -0.02
30 -2.93 68 -1.25 106 -0.01
31 -3.65 69 -2.09 107 -0.01
32 -4.22 70 -2.83 108 -0.01
33 -4.65 71 -2.9 109 0
34 -4.92 72 -3.82 110 -0.01
35 -5.06 73 -4.1 111 0.01
36 -5.12 74 -4.3
37 -5.12 75 -4.55
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Measured Measured Measured
Point Subsidence (ft) Point Subsidence (ft) Point Subsidence (ft)
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Figure 21: Matched predicted and measured subsidence profiles

Table 16: Calibration parameters

Rank Iteration | Tangent | Subsidence | Edge Total Percent
Number of Factor Effect Error Error
Influence | (Smax/m) Offset
Angle (ft)
(Tanb)
1 163 4.50 50 137 56.468 8.71
2 266 4.80 48 140 56.609 8.73
3 231 4.70 48 139 56.747 8.76

Figure 21 and Table 16 display the matched subsidence profile lines and the
calibration parameters, respectively. The restrictions applied to the calibration
are provided in Figures 75 through 78 in Appendix I. The calibrated value of Tan
b is slightly higher than the typical Tan b of 3.5 established for subsidence in
lllinois by studies conducted during the initial development of SDPS. The
calibration-derived subsidence factor is exactly the same as the pre-calibration
estimate, and the calibrated edge effect is only slightly higher than the pre-
calibration estimate. Despite the subcritical subsidence classification, the
calibration yields a relatively low error (8.71 %), further validating the influence
function method utilized by SDPS.
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4.4.6 AL-1 Case Study (Alabama)

This case study is involves measured final subsidence values from above a
longwall mine near Alabama Highway 216. The data was collected along the
roadway where it passes over top (or very nearby to) four longwall panels. The
data used for this case study was only of moderate quality. If only individual
panels are considered for this case study, the width to depth ratio is
approximately 0.49 (970 ft/2000 ft), which suggests a subcritical situation.
However, if the four panels are considered together, the width to depth ratio is
2.26 (4515 ft/2000 ft), and the panel is considered supercritical. While the
presence of the barriers between the pillars can be identified to some degree in
the measured subsidence data, the overall shape of the subsided area appears
to act much like one basin (see Figure 24). To acknowledge the presence of the
barrier pillars, the calibration was completed using four separate parcels
(panels).

Average elevations were estimated for all monitoring points, and for the mine
itself, using a limited number of drill hole logs. Drill hole logs suggest highly
variable estimates of percent hardrock. A value of 80% hardrock was used
(Appendix 1, Figure 79). The average coal thickness in the mine was estimated
using drilling records to be around 6.38 feet (Appendix |, Figure 80). The pre-
calibration estimate of subsidence factor is 54% (3.43 feet/6.38 feet x 100%) and
was applied to all four panels (Appendix I, Figures 80 through 83).

The relatively large scale of the initial mine map required photocopying at a
reduced scale to create a map that could be scanned with a desktop scanner.
The scanned image was imported into AutoCAD and scaled appropriately. Four
longwall panels and all monitoring points were digitized as shown in Figure 22.
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Figure 22: Scanned image of mine map with digitized panels and points. The map was

provided to Dr. Michael Karmis of the Center for Coal and Energy Research at Virginia

Polytechnic and State University by Jim Walter Resources (#5 Mine, East Brookwood,
Alabama, 2001)

The digitized panels and point were imported into SDPS (Figure 23).

Figure 23: Mine plan and prediction point locations in SDPS
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As indicated in Figure 23, variable edge effect offset distances were applied to
the panels. The edge effects specified in the mine plan were used for calibration
(Appendix I, Figures 85 through 92). Figure 96 of Appendix | indicates the SDPS
setting that forces the calibration function to use the edge effect “AS defined in
mine plan”. Edge effect adjustments to each panel were made manually by
observing the graphical comparison of predicted versus measured profile curves
during the iterative calibration process.

The measured final subsidence values for this case study are provided in Table
17.

Table 17: Measured subsidence values

Measured Measured
Point Subsidence (ft) Point Subsidence (ft)

1 -0.2 21 -3.36
2 -0.24 22 -3.26
3 -0.26 23 -2.84
4 -0.31 24 -2.61
5 -0.36 25 -2.6
6 -0.46 26 -2.72
7 -0.6 27 -2.67
8 -0.57 28 -3.21
9 -1.1 29 -2.74
10 -1.46 30 -1.55
11 -2.12 31 -04
12 -3.11 32 -0.08
13 -3.43 33 -0.12
14 -2.93 34 -0.13
15 -3.4 35 -0.14
16 -2.58 36 -0.13
17 -2.58 37 -0.09
18 -2.57 38 -0.09
19 -2.68
20 -2.99

Figure 24 displays the matched subsidence profiles and Table 18 displays the
calibration parameters. The calibrated Tanb of 2.10 is very close to the average
Tan b for the eastern U.S. (2.31), as defined by previous studies. The
calibration-derived subsidence factor value of 88% is consistent with the pre-
calibration estimate (80%). 15.48% error is relatively high compared to many of
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the other case studies, but this particular case study is somewhat more
complicated than others due to the number of panels, irregular orientation of the
monitoring line with respect to the panels, use of an average value to represent
depth of the mine, and the fact that the monitoring points were located along a
highway where they may have been affected by unknown variables. The
relatively excessive depth of this mine (approximately 2000 feet) is also likely to
be a contributing factor leading to the higher error involved with this case study
calibration. Most of the data upon which SDPS is based was measured over
shallower mines.

OO 2Q00 4Q00 GQOO 8000
— T T T
g
¥ & Cacuiated112
o -1t
(&)
c
(]
S 2
n
O
-
0 37
& Vessured 112
-4——

Distance (ft)

Figure 24: Matched predicted and measured subsidence profiles

Table 18: Calibration parameters

Rank Iteration | Tangent | Subsidence | Edge Total Percent
Number of Factor Effect Error Error
Influence | (Smax/m) Offset
Angle (ft)
(Tanb)
1 12 2.10 88.0 250 25.593 15.48
2 13 2.10 89.0 250 25.973 15.71
3 2 2.00 86.0 250 26.195 15.85

The right side of the subsidence profile in Figure 24 (which corresponds to the
left side of the monitoring points in Figure 23) appears to be the source of much
of the calibration error. Appendix I, Figure 86 indicates that an edge effect of 250
feet was applied to the left side of the left-most panel (edge effect was held to “as
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defined in mine plan” during calibration). Numerous manual adjustments of the
edge effect at this location were completed during the calibration process, with
the current model being the best fit possible. Overall, this case study serves as a
good example of the ability to account for multiple variables associated with more
complicated subsidence scenarios using SDPS.

4.5 Discussion

The case studies presented in this section confirm the validity of the subsidence
prediction methodology of SDPS and demonstrate the ability of the methodology
to accommodate various subsidence scenarios. In most cases, the influence
function methodology is able to fit prediction profiles to measured profiles with
less than 10% error. It should be emphasized that when measured values are
not available for calibration, the operation can use default values for subsidence
engineering parameters for predictions. However, when measurements are
available, then site specific values can be determined and subsequently applied
to predict surface deformations at neighboring locations. The case studies also
demonstrate the flexibility of the influence function, as a powerful tool for a
comprehensive analysis of ground movements due to underground mining.

As demonstrated by the case studies, the influence function can achieve
accurate calibration despite a lack of abundant data. The case studies also
demonstrate the various ways in which data and maps can be input to the
program (scans of original maps, reduced photocopies, hand-drawn to scale
maps). Furthermore, accurate model calibration is achieved over single panels,
as well as over numerous adjacent panels. Calibrated tangent of influence angle
(Tan b) values can be compared to previously-determined, regional Tan b values
to assess the validity of the calibrations. Differences in Tan b and subsidence
factor values for measurement lines in the same area or over the same mine can
also be used to identify questionable data or anomalies, whether geologic or
otherwise.

The flexibility of the influence function method of SDPS is further exemplified in
many of the case studies by the ability to assign variable edge effects to different
sides of a single panel. This option allows for more accurate calibration where
nearby excavations or anomalous geologic conditions may affect one or more
sides of a panel differently. The manually-defined edge effects are held constant
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for computer-driven calibration procedures and can be adjusted based on
evaluation of calibration results and site-specific features.

Some of the error associated with calibrated results is undoubtedly a result of
measurement error. Other errors may be attributable to site-specific anomalous
conditions that must be evaluated separately for each case. In case study NA-1,
some of the error appears to be a result of the inability of the SDPS influence
function methodology to account for positive values of subsidence (upsidence, or
where the ground has moved upward as a result of ground deformation). In AL-
1, the greater depth of the mine relative to the majority of mines evaluated for the
development of SDPS may have some effect on the accuracy of the calibration.

The collection and calibration of subsidence case study data form the basis of
key relationships used by the influence function of SDPS. The case studies
discussed in this chapter further validate the method, while also providing insight
into some of the limitations of the methodology.
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5. Objective II: Improve Prediction Methodologies
5.1 Modeling the Dynamic Deformations

5.1.1 Basic Concepts

An understanding of the difference between final, or static, subsidence and
dynamic subsidence must be established in order to properly assess almost any
mine subsidence issue. In general, the dynamic subsidence differs from the final
subsidence in that it is the subsidence movements that occur as mining
progresses toward, beneath, and past a point on the surface. In contrast, static
or final subsidence relates to the degree of subsidence that occurs at a given
point on the surface after the mining has passed the point and no further
subsidence-related movements are expected to occur. The distinction between
dynamic and static states of subsidence is very important because the
distribution of strains, and therefore damage potential, for each condition is
significantly different. When evaluating an area to be undermined, it is important
that mining engineers assess the damage potential from both dynamic and static
subsidence. The final, static subsidence trough that develops over a mined area
will have permanent effects on the surface structures located near the edges of
the subsidence basin due to tensional strains. Depending on the size and depth
of the mine, an additional amount of area within the subsidence basin may be
affected by compression. In the case of dynamic subsidence, the majority of
surface area within the final subsidence basin will experience both tensile and
compressive strains as mining progresses. Surface structures may be damaged
by both tension and compression. A basic diagram depicting the concept of a
moving “wave” of subsidence, accompanied by both tensile and compressive
strains, is presented in Figure 25.

The concept of dynamic subsidence is not new. Dixon (1885) recognized “the
existence of a leading and following wave of disturbance” associated with
underground mining. Other researchers also noticed similar phenomena, and in
1948, Perz made one of the earliest attempts to mathematically describe the
characteristics of dynamic subsidence (Whittaker and Reddish, 1989). Perz
(1948) created an early form of a subsidence time development plot that
indicates the percentage of total subsidence of a single point on the surface over
time, after initial undermining of the point.
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Figure 25: Dynamic subsidence as a moving “wave” accompanied by both tensile and
compressive strains (after Geddes and Cooper, 1962).
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Figure 26: Expected subsidence of a surface point over time as a mine face progresses
toward, underneath, and past the point. Image modified from National Coal Board (1975).

More recent work associated with subsidence development plots has been
completed. Two noteworthy publications include National Coal Board (1975) and
Jarosz, et al. (1990). The Subsidence Engineers’ Handbook by the National Coal
Board (1975) includes analyses of numerous dynamic subsidence case studies
from England. Figure 26 displays the vertical subsidence (expressed as a
percentage of the total subsidence at the point) expected with regard to the
position of a moving longwall face (expressed as ratio of face distance from the
surface point to coal seam depth). Movement of the longwall face progresses
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from in front of the surface point (left side of Figure 26), under the surface point
(0 on the x-axis), and past the surface point (right side of Figure 26).

As shown in Figure 26, data collected by the National Coal Board indicates that
the subsidence at a given surface point will be 15.5% of the final expected
subsidence at that point when the mine face is directly beneath the surface point.
The figure also indicates that 50% of the final expected subsidence will occur at
the surface point when the mine face has passed the point by a distance of 0.23
x the depth of cover (or thickness of overburden). In the same way, 97.5% of
final expected subsidence is likely to occur when the mine face has advanced 0.7
x the depth of cover. The type of plot shown in Figure 26 is a very important tool
for workers seeking to mitigate the effects of dynamic subsidence. While the
subsidence development plot in the Subsidence Engineers’ Handbook is derived
from data collected in English coalfields, the concept of the plot is easily
transferrable to other areas, provided that adequate data is available.
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Figure 27: Jarosz, et al. (1990) confirmed three phases of subsidence development and
produced a conceptual subsidence development plot. Image modified from Jarosz, et al.
(1990).
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Jarosz, et al. (1990) confirmed three separate phases of subsidence
development which they refer to as initial, main, and residual. Using this
concept, they produced their own conceptual subsidence development plot using
data from the Appalachian coalfields in the United States (Figure 27).

With the intention of obtaining the means to predict dynamic subsidence, Jarosz,
et al. (1990) reviewed numerous mathematical functions relating subsidence and
time. They stated that it is important that the final form of a time-subsidence
eguation be based on the same type of equation used to describe the final state
of subsidence. Since they were interested in creating a time-subsidence
equation to predict dynamic subsidence related to the final subsidence predicted
by SDPS, they chose the subsidence equation proposed by Knothe (1953) that
uses the influence function based on the normal distribution of influences.
Jarosz, et al. (1990) used the Knothe (1953) methodology to develop a
conceptual solution for longwall mining of a rectangular excavation panel with
one advancing side. The mathematics developed by Knothe (1953) and adapted
by Jarosz, et al. (1990) form the basis for the dynamic subsidence development
function recently implemented into SDPS. An additional result of the work done
by Jarosz, et al. (1990) is an equation for approximating the time required for
dynamic movements to reach the end of the main phase of subsidence (phase
2). Accurate prediction of the end of the main phase of subsidence is particularly
important for subsidence mitigation activities and for planning development of
surface structures on recently undermined land. For example, placing buildings
over undermined areas prior to the completion of the main phase of subsidence
may result in avoidable damage. Further discussion of the methodology by
Knothe (1953) and Jarosz, et al. (1990) is provided in section 5.1.2.

In addition to a traveling “wave” of observed vertical displacement due to
subsidence, progression of other subsidence parameters, such as ground strain,
are also recognized. Wardell (1957) was one of the first to demonstrate a
“consistent travelling ground strain profile” for dynamic subsidence (Figure 28), a
very significant step toward understanding the differences between static and
dynamic subsidence and the associated damage potential.
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Figure 28: In 1957, Wardell demonstrated a “consistent travelling ground strain profile” for
dynamic subsidence. Image modified from Wardell (1957) in Whittaker and Reddish (1989).

The ability to predict dynamic subsidence parameters, particularly strains, allows
for minimization and efficient mitigation of damage to surface structures. Luo, et
al. (2005) as well as many others demonstrate the importance of predicting
dynamic movements related to subsidence. For example, Luo, et al. (2005)
presents a case study in which a large, long warehouse-like building was
successfully protected from dynamic subsidence damage. Expected
characteristics of the dynamic subsidence were calculated, critical strength
values for sections of the building were estimated, and mitigation techniques
were employed to lessen the expected damage. In this particular case, the long
building was actually cut into sections, which were then wrapped in cables. The
mitigation efforts allowed the individual sections of the building to ride over the
“wave” of subsidence and avoid damage due to angular distortion, ground strain,
and differential settling (Luo, et al. 2005).

Preusse, et al. (2003) also presents a case in which the dynamic characteristics
of surface deformation were successfully predicted to mitigate the degree of
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damage to a 24-inch pipeline carrying numerous hydrocarbons. Instead of
securing or modifying surface structures to withstand the effects of the dynamic
deformations, the face advance rate of the mining was adjusted to decrease the
maximum induced surface strains. Other examples of prediction and mitigation
to lessen the effects of both final and dynamic ground deformation movements
are included in Section 6.

5.1.2 Implemented Methodology

The methodology discussed by Jarosz, et al. (1990), and based on Knothe
(1953), has been implemented into SDPS to enable the prediction of dynamic
subsidence experienced by surface points as longwall mining approaches,
passes, and moves away. The basic time-subsidence function proposed by
Knothe (1953) is:

$(t) = c[S'(H)-S(1)] [1]
Where,

S'(t) = final subsidence,

c = time coefficient, and

S(t) = subsidence at time t.

(Knothe, 1953, as presented in Jarosz, et al., 1990)

As shown in Figure 27, the methodology by Jarosz, et al. (1990) includes three
phases of subsidence development (initial, main, and residual). In the
Appalachian region, the main and residual phases of subsidence are believed to
often constitute approximately 90% of the total subsidence (Jarosz, et al., 1990).
Using the relationship by Knothe (1953), and an influence function for final
subsidence at a point above a panel, Jarosz, et al. (1990) developed the
following equation for calculating subsidence development due to undermining by
a longwall panel. The equation assumes that the longwall panel has a constant
width and that the extraction advances at a constant rate.
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Where,
Y, =¥, + Vi,
x, = the starting x-coordinate for the advancing panel (assumed to be 0),
v = the rate of advance of mining (assumed to be constant),
t = the time since mining began,
x1 and X, = x-coordinates for the advancing panel,
y1 and y, = define the width of the advancing panel (assumed to be
constant),
z = value defining the depth of mining,
&t = time since excavation time stopped (&t = 0 for advancing faces),
57 = final subsidence at time t,
u = = X,

¢, = time coefficient for horizon z,
r, = the radius of influence at the z horizon (ground surface), and

EEEE = magnitude of translation used to calculate subsidence due to

advancing longwall (see discussion below). (Jarosz, et al., 1990)

The first part of the equation represents final, asymptotic subsidence at a point.
Subsidence development at the point while the face is moving (constant velocity)
is represented by the first two parts of the equation. Finally, the residual
subsidence, or the subsidence development between the time at which the face
stops and the time when the maximum subsidence is reached, is represented by
the entire equation (Jarosz, et al., 1990).

To calculate the subsidence due to the advancing longwall at a given point, the
methodology proposed by Jarosz, et al. (1990) evaluates the effects of extraction
at an offset panel location. For any actual panel location, the method calculates
the predicted effects of subsidence from a panel position offset a distance equal
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to Eif-in the opposite direction of mining advance (second part of equation 2).

The offset distance is referred to as the magnitude of translation. Prediction of
subsidence due to an advancing longwall panel involves numerous calculations
of predicted subsidence for translated panel positions corresponding to each
actual panel location. The calculations reduce the final subsidence for each face
location according to the influence of the offset (or translated) panel location.
The overall effect of the translations is that the higher the advance rate, the
greater the effective edge effect (combination of static edge effect and offset
distance due to panel advance). Figure 29 illustrates the difference between
predicted dynamic subsidence for an advance rate of 20 feet/day as compared to
predicted subsidence for an advance rate of 30 feet/day. As is evident from the
figure, a more rapid face advance rate (30 feet/day) yields less subsidence than
a slower face advance rate (20 feet/day), for the same face location. This
relationship causes the inflection point of the dynamic subsidence curve (which
defines the offset distance due to panel advance) to be located further from the
actual panel location, therefore increasing the offset distance due to panel
advance.
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Figure 29: Comparison of predicted dynamic subsidence for same point with varying
advance rates.

Jarosz, et al. (1990) also proposes a method for estimating the time required for
the main subsidence phase to cease as the panel moves away from the surface
point. The basic relationship is:

Ate—+4 [3]

ole
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Where
At = time period of main subsidence phase (see Figure 27)
r = range of influence of the panel
v = speed of extraction

¢ = time coefficient (Jarosz, et al., 1990)

The main phase of dynamic subsidence development is believed to include
approximately 75% of total subsidence (Jarosz, et al.,, 1990). Therefore, an
estimate of the end of the main phase can be useful for planning post-mining
surface development and for determining the likelihood that post-mining damage
is related to mining.

5.1.3 Validation of Method

The following dynamic subsidence case studies were completed to test the
validity of the methodology proposed by Jarosz, et al. (1990). The work involves
data collected from case studies NA-2 and IL-1. More information regarding the
case studies is available in Section 4. For validation, measured dynamic
subsidence data is compared to the predicted dynamic subsidence curve
generated for each case study. For case study data to be used for comparison, it
must include multiple subsidence measurements taken over time at an
established monument point as the longwall panel advanced toward, beneath,
and beyond the point. The location of the longwall face with respect to the
monument point and the date must also be known for each measurement.
Ideally, measurements at the point should have started before the longwall was
close enough to have caused any movements at the point.

Subsidence parameters determined by calibration with measured final
subsidence data (Section 4) are used for dynamic subsidence prediction. For
each case, the predicted (blue line) and measured (green line) dynamic
subsidence movements are compared graphically. On each graph, the
monument point is located at x = 0. Values on the y-axis indicate magnitude of
subsidence, with y = 0 being the pre-mining location of the surface points.
Negative x values are used to indicate the location of the panel in front of the
point (as it approaches). Positive values on the x-axis indicate the distance of
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the panel past the point (as the panel moves away and the point has been
undermined).

The graphical outputs also include a predicted final subsidence line (black). The
vertical distance between the predicted dynamic subsidence line and the
predicted final subsidence line at any point indicates the expected residual
subsidence possible at the point if the panel was to stop at that position relative
to the point. A vertical line (red) is included to indicate the location of the
advancing face past the monument point at which the main phase of subsidence
is estimated to be complete. Screen shots of the SDPS windows used for
dynamic subsidence prediction are included in Appendix Il. Appendix Il is
referenced throughout the text to facilitate description of the procedures followed
for each case study.

5.1.4 NA-2 Dynamic Case Study (Northern Appalachia)

The details of this case study are available in the previous chapter. Prediction of
dynamic subsidence was done on six points as shown in Figure 30.

Pomt 650E J

| Point 175E

: | Point 100E v}‘es Point 500E Pomt 750E
OO ‘J IO kT
D otrores som o ,_ l 41_,/’"1_ Jee M

NI

Figure 30: Monitoring points used for dynamic prediction-measured subsidence
comparison. Mine map base from coal mine in Northern Appalachia
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i:igure 31 shows a surface point and an approaching longwall mine panel with
edge effect as it is shown in SDPS. Each of the points in this case study was
modeled as shown in Figure 31.

Direction
Mine Monitoring
Advance \M nt

#=h22 0735 y=1803.663

Figure 31: Representation of mine panel with edge effect and dynamic subsidence
prediction point.

Subsidence parameters for this dynamic case study come directly from the
results of the calibration procedures completed in Section 4. Figure 32 shows
that the tangent of the influence angle used for this case is the same (3.10) as
the value resulting from calibration (Table 6). An average rate of panel advance
of 19 feet/day was calculated using data available from the coal company (Figure
33). Figure 33 also indicates other settings used for the dynamic prediction, as
well as an animation of the advancing panel used to confirm the settings prior to
running the model.

The measured dynamic subsidence development data, to which predicted values
are compared, is provided in the upper left column of Table 21. Entry of the
measured dynamic subsidence data is done using the Subsidence Development
Data option from the Prediction Points Management screen (Figure 34 and
Figure 35). The data includes the measured subsidence and the location of the
face relative to the monitoring point/prediction point.
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Figure 32: NA-2 Dynamic Case Study - SDPS Project Description Screen
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Figure 33: NA-2 Dynamic Case Study — Dynamic Options Screen
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Figure 34: NA-2 Dynamic Case Study — Prediction Points Management Screen
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Figure 35: NA-2 Dynamic Case Study — Subsidence Development Data

Calculation of predicted dynamic development is initiated using the Calculate —
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Development of Deformations option from the main SDPS menu. Figure 36
indicates the calculation settings used for this case study. To compare the
predicted values with measured subsidence values, a graph is generated. The
Graph Options section shown in Figure 36 provides options for graph generation.
The distance of the face relative to the point may be shown as a fraction of the
depth of the mine and the deformations may be shown as a fraction of the
maximum subsidence at the point. For the purposes of this discussion, the
graphs show the subsidence in feet relative to the pre-mining ground elevation.
Similarly, the relative distance of the face from the monitoring/prediction point is
indicated as feet in front of the point (negative x-axis) and feet past the point
(positive x-axis).

w| Surface Deformation Development Calculation @

Output File Specifications

File Prefix Code [pad Browse

Output Path |E: \Documens and Settings\Kevin\My Documents\MySOPS

DOutput Options Cefault Graph Index
~ (+ Subsidence
d '

g =
= —
o -
Graph Dptions Feport Options

-
¥ Include Input Data
v Delete Graph Files on Exit

[~ Set Distance in Teims of Depth

[~ Set Deformations as Ratio to Maximum
[v Compare b Final Deformations

v Flot Measwed Values

v Mark the of the Main Phase of Dynamic

Help Close

View Analysis
and Results

Graph Cancel Calculate

Figure 36: NA-2 Dynamic Case Study — Surface Deformation Development Calculation
Screen

The results of dynamic subsidence prediction and comparison with measured
values for Point O (Figure 30) is shown in Figure 37. The graph includes the
predicted final subsidence at Point O as related to the position of the face, as well
as the calculated estimate of the end of the main phase of subsidence. The
comparison in Figure 37 shows very good correlation of predicted and measured
subsidence values for face distances greater than 300 feet past the point. While
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the predicted and measured values do not appear to correlate as closely for face
distances closer than 300 feet past the point, it is important to note that the
measured values are limited in number and it is possible that more frequent
measurements during the early phase of subsidence development may have
resulted in better correlation.

1__
g f —+ f f f f { / dynamic
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S
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g # end of main
(0p) 3+ phase
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Distance from Face (ft)

Figure 37: Comparison of dynamic subsidence prediction with measured subsidence
values at Point 0

The correlation of predicted values with measured values, as shown in Figure 37,
is important for assessing the affects that dynamic development of subsidence
will have on surface structures. However, the limitations of the prediction
methodology must be understood. The following two examples use the
abundance of data available for case study NA-2 to demonstrate how rate of face
advance can have significant effects on dynamic development predictions.

The face advance rates for the NA-2 mine are summarized in Table 19. The
rates were calculated by measuring the distance between known face locations
and dividing by the time difference between the two face locations. The result of
dynamic subsidence prediction for Point O using a 37 ft/day average advance
rate (as calculated in Table 19) is shown in Figure 38.

Table 19: Average advance rate calculations using all available data

face advance time to advance advance rate
distance (ft) distance (day) (ft/day)
10/30/1984
11/5/1984 75 6 12.5
11/12/1984 105 7 15
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Figure 38: Dynamic subsidence prediction using a 37 ft/day average advance rate

Using a 37 ft/day average advance rate, the measured data does not fit very well
with the predicted dynamic subsidence. In an attempt to decrease the range of
estimated advance rates and produce better correlation of measured and
predicted values, the highest and lowest advance rates were eliminated and the
average advance rate for the face was recalculated. Table 20 displays the
changes and the new average advance rate of 19 ft/day, and Figure 39 shows

the resulting fit of predicted data with measured data.
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face advance time to advance advance rate
distance (ft) distance (day) (ft/day)
11/16/1984 75 4 19
11/20/1984 70 4 18
11/23/1984 30 3 10
11/28/1984 125 5 25
12/3/1984 125 5 25
12/6/1984 143 3 48
12/12/1984 167 6 28
12/17/1984 65 5 13
12/20/1984 120 3 40
12/27/1984 60 7 9
1/3/1985 105 7 15
1/4/1985 35 7 5
average 37
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Table 20: Average advance rate calculations after elimination of highest and lowest
estimated advance rates.

face advance time to advance advance rate
distance (ft) distance (day) (ft/day)
10/30/1984
11/5/1984 75 6 12.5
11/12/1984 105 7 15
11/16/1984 75 4 19
11/20/1984 70 4 18
11/23/1984 30 3 10
11/28/1984 125 5 25
12/3/1984 125 5 25
12/6/1984 143 3 (48)
12/12/1984 167 6 28
12/17/1984 65 5 13
12/20/1984 120 3 40
12/27/1984 60 7 9
1/3/1985 105 7 15
1/4/1985 35 7 (5)
average 19
1__
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o
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Figure 39: Dynamic subsidence prediction using a 19 ft/day average advance rate

As is evident, because the current methodology assumes a constant rate of
panel advance, advance rate significantly affects the accuracy of dynamic
subsidence prediction. For this reason, quality monitoring of face advance rate
and careful assessment of data to be used for calculating average advance rates
are necessary for accurate dynamic subsidence prediction.
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The next example also illustrates the importance of careful assessment of the
mining sequence when evaluating the validity of dynamic subsidence predictions.
Table 19 provides measured dynamic subsidence data for each monitoring point
shown in Figure 30. All monitoring points are located along the same longitudinal
profile line over the NA-2 panel. The predictions are based on an average face
advance rate of 19 ft/day. Graphs comparing the predicted and measured
dynamic subsidence development values for each point are presented in Figure
40. There is good correlation for Point 0 and Point 100E.  However, the
correlation between predicted and measured values is poor beginning at Point
175E. In fact, the measured values actually begin to correlate very well with
predicted final subsidence for Point 500E, Point 650E, and Point 750E. One
possible reason for the discrepancies between predicted and measured values at
Points 500E, 650E, and 750E may be the greater deviation of advance rate from
the calculated average of 19 ft/day (Table 19 and Table 20). Also, the calculated
advance rates for the panel just before it reached its end decreased significantly
(9 ft/day and 5 ft/day). The slower advance rates (compared to the average of 19
ft/day) near the end of the panel may have allowed the surface to settle to final
subsidence levels while the panel was still nearby. Good correlation between the
measured values and the predicted final subsidence may suggest that very little
residual subsidence is likely near the end of a panel as it slows down.

The previous examples suggest that care must be taken when assessing the
reliability of dynamic subsidence predictions. In particular, calculations of
average face advance rate must be done carefully. The prediction methodology
assumes a constant rate of advance. Therefore, subsidence over panels with
more constant advance rates, or over sections of panels with advance rates
closer to the panel average, is likely to correlate better with predicted values.
When dealing with panels that have inconsistent face advance rates, it may be
better to make predictions for small intervals of the panel, each with its own
average advance rate.
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Table 21: Measured dynamic subsidence values and distances between mine face and
surface points

Distance between

Distance Between

Distance Between

Measured Mine Face and Measured Mine Face and Measured Mine Face and

Deformation at | Monitoring Point | Deformation at | Monitoring Point | Deformation at| Monitoring Point
Point 0 (ft) (ft) Point 100E (ft) (ft) Point 175E (ft) (ft)
0 -400 0 -500 0 -575
0 -325 -0.01 -425 -0.01 -500
-0.01 -220 0.01 -320 0.01 -395
0.03 -145 0.04 -245 0.04 -320
0.02 -75 0.05 -175 0.04 -250
0.01 -45 0.04 -145 0.03 -220
-0.15 80 0.01 -20 0.01 -95
-1.06 205 -0.29 105 -0.11 30
-2.22 348 -1.39 248 -0.85 173
-2.81 515 -2.61 415 -2.62 340
-2.9 580 -2.83 480 -3.03 405
-2.93 700 -2.9 600 -3.17 525
-2.97 760 -2.97 660 -3.27 585
-2.99 865 -2.99 765 -3.32 690
-3 900 -3.01 800 -3.35 725
-3.02 801 -3.36 726
-3.04 802 -3.39 727

Distance Between Distance Between Distance Between
Measured Mine Face and Measured Mine Face and Measured Mine Face and

Deformation at

Monitoring Point

Deformation at

Monitoring Point

Deformation at

Monitoring Point

Point 500E (ft) (ft) Point 650E (ft) (ft) Paint 750E (ft) (ft)
0 -900 0 -1050 0 -1150
0 -825 0 -975 0 -1075
0 -720 0 -870 0 -970
0 -645 0 -795 0 -895
0 -575 0 -725 0 -825
0 -545 0 -695 0 -795
0 -420 0 -570 0 -670
0 -295 0 -445 0 -545

0.01 -152 0 -302 0 -402
-0.18 15 -0.05 -135 0.01 -235
-0.35 80 -0.06 -70 -0.01 -170
-1.06 200 -0.14 50 -0.04 -50
-1.97 260 -0.32 110 -0.06 10
-2.93 365 -1.26 215 -0.32 115
-3.19 400 -1.98 250 -0.7 150
-3.24 400 -2.03 250 -0.76 150
-3.31 400 -2.1 250 -0.81 150
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Figure 40: Comparison of dynamic subsidence prediction with measured subsidence
values for Points 0 through 750E.

5.1.5 IL-1 Dynamic Subsidence Case Study (lllinois/Indiana)

This case study involves dynamic subsidence data collected on Monument Line 5
of Case Study IL-1. Details of the case study are discussed in Section 4. The
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dynamic analysis was done using point 1P-1, the last point on the left side of

Monument Line 5, as shown in Figure 41.

Subsidence parameters from

calibration exercises in Section 4 were used for the dynamic predictions (Figure

42).
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Figure 41: Map showing Point 1P-1 on Monument Line 5. Mine map from The American
Coal Company, Galatia Mine, Harrisonburg, lllinois, submitted to the lllinois Department of

Natural Resources, Office of Mines and Minerals for permit application in 1989.
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Figure 42: IL-1 Dynamic Case Study — SDPS Project Description Screen

Figure 46 displays the dynamic mine plan as input into SDPS. The orientation of
the mine has been changed, but the positions of the panel and monitoring point
relative to each other are the same. As evident from Figure 41, Point 1P-1 is
located relatively close to the beginning of the panel. The average face advance
rate, 20 ft/day was calculated based on information from the coal company.
Figure 43 shows the Dynamic Options input to SDPS and an animation of the
westward-advancing face. The measured dynamic subsidence data for Point 1P-
1 is presented in Table 22. Figure 44 and Figure 45 display data for Point 1P-1
as input to SDPS.
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Figure 43: IL-1 Dynamic Case Study — Dynamic Options Screen
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Figure 44: IL-1 Dynamic Case Study — Prediction Points Management Screen
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Figure 46: Representation of mine panel with edge effect and dynamic subsidence
prediction point.
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Figure 47 shows the results of the dynamic prediction compared to the measured
data. The results indicate that the measured dynamic subsidence values actually
correlate more closely with the predicted final subsidence than with the predicted
dynamic subsidence. The correlation between measured dynamic subsidence
and predicted final subsidence suggests that subsidence over the panel reaches
final subsidence levels while the panel is still nearby (very little residual
subsidence after the panel has passed). This may be a result of deviation from
the average rate of face advance while the face is near the beginning edge of the
panel. The results of this case study may indicate that the prediction
methodology does not work well for making predictions near the beginning ends
of longwall panels. At the beginning end of a panel, when the panel has not
advanced a distance that is longer than its face width, the shortest dimension of
the panel is actually its length. Because the methodology assumes a constant
panel width (which corresponds to the actual width of the panel once it has
advanced a distance that is longer than its face width), it is unable to accurately
predict dynamic subsidence near the beginning of panels.

The results of this case study suggest that the methodology is unable to
accurately predict dynamic subsidence development near the beginning edge of
longwall panels. The case study also exemplifies the need for careful
consideration of the mining layout and other special circumstances when
evaluating subsidence data and prediction results.

Table 22: Measured dynamic subsidence values and distances between mine face and
surface points

Measured Deformation at Point | Distance Between Mine Face
1P-1 (ft) and Monitoring Point (ft)

-0.04 189

-0.12 89

-0.3 -26

-3.21 -182
-4.19 -248
-4.99 -398
-5.17 -567
-5.2 -624
-5.24 -721
-5.24 -903
-5.27 -1266
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Figure 47: Comparison of dynamic subsidence prediction with measured subsidence
values at Point 1P-1

5.1.6 Discussion

Data from case studies in Northern Appalachia and lllinois/Indiana provide a
means for assessing the validity of the method proposed by Jarosz, et al. (1990)
for predicting dynamic subsidence development at a specific point. Using SDPS,
predicted values of dynamic subsidence can be visually compared to measured
values of subsidence development, as well as predicted values of final
subsidence. The methodology also includes a means for estimating the end of
the main phase of subsidence.

In general, the case studies suggest that the prediction methodology is capable
of producing dynamic subsidence predictions that are comparable to actual
measured dynamic subsidence data. However, results of the case study work
also suggest that the methodology does have limitations that must be understood
by the user. The main limitation appears to be associated with face advance
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rate. The methodology from Jarosz, et al. (1990) assumes a constant advance
rate. The NA-2 case study includes two examples that illustrate how easily face
advance rate can affect dynamic subsidence predictions. Problems seem to
occur when localized face advance rates differ significantly from the average rate
used for prediction calculations. One solution, although a potentially time-
consuming one, is to evaluate smaller intervals of panel, using different average
advance rates for each section.

Case study IL-1 illustrates the importance of carefully considering the mine layout
and other special circumstances when predicting dynamic subsidence. The
results of the IL-1 study suggest that the location of the monitoring point near the
beginning of the panel cannot be accurately accounted for with the implemented
methodology.

Due to limited availability of usable, measured dynamic subsidence data, only
two case studies are presented. The case studies do indicate that the
implemented prediction methodology has the potential to produce accurate
subsidence development predictions. However, the case studies also indicate
that limitations of the methodology do exist. As with any newly-implemented
methodology, further validation is necessary.

5.1.7 Other Dynamic Deformation Indices

Using the same concept as in the case of subsidence dynamic analysis, the
dynamic profiles for horizontal strain, tilt, curvature and horizontal displacement
can be calculated. In all cases of dynamic predictions it should be noted that the
dynamic component is lower than the final component of the respective
deformation index. Figure 48 shows a typical example of the prediction of
dynamic horizontal strains as compared to final horizontal strains.
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Figure 48: Dynamic and final strain prediction. Red line corresponds to the end of main
phase of subsidence development.

5.2 Subsidence Prediction in Areas of Steeply Sloping
Terrain/Steeply Dipping Seams

5.2.1 Review of Previous Research

For simplicity, the initial models developed for the prediction of surface
subsidence due to underground mining assumed that the surface terrain above
the mine was flat. Similarly, early modeling techniques assumed a flat-lying coal
deposit. In many cases these assumptions are valid, but numerous researchers
have documented deviation of measured subsidence values from expected
subsidence values in areas of mountainous terrain. Similarly, values of
subsidence associated with very steeply dipping coal seams are significantly
different than values expected from flat-lying seams. Among many other factors,
both scenarios involve rapidly changing overburden thicknesses. Recognizing
the need for prediction techniques to account for these differences, several
researchers have contributed to an evolving methodology of subsidence
prediction in mountainous terrain and in areas of steep seam dip.

Because the research presented in this thesis focuses on subsidence associated
with coal mining in the eastern United States, more emphasis is placed on
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subsidence in steeply-sloping terrain. Seams in the coal-bearing basin deposits
of the eastern U.S. have relatively low dip angles compared to areas where mine
subsidence is observed to be affected by dip. Section 10.1.2 provides a brief
discussion of previous work associated with subsidence over steeply-dipping
seams, but no additional research on the topic was conducted for this thesis.

5.2.2 Subsidence in Steeply Sloping Terrain

In mountainous or significantly sloping terrain overlying a relatively flat coal
seam, subsidence at the surface is affected by changing overburden thickness
as well as subsidence-induced soil slope movements (Whittaker and Reddish,
1989). In general, factors that must be considered when assessing mining-
induced subsidence in areas of steeply-sloping surface terrain include an
increase in water infiltration and a decrease in slope stability due to opening of
pre-existing fractures and joints in up-slope areas subjected to increased tensile
strains; instability due to small changes in tilt of the ground; and enhancement of
down-slope creep movement due to down-slope subsidence and soil movements
(Whittaker and Reddish, 1989).

With above drainage room-and-pillar mining near the coal outcrop, thinning
overburden allows for enhanced water infiltration into the mine, often resulting in
collapse of the mine roof and creation of sinkholes and depressions at the
surface (Whittaker and Reddish, 1989). This type of slope-related subsidence is
expected where mining has taken place very close to the outcrop and is
enhanced by higher extraction mining. In England, the frequency of landslides
on steep slopes increased during times of industrial growth when coal mining
beneath the slopes increased (Jones et al.,, 1992). Many of the landslides are
believed to have been triggered by differential subsidence due to pillars left near
the outcrop under shallow cover (Jones et al.,, 1992). Most of the slides are
associated with movement along pre-existing geological discontinuities that were
stable prior to undermining (Jones et al., 1992).

Whittaker and Reddish (1989) also discuss the effects of longwall mining under
sloping terrain where the longwall panel is actually started at, or near, the outcrop
of the coal seam and advanced into the mountain. In this case, the high
extraction and enhanced collapse associated with longwall mining acts to
destabilize the overlying slope by steepening the slope (due to subsidence-
induced tilt) and creating high ground strains (Whittaker and Reddish, 1989).
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While longwall mining from the outcrop of a coal seam can create extreme
instability, it is not a common practice (Whittaker and Reddish, 1989).

More commonly, researchers focus investigations on predicting the effects of
sloping terrain on subsidence associated with high extraction mining at significant
distances from the coal seam outcrop. One of the simplest methods of predicting
subsidence in sloping terrain is the empirically-based graphical projection
procedure presented by National Coal Board (1975). The method simply takes
empirical subsidence prediction assuming a flat surface and projects the
subsidence values proportionally onto an inclined surface (Whittaker and
Reddish, 1989). This method assumes a horizontal extraction horizon and an
angle of draw of 35° (although the angle of draw can be modified to fit different
locations). This method of predicting subsidence in steep topography has been
used extensively, but has also been criticized. The method works better with
panels that are sub-critical and it always increases the extent of subsidence in
the upslope direction, while decreasing the extent of subsidence in the down-
slope direction (Whittaker and Reddish, 1989).

Gentry and Abel (1978) compared measured subsidence parameters from the
York Canyon Mine in New Mexico to subsidence parameters predicted by the
methods outlined in the National Coal Board’s Subsidence Engineers’ Handbook.
Subsidence measurements were conducted in mountainous terrain over a 550 ft
wide panel in a 10 ft thick coal seam (Gentry and Abel, 1978). In general, the
strains predicted by the Subsidence Engineers’ Handbook were much less than
the strains measured at the York Canyon Mine, suggesting that the more
mountainous terrain above the New Mexico mine (compared to the flat or gentle
terrain of the England coalfields) greatly affected the surface subsidence
parameters (Gentry and Abel, 1978). The actual vertical subsidence in the
valleys was less than predicted and actual vertical subsidence at the ridgetops
was greater than predicted. The study also concluded that greatest horizontal
ground movements occur when mining advances in a downslope direction, in
relation to the slope of the surface topography. When considering the extent of
mining subsidence in relation to sloping terrain, Gentry and Abel (1978) found
that the angle of draw from the panel was greater on the upslope side of the
subsidence trough than on the downslope side.

Franks and Geddes (1984) also concluded that the subsidence prediction
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techniques of the National Coal Board’'s Subsidence Engineers’ Handbook, even
with the suggested modifications for prediction in steep terrain included in the
handbook, were not applicable for subsidence in steep terrain because the data
on which it was developed is from areas with gentle or flat-lying topography.
Instead, Franks and Geddes (1984) analyzed a theoretical model using finite
element numerical modeling. Franks and Geddes (1984) considered two
scenarios of undermining a 35° slope, mining advancing in an upslope direction
and mining advancing in a downslope direction. The finite element modeling,
while based on many assumptions of rock property qualities, allowed Franks and
Geddes (1984) to conclude that undermining of sloping ground has greater
effects on horizontal movements and ground strains associated with subsidence
than it does on subsidence-induced vertical movements or tilt.

Franks and Geddes (1986) presents additional conclusions with regard to
theoretical modeling of subsidence associated with undermining of steep slopes.
Regardless of the direction of mining advance, subsidence-induced horizontal
movements at the slope crest tend to be 10% to 50% greater than horizontal
movements expected in flat-lying terrain (Franks and Geddes, 1986).
Furthermore, the inflection point of a subsidence basin in sloping terrain is
always displaced downslope. By evaluating the effects of various slope angles
on subsidence characteristics, Franks and Geddes (1986) found that subsidence
predictions for slopes less than 15° are not significantly different than subsidence
predictions for flat ground. The conclusions presented in Franks and Geddes
(1984) and Franks and Geddes (1986) are important; however, the analyses
were based on many assumptions and present results from modeling of
subsidence associated with undermining of only a single ground slope of
constant dip (modified from Sun, 1988). The analysis also fails to account for soil
slope instability, an important factor to consider when assessing the
manifestation of subsidence in mountainous terrain.

Jeran and Adamek (1988) recorded movements suggesting that downslope
sliding of soil material on steep slopes (up to 40° in the area of study) continues
after vertical movements associated with mining subsidence have ceased. The
report concludes that subsidence-induced horizontal movements and tensional
strains are greatly affected by steep surface slopes. In general, the downslope
movement of soil, believed to be sliding along the soil-bedrock boundary, tends
to increase the horizontal movements associated with mining subsidence. The
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subsidence-related downslope movement of soil on steep slopes also tends to
increase tensional strain in upslope areas and increase compressive strain in
downslope areas (Jeran and Adamek, 1988).

The idea that horizontal movements associated with undermining of steep slopes
is directly related to soil instability is further validated by Litwinowicz (1984). He
found that soil strength changes as it goes through the extensional and
compressional stages of mine subsidence development. The study found that
increasing subsidence-induced strains cause a significant decrease in the
cohesion of overlying soil. Litwinowicz (1984) presents a method of predicting
the change in soil cohesion due to mining subsidence. Interestingly, the work did
not indicate a significant change in the angle of internal friction of soil due to mine
subsidence.

Marschalko (2004) also found evidence that mining subsidence tends to have
significant effects on soil characteristics. The study found that tension zones
associated with mining in an area of the Czech Republic have caused increases
in soil porosity and decreases in soil consistency. The angle of internal friction of
soil in the tensile subsidence zones has decreased 3 to 4 degrees and the soil
cohesion has been reduced 50 to 75%. The changes in soil character due to
mining subsidence, coupled with local weather patterns, is believed to be the
cause of reactivation of a large, slow-moving landslide in the study area
(Marschalko, 2004).

More recent development of methodology for understanding mine subsidence in
steeply sloped terrain is based on subsidence-related ground movements and
the effects of those ground movements on the stability of the boundary between
bedrock and soil deposits. Peng and Luo (1989) presents an equation for
defining the relationships between subsidence movements and slope instability.
The work is based on the assumption that the higher horizontal subsidence
movements measured on undermined steep slopes are all due to the downslope
movement of soil on bedrock. Peng and Luo (1989) outlines a method of
analysis wherein subsidence predictions are conducted using a normal
subsidence prediction technique. Predicted ground strains are then compared to
soil cohesion and strength parameters for the soil-bedrock boundary (using the
Mohr-Coulomb failure criteria) to assess the potential for slope instability and
enhanced downslope movement. The method is able to predict where sliding is
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likely to occur and which way it will go, but not the extent of sliding (Peng and
Luo, 1989). The calculations are based on the properties and thickness of the
surface soil layer, normal subsidence prediction parameters, and topography
(Peng and Luo, 1989). Properties of the soil and the soil-bedrock interface at
each prediction point must be determined to produce accurate results. For small
areas, these parameters may be more easily obtained, but soil thickness and
other properties tend to change quickly. Therefore, accurate knowledge of soil
characteristics are a limiting factor for the methodology presented in Peng and
Luo (1989).

Work completed by Sun (1988); Karmis, et al. (1990); and Karmis, et al. (1991) is
also based on the assumption that surface slope and topsoil stability account for
large horizontal subsidence-related movements. The model assumes that
movement of bedrock due to subsidence causes instability and movement at the
soil-bedrock interface. Therefore, the final subsidence-induced displacement on
a sloping surface is a combination of bedrock movement and downslope soil
sliding (Karmis, et al., 1990). Karmis, et al. (1990) outlines basic equations that
describes the interactions between slope geometry, soil layer stability, and
subsidence-induced disturbance of the soil-bedrock interface. The preliminary
conclusions included in Karmis, et al. (1990) state that enhanced downslope
subsidence-induced movements are very significant. They also found that the
inflection point for subsidence-induced strain tends to be shifted downslope when
associated with steeply-sloping ground terrain. This, in turn, creates non-
symmetrical magnitude changes of tensile and compressive ground strains
(Karmis, et al., 1990).

Karmis, et al. (1991) completed subsidence prediction case studies based on the
methodology presented in Karmis, et al. (1990) and observed that the sloping
terrain methodology does yield subsidence prediction results that are closer to
the measured subsidence than are regular subsidence prediction results. The
results of the sloping terrain subsidence predictions are dependent upon the
difference between measured and predicted horizontal displacements for each
prediction point and the cohesion, angle of internal friction, cover depth, and the
seepage zone depth for the soil in the prediction area (Karmis, et al., 1991).
These factors are all accounted for by an empirical site parameter called C,. Of
all the factors, C, was affected most by changes in soil cohesion.
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Recent development of methodologies to describe the effect of steeply sloping
terrain on mine subsidence parameters, such as presented in Peng and Luo
(1989); Sun (1988); Karmis, et al. (1990); and Karmis, et al. (1991) focuses on
the soil-bedrock interface and the properties of the soil itself. While the methods
necessitate fairly detailed, and sometimes difficult to retrieve, knowledge of soil
characteristics, the potential benefits of more accurate subsidence prediction are
abundant.

5.2.3 Subsidence over Steeply Dipping Seams

Steeply-dipping coal seams also affect mining-induced surface subsidence.
Most of the prediction techniques for subsidence due to mining of steeply dipping
seams simply involve adaptation of the normal flat seam subsidence prediction
(Ren et al., 1989). Typically, the subsidence limit angles and the position of
maximum vertical displacement are changed. In general, Ren et al. (1989)
states that maximum subsidence is not significantly displaced due to steeply
dipping coal seams if the overburden is relatively weak. Conversley, the
maximum subsidence is displaced significantly in the down-dip direction when
relatively strong overburden material is involved. This conclusion is very general,
but it does begin to capture some of the factors that must be considered when
evaluating subsidence over steeply dipping seams. Ren et al. (1989) points out
that there is a very limited amount of subsidence data available for seams
dipping greater than 45°, making subsidence research for steep seams more
difficult.

More recently, Torano et al. (2000) looks specifically at subsidence above very
steeply dipping (70°-90° dip) coal seams. When assessing mining subsidence
over very steeply dipping seams, the effects of three different overlapping
subsidence zones must be taken into account. Subsidence due to breaking of
overburden rocks, subsidence due to breaking of mine floor rocks, and
subsidence due to slippage along the coal seam-roof interface or the coal seam-
floor interface must all be considered (Torano et al., 2000). Due to the complex
overlapping of subsidence zones associated with very steeply-dipping coal
seams, it is very possible to get tensile strains at locations other than the edges
of the final subsidence basin and compressive strains at locations other than
near the middle of the final subsidence basin (Torano et al., 2000). Torano et al.
(2000) suggest using a profile function to calculate the probable locations of
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ranges of damage-inducing values of strain from mining of very steep coal
seams. In this way, areas of expected surface damage and the probability of
damage at various locations can be calculated. While this method of predicting
subsidence over steeply dipping coal seams has the potential to produce useful
results, it necessitates numerous subsidence prediction calculations to provide
data for the histograms on which the results are based. Due to the numerous
calculations needed, the method is dependent on the calculation time for each
subsidence prediction. For this reason, the authors suggest using only the profile
function method.

5.2.4 Implemented Methodology

The more recent work by Sun (1988), Karmis, et al. (1990), Karmis, et al. (1991),
and Peng and Luo (1989) suggests that the best way to approach modeling and
prediction of subsidence in steeply-sloping terrain is to calculate expected
subsidence movements and then evaluate the effect of those movements on soil
slope stability. The bedrock-soil interface is the focus of the stability assessment
because that is the surface on which additional downslope movement (sliding) is
expected to occur. The detailed theory for this method can be found in the
aforementioned references.

For this thesis, a lack of data related to soil characteristics and soil behavior in
steeply-sloping, subsidence-affected areas in the eastern U.S. hindered further
development of methodology concerning mining-induced slope instability at the
bedrock-soil interface. = However, this thesis does provide discussion of
enhanced methodology for prediction of subsidence-induced ground strains in
steeply-sloping terrain.

Ground strains differ from horizontal strains in that they account for the surface
topography. Horizontal strains are calculated by considering only the horizontal
component of deformation. Figure 49 Iillustrates the difference between
horizontal strain and ground strain. A more detailed explanation of the
methodology for calculating ground strain in three-dimensional space is included
in section 7.2.
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Figure 49: Components of horizontal strain and ground strain in sloping terrain

Due to the pronounced slope of the ground surface in Figure 49: Components of
horizontal strain and ground strain in sloping terrain, it is easy see the difference
between components used to calculate the two types of strain. However, as the
slope of the ground surface flattens, horizontal strain and ground strain converge.
Therefore, subsidence in flat-lying topography will theoretically produce ground
strain that is equal to horizontal strain. Due to the steep topography in much of
the eastern U.S. coalfields, ground strain is often much more applicable.

Figure 49 is a typical diagram used to illustrate strain along a line. Very often,
predictions of strain and subsidence are calculated along cross-section lines.
The most common prediction line orientations are transverse (parallel to the short
axis of a panel) and longitudinal (parallel to the long axis of a panel). Enhanced
methodology, developed for the current research and validated in section 5.2.5
evaluates strain at any given point by taking into account the effects of
deformation on all adjacent points. The result is the ability to evaluate strain at
any point, not just at points located on a cross-section line. The enhanced strain
prediction approach is capable of producing plan view maps of contoured strain.
In effect, the lateral distribution of ground deformation-induced strain (both
ground and horizontal) can be predicted using a grid of surface points positioned
over a mine. Contoured, “pseudo” three-dimensional maps of strain and
subsidence are extremely helpful for engineers faced with predicting areas most
likely to be affected by ground deformation movements.

With regard to accurately predicting ground strains and subsidence in areas with
steep topography, the contoured maps are likely to prove themselves invaluable.
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The enhanced ability to easily evaluate lateral subsidence and strain distributions
that take into account surface topography provides the first step in the
aforementioned methodology for assessment of soil slope movements due to
undermining in steeply-sloping areas. Accurate predictions of subsidence and
strain will undoubtedly lead to more accurate predictions of soil slope instability.

5.2.5 Validation of Method

To demonstrate the difference between predicted horizontal strains and predicted
ground strains in steeply-sloping terrain, and to illustrate one of the benefits of
contoured subsidence and strain maps, an example using synthetic mine
characteristics is provided. The example involves prediction of final subsidence,
horizontal strain, and ground strain over the end of a longwall mine panel. The
mine panel has a width of 600 feet and an average depth of 800 feet, giving it a
width to depth ratio of approximately 0.75. The extraction thickness is 5 feet. An
edge effect of 140 feet is included in the model. Default values of influence angle
and subsidence factor have been assumed (see Appendix IV, Figures 1 through
3). The ground surface above the mine slopes downward to the right at an angle
of 30°. Figures 4 and 5 in Appendix IV show the SDPS input for the sloping
prediction grid.  Calculation of predicted deformation was achieved via the
Calculation Options screen (Appendix IV, Figure 6). Note that both the
“Calculate Horizontal Strain” and “Calculate Ground Strain” boxes are checked.
The Surfer Grid output format is used to produce files compatible with Surfer, a
contouring program separate from SDPS. Contouring of predicted values is
done through the Contouring option in the Graph Module (Appendix 1V, Figures
7-9). Figure 8 in Appendix IV displays the chosen settings for this example.
Values for horizontal and ground strain are set at 1.5 x 10°. The contoured
results may be manipulated using the available settings in Surfer (Appendix IV,
Figure 9).

Final results of the synthetic example are shown in Figure 50, Figure 51 and
Figure 52. All figures show expected strains in the same sloping terrain. Figure
50 shows a relatively symmetrical expected distribution of horizontal strain above
the synthetic mine panel. In contrast, Figure 51 indicates a strongly non-
symmetrical distribution of expected ground strain. Figure 52 contains both the
expected horizontal strain and expected ground strain, and facilitates recognition
of the difference between the two.
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Figure 50: Contoured map of horizontal strain and subsidence over the end of synthesized
mine panel. Horizontal strain contours assume a threshold value of 1.5 x 10~.
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Figure 51: Contoured map of ground strain and subsidence over the end of synthesized
mine panel. Horizontal strain contours assume a threshold value of 1.5 x 10”. Note the
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more pronounced upslope migration of tensile ground strain due to the steeply-sloping
topography (as compared to horizontal strain in previous Figure).
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Figure 52: Combination of contoured ground strain and horizontal strain maps, with
subsidence.

5.2.6 Discussion

The enhanced methodology presented and validated in this section provides a
means for easily and accurately evaluating lateral distributions of ground strain
and subsidence in steep topography, the first step of the most recent
methodology for assessment of mining-induced soil slope movements (as
discussed in Sun (1988), Karmis, et al. (1990), Karmis, et al. (1991), and Peng
and Luo (1989)). While a lack of data inhibited the development of enhanced
methodologies associated with soil slope stability and subsidence in this thesis,
the capabilities for prediction of subsidence and strain in steep terrain have been
greatly improved.

The example presented in Figure 50, Figure 51 and Figure 52 clearly exposes
the significant difference between ground strain and horizontal strain in steeply-
sloping topography. Ground strain is obviously much more applicable than
horizontal strain when working in steep terrain. The distribution of ground strain
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in the example (Figure 51) is consistent with the observations of Gentry and Abel
(1978), Franks and Geddes (1986), and Karmis, et al. (1990) regarding general
trends of subsidence parameters in steep terrain (see section 5.2.2).

Development of methodology for predicting and displaying strain (and
subsidence) distributions in a pseudo three-dimensional, contoured manner is
invaluable for engineers assessing areas likely to be damaged by ground
deformation (see Section 6). Future work involving soil slope instability in
steeply-sloping undermined areas will also benefit from maps of contoured
ground strain and subsidence. The maps may assist engineers in assessing
areas of probable slope instability, even in locations with variable soil
characteristics.

5.3 Improvement of Calibration Procedures

5.3.1 Review of Previous Research

In many cases, calibration of subsidence modeling programs, such as SDPS, is
based only on one kind of data. This is typically a result of lack of measured data
other than vertical displacement. Often, cost inhibits the collection of various
types of measured subsidence data. Having the ability to evaluate the accuracy
of a model using numerous types of measured data greatly increases the quality
of the model. Work presented below displays the results of a newly-implemented
SDPS function allowing users to calibrate subsidence models using both vertical
displacement and strain (either horizontal or ground). The importance of
assessing strain when analyzing mine subsidence effects is discussed below. A
brief discussion of the potential for calibration using subsidence-induced tilt
measurements is subsequently.  Unfortunately, availability of usable data
prohibited implementation of tilt calibration capabilities for this thesis.

Strain

Knowledge of subsidence-induced strain and ground strain is essential for
assessing potential surface damage. Strain is induced by non-uniform
displacement (horizontal movement) (Peng, 1992). Strains may be tensile or
compressive. Horizontal strain and ground strain are two of the biggest causes
of structural damage due to subsidence. Very simply, “horizontal strain is the
difference in horizontal displacement between two points divided by the distance
between the two points” (Peng, 1992). Tensile strain (positive strain value)
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occurs when the distance between two points is increased and compressive
strain (negative strain value) occurs when the distnace between two points is
decreased (Peng, 1992). Ground strain, in contrast to horizontal strain, takes
into account topography. Ground strain can differ significantly from horizontal
strain, especially in areas of high relief.

Tilt

Simply stated, tilt is rigid body rotation (Marino, 1986) or a change in vertical
displacement over a horizontal distance (Powell, et al., 1986). Tilt is
mathematically related to vertical subsidence in that tilt at any point along a
subsidence profile is the change in subsidence over a horizontal distance
(Powell, et al., 1986). Curvature is also closely related to tilt, and is defined as
the change in tilt over a horizontal distance (Powell, et al., 1986). Curvature is
often referred to as differential tilt and serves as an indication of the degree of
bending strain on a structure. O’Connor, et al. (2001) states that humping
curvature causes tensile strain and sagging curvature causes compressive
strain, therefore completing the explanation of the link between vertical
subsidence and tilt, and tilt and strain. Marino (1986) states that almost all
foundations exposed to subsidence movements will experience tilt. Tilt may
affect the aesthetics, functionality, and stability of a foundation (Marino, 1986). In
general, tilt has a greater effect on foundation elements that resist yield and tend
to rotate as single units (Marino, 1986). Conroy (1982) suggests that tilt and
ground strain associated with mining subsidence should actually be measured
more often than vertical displacement because they are the parameters
responsible for the most damage.

Powell, et al. (1986) monitored the response of foundations to high extraction
room-and-pillar mining in southern lllinois. A main objective of the research was
to determine the capability of tiltmeters to detect and monitor subsidence
movements. At the time, the U.S. Bureau of Mines was investigating the
development of cost-effective, alternative subsidence monitoring methods, such
as tilt. Powell, et al. (1986) found that tiltmeters are easy to use and provide
significant subsidence data. The main conclusions from Powell, et al. (1986)
regarding the applicability of tiltmeters to subsidence monitoring are listed below.

Tiltmeters:
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- Respond accurately to changes in vertical displacement

- Show accurate magnitude and direction in response to mining
sequence

- May be a good toll for assessing bending strain

- Indicate a good relationship between small changes in tilt and vertical
subsidence

While Powell, et al. (1986) found that tiltmeters have the potential to be very
useful for subsidence measurement, they state that the tiltmeter is not ready to
replace the standard survey networks.

More recently, O'Connor, et al. (2001) reports results from a study by the
Pennsylvania Department of Transportation (PennDoT) that incorporated
titmeters, in addition to time domain reflectometry (TDR) and global positioning
system (GPS) measurements, to monitor longwall mining subsidence effects on
Interstate-70 in Pennsylvania. An automatic tiltmeter measurement system,
utilizing a centrally-located datalogger, was set up to alert highway officials of
potential driving hazards due to exceedence of threshold tilt values on the
highway. In highway systems, tilt can also compromise the hydraulic
performance of concrete box culverts (O’Connor, et al., 2001). Analysis of the tilt
data indicates that tilt at any given point began as the longwall moved beneath
an area, reached a maximum value, and then decreased as the longwall moved
away from the area. The study indicates that the highway experiences much
greater transient (dynamic) tilt during mining than final tilt after mining. To
assess the curvature and strain experienced by the highway as mining occurred,
the tilt measurements were resolved into components parallel to the centerline of
the road. Maximum difference in slope between adjacent tiltmeters was then
used to find peak strains. Results of the study indicate that tiltmeter
measurements can be used successfully to estimate surface strains where
measurement of strain over large areas would be too costly. While the
researchers found the automated monitoring system used with the tiltmeters to
be expensive, the cost was still less than what would have been required for
strain gauges over such a large area.

While previous studies indicate at least partial success for using tiltmeters for
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subsidence monitoring, it is apparent that further research into the relationship
between measurements from tiltmeters and other subsidence parameters is
necessary before reliable subsidence prediction can be developed. The use of
alternative subsidence prediction calibration techniques, such as calibrating with
tilt, may allow for cheaper and more reliable methods of collecting continuous
subsidence data. More data allows researchers to have a better understanding
of the relationships among subsidence parameters and increases the probability
of producing more accurate subsidence prediction models.

5.3.2 Implemented Methodology

To evaluate the difference between calibration parameters for measured vertical
subsidence calibration and measured ground strain calibration, case studies
including both types of data were sought. Due to the expense and time
associated with monitoring of strain, only three available case studies possess
both measured subsidence and measured strain data. The case studies include
two lines from the NA-2 case study one line from the NA-1 case study. More
information regarding the case studies can be found in Section 4. For each case,
calibration parameters such as tan of influence angle (Tan b), subsidence factor
(Smax/m), and edge effect offset were found using both measured subsidence
data and measured ground strain data. The calculations were completed using
the iterative calibration function of SDPS. Comparison of the calibrated models
for each case study is presented below.

5.3.3 Validation of Method

The following case studies provide comparison of calibration parameters (tangent
of influence angle, subsidence factor, and edge effect adjustment) using
measured subsidence data with parameters calibrated using measured ground
strain data. Appendix Il contains SDPS screen shots used for the case studies.
Many of the figures in Appendix Il are referred to in the text.

5.3.4 NA-2 Calibration Case Study (N. Appalachia) - Transverse Line

Details of the NA-2 case study are available in Section 4. Figure 1 of Appendix
lll displays the Prediction Points Management screen used to enter both
measured subsidence and measured strain data into SDPS. Calibration options
for the measured subsidence data are available in Appendix I. The strain
calibration options, used to set the range of values involved in the iteration

Final Report on Mine Subsidence Prediction and Control Methodologies 88



process, are displayed in Figures 2 through 6 of Appendix III.

calibration is based on ground strain (Appendix Ill, Figure 6).

The strain

The result of model calibration using measured vertical subsidence movements,
as completed in Section 4, is presented again in Figure 53 and Table 23.
Parameters calibrated with measured ground strain are presented in Figure 54

and Table 24.
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Figure 53: NA-2 - Transverse Line - Graphical display of predicted and measured
subsidence profiles after calibration

Table 23: Transverse Line - Calibration parameters

Tangent of
Influence | Subsidence Edge
Iteration Angle Factor Effect Total Percent
Rank Number (Tanb) (Smax/m) | Offset (ft) Error Error
1 856 3.00 53.0 167.00 10.895 13.21
2 371 3.00 52.0 163.00 10.962 13.29
3 492 3.00 52.0 164.00 10.977 13.31
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Figure 54: NA-2 - Transverse Line - Graphical display of predicted and measured strain
profiles after calibration

Table 24: NA-2 Transverse Line — Calibration parameters

Tangent
of Edge
Influence Strain Subsidenc Effect
Iteration Angle Coefficient | e Factor Offset Total Percent

Rank | Number (Tanb) (Bs) (Smax/m) (ft) Error Error
1 4236 3.00 0.10 45.0 165.00 | 109.547 | 23.97
2 1 3.00 0.10 45.0 160.00 | 109.548 | 23.97
3 848 3.00 0.10 45.0 161.00 | 109.583 | 23.98

Table 25 provides a comparison of the least-error calibration parameters for each
type of data. The contents of Table 25 indicate that the calibration parameters
using subsidence and ground strain are very similar. In this case, duplication of
parameters serves to improve confidence in the calibration, demonstrating the
benefit of dual calibration capabilities. The higher error associated with the strain
calibration is likely a result of the difficulty of accurately measuring strain in the
field. The strain calibration error may also be associated with local surface
anomalies that result in deviation from normal strain distributions.

Table 25: Comparison of subsidence — strain calibration parameters for NA-2 - Transverse
Line

Parameter Subsidence Calibration Strain Calibration
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Tangent of Influence Angle (Tanb) 3.00 3.00
Subsidence Factor (Smax/m) 53.0 45.0
Edge Effect Offset (ft) 167.00 165.00
Percent Error 13.21 23.97

5.3.5 NA-2 Calibration Case Study (N. Appalachia) - Longitudinal Line

Details of this case study are included in Section 4. Figure 7 of Appendix Il
displays the Prediction Points Management screen used to enter measured data.
Figures 8 through 12 of Appendix Ill provide the strain calibration settings. The
final settings result from manual adjustment based on multiple calibration runs.
Manual adjustment of settings is done to determine the best-fit parameters while

keeping the number of computer iterations to a minimum.

Results from model

calibration using measured vertical

subsidence, as

completed in Section 4, are presented in Figure 55 and Table 26. Calibration
results using measured ground strain are presented in Figure 56 and Table 27.
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Figure 55: Longitudinal Line - Graphical display of predicted and measured subsidence
profiles after calibration

Table 26: Longitudinal Line — Calibration parameters

Tangent | Subsidenc Edge
Iteration of e Factor Effect Total Percent
Rank Number Influence | (Smax/m) | Offset (ft) Error Error
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Angle
(Tanb)
1 963 3.10 49.0 218.00 | 29.332 9.50
2 897 3.10 49.0 216.00 | 29.333 9.50
3 969 3.20 49.0 218.00 | 29.362 9.51
5 _ / Calculated1:276
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Figure 56: Longitudinal Line - Graphical display of predicted and measured strain profiles
after calibration

Table 27: Longitudinal Line - Calibration parameters

Tangent
of Edge
Influence Strain Subsidenc Effect
Iteration Angle Coefficient | e Factor Offset Total | Percent

Rank | Number (Tanb) (Bs) (Smax/m) (ft) Error Error
1 380 3.30 0.10 45.0 192.00 | 58.95 36.94
2 370 3.20 0.10 46.0 192.00 | 59.02 36.99
3 305 3.10 0.10 47.0 190.00 | 59.39 37.22

Table 28 provides a comparison of subsidence parameters from measured
subsidence and measured ground strain. Despite the significant error associated
with the strain calibration, the parameters for the two calibration methods are
similar. Values of tangent of influence angle and subsidence factor are very
close. The calibrated edge effect numbers differ by 26 feet, but are still
comparable. In this case, calibration of edge effect values may be complicated
by the longitudinal orientation of the monument line. The subcritical nature of the
panel (width to depth ratio of 0.86) may also affect the accuracy of the calibration
results. Overall, the results of dual calibration for this case study strengthen
confidence in the calibration parameters.
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Table 28: Comparison of subsidence — strain calibration parameters for NA-2 —

Longitudinal Line

Parameter Subsidence Calibration | Strain Calibration
Tangent of Influence Angle (Tanb) 3.10 3.30
Subsidence Factor (Smax/m) 49.0 45.0
Edge Effect Offset (ft) 218 192
Percent Error 9.50 36.94

5.3.6 NA-1 Calibration Case Study (N. Appalachia)

The details of this case study are included in Section 4. The panel is classified
as supercritical. Selected SDPS screen shots associated with strain calibration
procedures are provided in Appendix Ill. As discussed in Section 4, the edge
effect is restricted to “as defined in mine plan” during calibration due to the

variable edge effects applied to the panel (Appendix Ill, Figure 16).

For this

reason, the calibrated edge effect values shown in the results are not applicable.
Model calibration results using measured vertical subsidence are presented in
Figure 57 and Table 29, and calibration results using strain are presented in

Figure 58 and Table 30.
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Figure 57: Graphical display of predicted and measured subsidence profiles after
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Table 29: Calibration parameters

Rank Iteration | Tangent of | Subsidence Edge Total Percent
Number Influence Factor Effect Error Error
Angle (Smax/m) | Offset (ft)
(Tanb)
1 2.50 52 150 6.664 7.90
2.40 52 150 6.877 8.15
3 7 2.60 52 150 6.949 8.24
4__
o 3T
a
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Figure 58: NA-1 Case Study - Graphical display of predicted and measured strain profiles

after calibration

Table 30: NA-1 Case Study - Calibration parameters

Tangent
of Edge
Influence Strain Subsidenc | Effect
Iteration Angle Coefficient | e Factor Offset Total Percent

Rank | Number (Tanb) (Bs) (Smax/m) (ft) Error Error
1 326 2.70 0.15 50 153 26.351 34.80
2 235 2.70 0.15 49 152 26.375 34.83
3 417 2.70 0.15 51 154 26.410 34.88

Table 31 provides a comparison of the calibration parameters.

Similar to the

results of the other case studies, the Tan b and subsidence factor values for the

two calibration methods are very similar.
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results in a much more significant error factor than the subsidence calibration.

Table 31: Comparison of subsidence — strain calibration parameters for NA-1 case study

line
Parameter Subsidence Calibration Strain Calibration
Tangent of Influence Angle (Tanb) 2.50 2.70
Subsidence Factor (Smax/m) 52 50
Edge Effect Offset (ft) 150 153
Percent Error 7.90 34.80

5.3.7 Location Angles

The angle of Draw (y) is defined as the angle between the vertical at the panel
edge and the line connecting this edge (or rib) with the surface point that defines
the termination of subsidence trough (i.e., zero subsidence). Since the
subsidence profile diminishes to extremely small values, far before it reaches the
edge of the subsidence basin, it follows that this angle is of limited value in
subsidence control (Peng, 1992). Furthermore, the concept of “zero” subsidence
is rather difficult to measure or apply. A better approach, often used in
subsidence work, is to define a minimum, “measurable”, subsidence level as the
zero reference point.
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Figure 59: Definition of characteristics angles

5.3.8 Discussion
Results of the case studies suggest that subsidence and strain calibration
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methods often yield similar calibration parameters (Tan b, subsidence factor, and
edge effect adjustment). In all cases, the subsidence-calibrated models have
significantly lower error. More significant error associated with strain calibration
may be a result of the difficulty associated with measuring strain values in the
field and the difficulty of modeling strain. Measured strain values may also be
more susceptible to local surface anomalies in the measured area. The
subcritical state of some of the case study panels may also have an effect on the
accuracy of the calibration.
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Figure 60: Calculation of the Location Angle

Regardless of the potential error associated with the calibrations, the calibration
parameters from the two types of data are similar. The potential to conduct dual
calibration provides researchers with more confidence in calibration parameters
to be used for prediction models. The capability may also be used to detect
errors in data collection.

While the case studies presented only compare subsidence and strain calibration
methods, the potential also exists for using other measured parameters for
calibration purposes. Section 5.3.1 provides discussion of using measured tilt
values for calibration. The collection of measured data associated with ground
deformation due to mining is often expensive and time consuming. However, the
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data is necessary for prediction and mitigation purposes. Variable calibration
capabilities may allow subsidence engineers to get the necessary data for
prediction model calibration by using the least expensive, most efficient
measured data.
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6. Objective Ill: Apply subsidence methodology for landscape
stability and control

6.1 Risk- Based Assessment of Mine Planning and Long-term Landscape
Stability

6.1 Previous Research

Subsidence engineers must not only understand the mechanisms of subsidence,
but also the effects of subsidence on surface structures and other entities at or
near the ground surface. It is damage to property at the ground surface that
likely prompted the initial in-depth studies of mine subsidence, and it is property
damage (or the potential for property damage) that continues to drive current
mine subsidence research. Gray (1992) points out that mining engineers
evaluating alleged mining subsidence-related damage must also be aware of the
potential for structural damage to homes due to poor engineering, poor
construction, deterioration, neglect, and misuse. Types of movement associated
with subsidence from underground mining may also be associated with unstable
slopes, erosional processes, frost action, shrink-swell actions of clayey materials,
and settlement under surface loads (Gray, 1992). Mining engineers must be
aware of the possibility of alternative causes for ground movement to be able to
correctly identify the subsidence-related movements. The first step to dealing
with any potential subsidence-related damage situation is to establish a clear
definition of what the term “damage” means in each case (Bruhn, 1992). Often
times, solutions to subsidence-related damage problems require multidisciplinary
studies that account for overall structural behavior and site specific details
(Bruhn, 1992).  Assessing current subsidence-related problems, as well as
planning for potential future subsidence-related problems, necessitates the
integration of geotechnical, civil, and mining engineering principles (Luxbacher,
1992).

6.2 Deformation and Damage

Various aspects of ground deformation, such as tension, compression, shear, tilt,
curvature, angular distortion, bending, and horizontal strain, have been identified
to be responsible for the majority of subsidence-related damage (modified from
Singh, 1992). While most aspects of subsidence are readily understood, a few
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require further explanation. Tilt is defined as a rigid body motion (also see
discussion in Section 5.3); horizontal strain is defined as the change in horizontal
length between two points divided by the original horizontal distance between the
two points, while ground strain takes into account topography (see Section 5.2);
curvature is the derivative of the slope of the subsidence trough; and angular
distortion is the ratio of the differential displacement and the horizontal distance
between two points (Triplett, et al. 1992).

In general, mining-related ground movements cause rotations and deformations
of building foundations. As the degree of deformation increases, the strength
and deformability of the foundation is tested (Marino, 1986). The superstructure
(upper part of building) is indirectly affected by ground movements by way of the
foundation (Marino, 1986). This implies that interaction at the ground-foundation
interface of subsidence-affected buildings plays a significant role in determining
the magnitude of effects experienced by both the foundation and the
superstructure.  However, due to the overwhelming number of possible
combinations of soil type and foundation type, prediction methods for
subsidence-induced damage typically assume that the structure moves with the
ground (Marino, 1986).

Various subsidence researchers have reported correlations between aspects of
subsidence movement and surface structure damage. Geddes and Cooper
(1962) found relationships between the length of a building, the horizontal ground
strain, and the damage to the building. Marino (1986) states that the ratio of
building length to building width determines the probability and magnitude of the
type of deformation that will occur. Conroy and Gyarmaty (1982) found that tilt
and ground strain are responsible for the most damage and argue that more
effort should be put into measurement of tilt and ground strain, rather than
vertical displacement. Similarly, Triplett, et al. (1992) found a strong correlation
between ground surface curvature (related to ground strain) and damage to
house foundations. Karmis, et al. (1994) uses horizontal strain, angular
distortion, and curvature to assess surface damage from mining subsidence.
Boone (1996) reports that ground curvature is a main cause of cracks in houses,
but notes that angular distortion is more readily measured. Luo, et al. (2003)
also uses critical values of strain, curvature, and slope to assess potential
damage due to subsidence.
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6.3 Classification of Damage

To assess the damage to surface structures, and the correlation of damage to
ground strains and other aspects of subsidence, it is necessary to classify the
various degrees of observed damage. Many authors have compiled subsidence
damage observations and constructed various forms of damage criteria.
Classification of subsidence damage can be approached by assessing the actual
severity of structural damage or by evaluating the value of the damage-causing
subsidence parameters, such as ground strain, in the affected area (Triplett, et
al.,, 1992). Many classification schemes provide correlations of measured
subsidence parameters with characteristics of observed surface structure
damage. Geddes and Cooper (1962) presents a classification by Orchard of
damage caused by horizontal ground movements associated with mining
subsidence (Table 32). The table presents suggested correlations between
ground strain and typical damage observed in houses in England that were not
specially designed to accommodate horizontal ground movements from mining
subsidence.

Table 32: Classification of damage caused by subsidence-related horizontal ground
movements by Orchard, presented in Geddes and Cooper (1962)

Ground Strain | Class of Description of Typical Damage
Damage

Up to 0.1% Very slight or Fine cracks in plaster. Perhaps isolated slight fracture
negligible in building not visible externally.

0.1%to0 0.2% | Slight Several slight fractures showing inside building. Doors

and windows may stick. Repairs to plastered walls and
ceilings may be necessary.

0.2%t0 0.3% | Appreciable Slight fractures visible externally. Doors and windows
stick.
0.3% to 0.4% Severe Service pipes broken. Open fractures in walls. Window

and door frames distorted. Some loss of bearing in
beams. If compression damage — overlapping of roof
joints and lifting of brickwork with open horizontal
fractures.

0.5% Very Severe Building may require partial or complete re-building.
Roof and floor beams lose bearing and walls lean badly
and have to be supported. Windows broken and
distorted. Severe buckling and bulging of roof and walls
under compression.

In 1975, the National Coal Board (NCB) produced a general guide for predicting
the intensity of subsidence damage. It is noted that “accurate prediction also
depends upon an expertise difficult to reduce to quantitative terms and which can
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only be acquired from a wide experience with buildings of various age and type of
construction” (NCB, 1975). The main factors considered for the NCB’s damage
classification scheme are strain and building length. The NCB damage
classification scheme is presented in Table 33. The NCB classification scheme
is very similar to that presented by Orchard in Geddes and Cooper (1962).

Table 33: National Coal Board classification of subsidence damage based on strain and
building length

Change of Length of | Class of Description of Typical Damage
Structure Damage
Up to 0.03 meters 1.Very slight Hair cracks in plaster. Perhaps isolated slight

or negligible fracture in the building, not visible outside.

0.03 to 0.06 meters 2. Slight Several slight fractures showing inside the building.
Doors and windows may stick slightly. Repairs to
decoration probably necessary.

0.06 to 0.12 meters 3. Appreciable | Slight fracture showing on outside of building (or
one main fracture). Doors and windows sticking;
service pipes may fracture.

0.12 to 0.18 meters | 4. Severe Service pipes disrupted. Open fractures requiring
rebonding and allowing weather into the structure.
Window and door frames distorted; floors sloping
noticeably; walls leaning or bulging noticeably.
Some loss of bearing in beams. If compressive
damage, overlapping of roof joints and lifting of
brickwork with open horizontal fractures.

More than 0.18 5. Very As above, but worse, and requiring partial or
meters Severe complete rebuilding. Roof and floor beams lose
bearing and need shoring up. Windows broken with
distortion. Severe slopes on floors. If compressive
damage, severe buckling and bulging of the roof
and walls.

Karmis, et al. (1994) compared damage criteria suggested by multiple authors in
order to define ranges of threshold damage values. Karmis, et al. (1994) notes
that the damage criteria presented by NCB (1975), while widely used, ignores the
construction materials, design, shape, and age of the structure experiencing the
damage. In order to establish threshold values of ground movement parameters
which describe a particular severity damage level, three prominent damage
classification schemes were compared and then combined (Karmis, et al. 1994).
The damage classification schemes by NCB (1975), Bruhn et al. (1982), and
Bhattacharya and Singh (1985)/ Singh (1992) are presented in a combined
format Table 34), as provided in Karmis, et al. (1994). The table compares the
NCB classification with the Bruhn et al. (1982) and Bhattacharya and Singh
(1985)/ Singh (1992) classifications, focusing on characteristics of damage
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observed to a common brick/masonry low-rise structure (Karmis, et al. 1994).
The first column of Table 34 includes ranges of strain from NCB (1975). The
second column provides an approximate conversion from NCB classes of
damage to damage severity levels presented by Bruhn et al. (1982) to classes of
building damage by Bhattacharya and Singh (1985)/ Singh (1992). The damage
severity levels, created by Bruhn et al. (1982) for the Northern Appalachian
coalfields, are part of Bruhn’s “Severity Index System” (SIS) and relate to severity
index numbers. The severity index numbers, based on documentation of repairs
required to basements (Bruhn et al., 1982), are presented in the third column of
Table 34. The classes of building damage by Bhattacharya and Singh (1985)/
Singh (1992), and designated as the “Damage Classification System” (DCS), are
based on information collected from numerous countries. The DCS system
summarizes building categories, movement types, and ranges of damage limits
associated with mining subsidence (Bhattacharya and Singh, 1985/ Singh, 1992).

Table 34: Comparison and combination of damage classification schemes as presented by
Karmis, et al. (1994)

Change of Length of Class of Damage or Severity Level Severity Index
Structure (according to | (comparative/comprehensive scheme by (after Bruhn et al.,
NCB (1975) Bhattacharya and Singh (1985)/ Singh 1982)
(1992))
NCB System=2>SIS>DCS
Up to 0.1 ft (30.5 mm) Negligible-> Slight->Architectural 0-1
From 0.1 ft (30.5 mm) to | Slight->Moderate->Functional 1-2
0.2 (61 mm)
From 0.2 ft (61 mm) to Appreciable>Moderate-> Functional 1-2
0.4 ft (122 mm)
From 0.4 ft (122 mm) to | Severe->Severe-> Structural 2-4
0.6 ft (183 mm)
Over 0.6 ft (183 mm) Very Severe->Very Severe-> Structural 4-5

After establishing equivalencies among the damage classifications presented by
NCB (1975), Bruhn et al. (1982), and Bhattacharya and Singh (1985)/ Singh
(1992), Karmis, et al. (1994) uses measured values of horizontal strain and
angular distortion from Singh (1992) to define ranges of subsidence parameter
values associated with each class of damage. Table 35 summarizes the ranges
of strain and distortion values associated with each combined damage class.

Table 35: Classes of damage and suggested threshold (damage limit) values of horizontal
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strain and angular distortion( Karmis, et al., 1994)

Class of Damage or Severity Level Horizontal Strain Angular Distortion
(comparative/comprehensive (suggested damage limit (suggested damage-limit
scheme by Bhattacharya and Singh | values after Singh, 1992) values after Singh, 1992)
(1985)/ Singh (1992))
NCB System->SIS>DCS

Negligible-> Slight>Architectural 0.5x10° 1.0x10°
Slight->Moderate> Functional 1.5-2.0x 10° 2.5-3.0x 107
Appreciable>Moderate>Functional | 1.5-2.0 x 10° 2.5-3.0x 107
Severe->Severe-> Structural 3.0x 107 7.0x 107
Very Severe>Very >3.0x 10° >7.0x 107
Severe-> Structural

Establishment of the ranges of threshold damage values for each class of
damage allowed Karmis, et al. (1994) to define ranges of subsidence parameters
that correspond to a threshold, above which structural damage due to mine
subsidence is likely and below which structural damage is unlikely. Because
horizontal strain data is most abundant, it is considered the predominant damage
index. The threshold value range for horizontal strain is 1.5 x 10° to 3.0 x 107
(Karmis, et al. 1994). A value of 1.5 x 10 is used as a default for the case
studies included in this thesis. Other threshold value ranges, such as those for
angular distortion, curvature and slope, were also defined by Karmis, et al.
(1994). However, it is noted that the values are based on significantly less data
than the horizontal strain values.

6.4 Damage Prediction

Relying on the concept that mine subsidence damage to surface structures is
most closely related to horizontal strain and ground strain, many researchers
have attempted to predict damage using predicted strain values. In attempting to
predict damage from strain, researchers found that different structures may have
different reactions to strain. In order to take into account both subsidence-
induced horizontal/ground strains and possible surface structure damage,
Reddish, et al. (1996) coupled a subsidence prediction system with an “expert-
based” system. The duel program calculates strain values for undermined areas
and assesses the potential for surface structure damage through a series of “if-
then” questions, the answers of which are analyzed by the “expert based” system
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(Reddish, et al. 1996). The questions are related to expected threshold strain
values for each surface structure and other variables affecting the transmission
of the ground strain into the structures. The three most vital components to the
assessment process are mining factors, site factors, and structural factors
(Reddish, et al. 1996). The end result is a certainty value related to how much
damage each structure may experience. The program is a risk based system
that provides subsidence engineers with the probability of occurrence, and
degree of occurrence, of subsidence-related damage.

Karmis, et al. (1994) also presents a risk based system of damage assessment
based on the concept of a damage angle, defined as a “critical value of the angle
of deformation at which surface structures can be maintained without some
defined degree of damage”. More importantly, the damage angle is determined
based on the distribution of threshold values for damage-causing subsidence
parameters. Case studies in section 6 exemplify the use of threshold values to
determine high risk areas that can be described with damage angles. Using a
damage angle (based on threshold parameter values) to define potential areas of
damage due to mining accounts for both ground movement and surface structure
response by considering mining conditions, geological conditions, and damage
intensity levels (Karmis, et al. 1994).

6.5 Mitigation of Expected Damage

By predicting potential subsidence-induced effects, engineers have the ability to
conduct mitigation efforts to lessen the predicted damages. Luo, et al. (2003)
presents a very simple, yet successful, systematic approach to subsidence
mitigation. First, the expected subsidence parameters must be calculated. Next,
the subsidence parameters, such as ground strain and angular distortion, are
compared to the critical deformation values for potentially effected structures. If
the subsidence effects are expected to be greater than the strengths of the
surface structures, mitigation must work to decrease the discrepancy (Luo, et al.
2003). Potential mitigation techniques include better mine planning, reduction of
the transmission of strain from the ground to structures, and reinforcement of
structures (Luo, et al. 2003). More specifically, trenches are often dug around
structures to decrease the transmission of strain and cables may be placed on
buildings to reinforce the structure as it experiences differential subsidence
movements (Luo, et al. 2003). In addition, Luo, et al. (1992) discusses an
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advanced plane fitting method of protecting the superstructure of a house from
strain caused by curvature and twisting. The method involves using jacks to
make height adjustments of different parts of a superstructure as mining
progresses underneath. The jacks must be adjusted frequently to accommodate
for subsidence-induced movement and keep the superstructure from
experiencing damage-causing differential movements. Mitigation by the Luo, et
al. (1992)/Luo, et al. (2003) approach has been implemented successfully and
documented in numerous case studies.

When buildings are built in areas that are to be undermined, prediction of ground
strains and potential damage allows engineers to design the buildings to adapt to
subsidence-related movements. Two of the more unique early designs for
“subsidence-proof” homes are discussed bhy Geddes and Cooper (1962). One
involves building homes on movable timbers that adjust to subsidence
movements without transferring the strains into the foundation. The other
involves constructing rigid box frame foundations that are designed to withstand
the damage-causing forces (Geddes and Cooper, 1962). While these designs
for subsidence-resistant structures were not always successful, the basic
concepts are still used when there is a possibility that structures will experience
mine subsidence related movement. Numerous authors have addressed criteria
for development in areas that are at risk of experiencing mining-induced ground
deformation. A detailed discussion of the criteria is beyond the scope of this
thesis.
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7. Objective IV: Assess long-term stability
7.1 Assessing Long-term Landscape Stability

7.1.1 Phases of Mining-Induced Deformation

The process of classification, prediction, and mitigation of mining-induced
damage is applicable to areas that are to be mined, as well as areas that have
been mined in the past. The long-term stability of underground mines and the
overlying landscape is dependent on multiple factors, one of the most important
being the method of mining. Singh (1992) defines two main phases of
subsidence associated with underground mining, an active phase and a residual
phase. Jarosz, et al. (1990) recognizes three phases of subsidence, initial,
active, and residual. The addition of the initial phase in the classification by
Jarosz, et al. (1990) is in place because they were specifically considering the
small amount of subsidence that is measured as a longwall face approaches a
point on the surface. Singh (1992) considers subsidence in relation to time in a
more general sense with respect to both longwall mining and room-and-pillar
mining. The active and residual subsidence phases are present in both
classifications because they include the majority of subsidence activity.

The active phase of subsidence is loosely defined as the subsidence that occurs
during mining up until a point where the mining is not expected to have a direct
relationship on the surface subsidence. The residual phase of mining
subsidence begins after the active phase and can last for less than a year or
extend for many decades, depending upon the mining method and other factors.
In particular, for longwall mining the active phase includes the majority of the
subsidence movement while the residual subsidence phase is important when
considering post-mining land use and the extent of liability of underground coal
mine operators for post-mining subsidence (Singh, 1992). In the case of room-
and-pillar mining, the opposite is often true with the active phase being
insignificant and the residual phase incorporating the most subsidence.

In addition to the different phases and durations of each phase associated with
mining subsidence, the type of mining also determines the physical manifestation
of the subsidence on the surface. The two main types of subsidence that occur
on the surface are trough subsidence and chimney subsidence (Karfakis, 1993).
Trough, or sag, subsidence may occur with both longwall and room-and-pillar
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mining methods, and is more often associated with longwall mining and high
extraction (second mining) room-and-pillar areas. In general, trough subsidence
creates a gentle, shallow surface depression and chimney (or sinkhole-type)
subsidence usually forms deeper, more steep-sided, conical (apex up)
depressions (Karfakis (1993) and Dyne (1998)). A detailed description of
chimney subsidence due to abandoned mines is presented in Karfakis (1993).

Longwall mining, for the most part, causes rapid subsidence of the undermined
area (initial and active subsidence phases) with a less significant residual phase.
Data presented in Singh (1992) from studies in the United Kingdom, France,
Germany, USSR, and the United States suggests that the duration of residual
subsidence associated with longwall mining is typically less than six years, very
often around two years, and may be as short as a few weeks. The magnitude of
residual subsidence from longwall mining is usually significantly less than 10% of
the total subsidence (Singh, 1992) and is usually not as much of a concern for
post-mining land use planning, compared to room-and-pillar mining.

Because the residual subsidence associated with longwall mining is relatively
less significant than that associated with room-and-pillar mining, it has not been
studied in great detail. However, Luo and Peng (2000) found that longwall
subsidence in the eastern U.S. tends to reach a “quasi-stable” state once the
longwall has advanced 0.7 to 0.94 times the overburden thickness past a given
surface point. After this point, Luo and Peng (2000) found that residual
subsidence may occur in the form of re-compaction of caved and fractured
material in the gob area and/or slow (“creep”) deformation of the chain pillars
between longwall panels. Karfakis (1993) also discusses residual subsidence
over longwall panels due to compaction of rubblized gob, and points out that
changes in the abundance of water in the gob greatly affect the degree of
recompaction and occurrence of residual subsidence. Creep deformation of
chain pillars is reported to cause more residual subsidence (as compared to re-
compaction of gob material), the magnitude of the pillar creep dependent upon
the original designed safety factor of the chain pillars and the mining height (Luo
and Peng, 2000). Luo and Peng (2000) developed an equation based on these
parameters to determine the half-life of the long-term subsidence (or expected
creep of the chain pillars). The residual subsidence associated with longwall
mining was not observed in every case reviewed by Luo and Peng (2000).
Based on the predicted half-life of typical creeping chain pillars, they concluded
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that longwall long-term subsidence is much less likely to cause damage to
surface structures than room-and-pillar long-term subsidence.

In contrast to the relatively rapid subsidence induced by longwall mining,
subsidence related to room-and-pillar mines may be delayed for decades and
may only occur after pillars have deteriorated to the point of yielding or collapsed,
or both (Singh, 1992). A common misconception is that mining subsidence
associated with room-and-pillar mining may be avoidable if mines are developed
with large pillars and at great depth under strata containing competent beds of
rock (Singh, 1992). Research shows that the redistribution of stress associated
with room-and-pillar mining causes measurable deformation in pillars, which is
eventually transmitted to the ground surface. The conditions of each individual
site determine the extent of subsidence, which can vary between considerable to
nearly undetectable (Singh, 1992).

Factors controlling the deterioration of room-and-pillar mine systems, and
therefore the amount and timing of associated subsidence are variable and must
be considered for each site. The major factors include the strength of the coal,
roof, and floor of the mine; the extent of natural fracturing; the presence,
abundance, and variation of water in the mine; the depth of the mine workings;
the appropriateness and variability of pillar sizes; the percent of the coal
extracted (Singh, 1992); and the bulking capabilities of the caved material
(Karfakis, 1993). Karfakis (1993) outlines the main mechanisms of failure of
abandoned room-and-pillar mines. The abundance of mine water in the
abandoned mine, the deterioration of the mine structures, and the development
of residual mine subsidence are all very closely related. Varying levels of
moisture in a mine has significant effects on the stability of the roof, pillars, and
mine floor. The result is failure of the mine structure by pillar failure, roof caving,
and pillar punching (due to exceedance of the mine floor bearing capacity)
(Karfakis, 1993).

7.1.2 Prediction and Assessment of Long-term Landscape Stability

Because of the multiple factors affecting subsidence associated with room-and-
pillar mining and the variability of conditions from mine to mine, many authors
suggest that accurate predictions of long-term room-and-pillar mine stability are
very difficult, if not impossible, to provide. Karfakis (1993) argues that while
numerous approaches to subsidence prediction exist, they are only applicable to
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active, total-extraction mining systems. However, Karfakis (1993) also notes that
the probability of residual subsidence over abandoned room-and-pillar mines
may be possible via subsidence mechanism modeling and/or analysis of
historical data.

Despite the difficulties of predicting long-term stability of abandoned room-and-
pillar mines, a few researchers have made an attempt. Taylor, et al. (2000)
found empirical relationships between pillar factor of safety and time, subsidence
and rock mass rating, and extent of vertical subsidence with peak pillar vertical
stress. The research yielded an empirical equation for calculating “days to
failure” for room-and-pillar mines in an area of coalfields in England, but it is
emphasized that each mined area must be considered separately because
general “rules of thumb” are not sufficient. Taylor, et al. (2000) also stresses the
importance of site investigation, and provides an outline of procedures for
determining the presence, extent, and stability of underground mining beneath
surface areas to be developed.

Karfakis (1993) discusses the basis for a prediction method used for predicting
chimney subsidence over lead and zinc mines in Poland. It involves the
determination of the height of a stable pressure arch over the excavation as well
as the expected volume increase (bulking capacity) of the caved roof rock. The
possibility of caving is assessed by comparing the height of a stable pressure
arch with both the overburden thickness and the height of rubblized roof material
after bulking. Basically, the probability of occurrence of sinkhole subsidence is
considered equal to the probability that caving of the roof will reach the ground
surface (Karfakis, 1993).

Dyne (1998) assessed the occurrence of chimney subsidence associated with
abandoned room-and-pillar mines in southwestern Pennsylvania and provides an
equation for prediction of the height of a potential collapse-chimney. In the
Pittsburgh, Pennsylvania, metropolitan area, Gray et al. (1977) reports that
chimney mine subsidence is the most prevalent form of subsidence. The
apparent randomness and unpredictability of chimney subsidence is a cause for
great concern, especially in areas where populated zones overly abandoned
mines (Karfakis, 1993). Collected data indicates that the average time between
the abandonment of the mine and the appearance of chimney-collapse
subsidence at the surface is approximately 60 years (Dyne, 1998). Dyne (1998)
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also concludes that water table fluctuations and precipitation runoff are important
factors leading to the collapses. The prediction equation, as provided by Dyne
(1998), allows investigators to estimate the highest expected caving distance for
the roof in different areas of underground room-and-pillar mines. Similar to the
method discussed by Karfakis (1993), comparing the expected caving distance to
the thickness of overburden between the mine and the surface allows
researchers to predict where chimney-collapse subsidence is most likely to occur
(Dyne, 1998). In this way, the subsidence prediction capability allows for
preventative mitigation prior to subsidence-induced property damage.

Hao and Chugh (1992) discusses a methodology for predicting the likelihood of
subsidence events over abandoned room-and-pillar mines in lllinois. This is
accomplished using average values of geotechnical properties from nearby
active mines and statistical correlations of safety factor values with subsidence
incubation periods. The results suggest that larger initial safety factors usually
correlate with longer subsidence incubation periods. Because estimated pillar
safety factors in their study area of lllinois are usually much higher than the
estimated floor safety factors, Hao and Chugh (1992) concludes that the floor will
fail first, making floor safety factor the controlling variable of subsidence. This
conclusion is confirmed by a graph showing significant correlation between
observed subsidence incubation period and estimated floor safety factors Hao
and Chugh (1992). The correlation chart is used to predict incubation periods
from known floor safety factors. Hao and Chugh (1992) reports significant
estimation error associated with the proposed method. There is a 67% likelihood
that subsidence events will occur within 16 years of the predicted subsidence
incubation period and a 95% likelihood that subsidence events will occur within
32 years of the predicted subsidence incubation period (Hao and Chugh, 1992).

Perhaps some of the most frequently-used methods for assessing underground
stability are those incorporated into computer programs and made available by
the National Institute for Occupational Safety and Health (NIOSH). The methods
include pillar sizing equations by Bieniaski, Mark and Bieniaski, Holland, Holland
and Gaddy, and Obert and Duvall. A program known as “Analysis of Longwall
Pillar Stability” (ALPS) is provided for calculating stability factors of longwall
pillars (NIOSH, 2007). The stability factors are useful for delineating areas with
high probability of failure. Other underground stability analysis programs
provided by NIOSH include “Analysis of Retreat Mining Pillar Stability” (ARMPS),
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“Analysis of Retreat Mining Pillar Stability — Highwall Mining” (ARMPS — HWM),
“Analysis of Horizontal Stress in Mining” (AHSM), and “Coal Mine Roof Rating”
(CMRR). The programs are available from NIOSH at www.cdc.qov/NIOSH/.
Discussion of the methodology behind the programs is beyond the scope of this
thesis. However, the programs include full documentation and references of the
employed methodologies.

Predicting the time in which underground room-and-pillar mines may collapse or
sag is very difficult to accomplish. However, Newman (2003) and Karmis and
Agioutantis (2004) concentrate on assessing the probability of a collapse and the
associated potential damage. The methodology of Newman (2003) and Karmis
and Agioutantis (2004) is a risk based assessment that can be used when
considering long-term landscape stability to evaluate the potential problems that
may occur over a period of time at a particular site. While designing slurry
impoundments for coal refuse, engineers are often faced with the presence of
abandoned underground room-and-pillar mines beneath the proposed
impoundment site. The consequences of interaction between the slurry
impoundment and residual subsidence in previously mined areas can be very
dangerous, as well as expensive. Newman (2003) presents three case studies in
which the ground strains generated from various degrees of possible future
residual subsidence are predicted using SDPS. The potential interaction
between the strains and the slurry impoundment are reviewed and the design of
the impoundment is altered to make sure it can withstand the predicted strains.
Often times, the strain analysis includes a “worst case” scenario in which all the
remaining pillars in the abandoned mine collapse. The method also allows
designers to predict strains generated by any combination of pillar collapse. The
original safety factors for the pillars (determined using previously discussed
methodology available from NIOSH) may be used initially to predict which pillars,
or pillar areas, may fail first. Newman (2003) also discusses using the predicted
strains from SDPS to analyze the factors of safety against outcrop barrier pillar
failure. The work done by Newman (2003) and Karmis and Agioutantis (2004)
incorporates a risk-based approach to long-term stability assessment. While the
methodology does not predict the time of failure of underground room-and-pillar
mine systems, it does allow engineers to predict the possible damages due to
collapse and to design surface structures accordingly. The methodology
presented by Newman (2003) and Karmis and Agioutantis (2004) is applicable to

Final Report on Mine Subsidence Prediction and Control Methodologies 112


www.cdc.gov/NIOSH

any entity on the surface above underground room-and-pillar mines.

7.1.3 Mechanisms Affecting Long-Term Stability

While some researchers have attempted to find ways of predicting long-term
stability of room-and-pillar mines, many have concentrated on understanding the
mechanisms affecting stability through analysis of case studies. The basic
mechanisms believed to control residual subsidence associated with room-and-
pillar mines are collapse of the roof span between adjacent pillars, pillar failures
(ranging from collapse of small areas to cascading pillar failures), and squeezing
or crushing interactions between the pillars and the roof and/or mine floor (Singh,
1992). The fundamentals of each of these mechanisms are the same as what is
considered during normal ground control design, but each must be assessed with
regard to a much longer time period. As mentioned before, and evident in the
following examples, there is a strong correlation between the abundance and
variation of water in an abandoned mine and the degree of residual subsidence
(Karfakis, 1993).

Subsidence associated with an abandoned room-and-pillar mine in lllinois was
found to be a result of pillars punching into a moisture-affected claystone floor
(Chugh, et al. 1988). The majority of the mine has less than 200 feet of
overburden, with as much as 80 feet of the overburden being unconsolidated
surficial deposits. Gradual sag subsidence, followed by more catastrophic
subsidence was recorded often in valley bottoms where borehole cameras
observed in-mine water and where overlying surficial deposits are significantly
thicker (Chugh, et al. 1988). Both the slow, sagging subsidence and the more
catastrophic subsidence events caused noticeable damage to surface structures.
Differential surface sag due to isolated pillar collapses has also caused twisting
damage in some homes (Chugh, et al. 1988). Because the mine floor is very
moisture sensitive, researchers believe that subsidence will continue as water
finds its way into more areas of the mine.

Also in lllinois, Mahar and Marino (1999) evaluated 15 years of residual
subsidence data over old room-and-pillar mines that are approximately 200 feet
deep with a 5.5 to 7.0 ft mining height. Despite the fact that only first mining had
been undertaken, they found evidence of sagging over the mine and recorded
both catastrophic and gradual failure. The gradual sag subsidence development,
which is believed to be a result of pillar/floor punching and pillar crushing, is
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described as behaving similar to a settlement curve for normally loaded clay.
The faster, catastrophic sag measurements are attributed to pillar collapse.
Although the sag development is relatively slow, Mahar and Marino (1999) found
significant damage to some of the houses in the area. Survey data indicates that
the sag subsidence over the mine has been occurring since first mining was
completed 15 years ago. While making the measurements, it was discovered that
seasonal changes in water levels, soil moisture, and temperature affected the
accuracy. The rates of sag subsidence development were analyzed as feet of
sag per month and a classification system, distinguishing initial, intermediate,
and residual sag subsidence over room-and-pillar mines, is presented.

Residual subsidence problems associated with abandoned room-and-pillar mines
in seven Wyoming counties are documented by Karfakis (1993). Sinkhole
collapse subsidence, due to weak mine roof conditions and groundwater
fluctuations in the mine, is the most prevalent form. However, as time
progresses, additional collapses are likely to lead to trough subsidence. The
mine subsidence problems were considered “an extreme danger to public health,
safety, and property” and significant reclamation funding was applied to
mitigation and abatement techniques in the affected areas (Karfakis, 1993).

Forrester (2004) investigated damage to a school situated only 150 feet above a
coal mine in Canada that had been abandoned since 1890. The report
concludes that roof material in the mine was weakened by fluctuating
groundwater levels and subsequently failed.

Vasundhara, et al. (2001) assessed the influence of soft, clayey floor strata on
the long-term stability of a room-and-pillar mine in Australia. In general, the
study concluded that not only does clayey mine floor strata cause floor heave
and rib spalling during mining, it also enhances long-term subsidence after
mining. A clay unit beneath the floor was identified to have the ability change
from near the strength of sandstone to the strength of soil when in contact with
moisture. Long-term breakdown of the stability of the mine was attributed to
differential moisture content in the clay unit beneath coal pillars as compared to
beneath the floor of entryways (Vasundhara, et al. 2001). Water entering the
mine over time was able to increase the moisture content of the clay in the
entryway floors while not affecting the clay beneath the pillars. The differential
moisture content resulted in differential strength of the clay layer, and resulted in
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unstable conditions (Vasundhara, et al. 2001).

Morrison, et al. (2003) discusses cascading pillar collapse (CPC), another
phenomenon that complicates the prediction of the stability of underground room-
and-pillar mines. CPC is discussed in terms of hard rock mining by Morrison, et
al. (2003), but it has also been observed in many room-and-pillar coal mines
(Khair and Peng, 1985; Peng, 1986; Zipf, 2001). Very basically, CPC occurs
when a pillar or smaller area of pillars collapses despite proper design or due to
geologic conditions not accounted for by design. The collapse of the smaller
pillar area causes a redistribution and addition of stress onto neighboring pillars.
If the neighboring pillars cannot withstand the additional stress, they too fail and
cause an increase in stress on more pillars. The “domino-failure” process
continues until the collapse reaches an area that is strong enough to handle the
stress increases (Zipf, 2001). CPC occurring in an old, abandoned room-and-
pillar mine may lead to a worst case scenario during which all, or most, of the
pillars in a large area collapse. The resultant surface subsidence will likely be
much worse than that of normal residual subsidence.

The previous discussion suggests that long-term stability of mined areas and the
effects of long-term subsidence are very complex issues. By studying the
causes, duration, and behavior of long-term mine subsidence, researchers are
acquiring the knowledge and skill to lessen damages to surface structures. In
order to successfully develop surface structures in undermined areas,
researchers must complete thorough pre-development investigation of previous
mining activity, as well as investigation of all geological and hydrogeological
characteristics that may affect the long-term stability of the mine. Detailed
measurements of long-term mine subsidence behavior has allowed researchers
to develop prediction techniques for various areas. However, researchers have
also found that each location must be assessed individually to ensure that all
relevant factors have been taken into account. Because predicting the timing of
collapse of abandoned underground workings and the associated subsidence is
very difficult, many researchers have focused efforts on predicting the possible
effects of long-term collapse and designing surface development to endure the
resultant subsidence. By coupling subsidence prediction techniques with building
damage criteria, researchers can provide the relative probability and extent of
subsidence damage for a given area. The successful implementation of this kind
of approach to long-term landscape stability of undermined areas allows
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reclaimed land to be used for development such as shopping malls, schools,
residential housing, and landfills.

7.2 Implemented Methodology

The work done for this thesis has enhanced the risk-based assessment
methodology of Newman (2003) and Karmis and Agioutantis (2004) that is
discussed in section 7.1.2. It involves improving the ability to evaluate the
distribution of damage-causing subsidence parameters to determine areas of
high-risk on the ground surface above mining. More specifically, ground strain
can now be calculated using any set of randomly located surface points. As
mentioned previously, risk-based assessment often assumes worst case
scenarios of total collapse because it provides the most conservative, safest
estimate of affected area. However, the utilization of computer programs like
SDPS allows engineers to analyze risk associated with any possible scenario of
mine instability.

Risk-based assessment methodology is applicable to pre-mine planning and
post-mine landscape stability assessment because the researcher has the ability
to model and predict the outcome of any possible combination of mine
conditions. The approach is adaptable to any mined area for which subsidence
prediction parameters can be estimated. This makes it dominant over damage
assessment methods that are designed specifically for certain areas.

Risk-based assessment begins with prediction of subsidence and strain based on
evaluation of data associated with in-mine conditions. The stability of
underground mine workings can be assessed using a number of pillar and roof
stability methods (see discussion in section 7.1.2), as well as through
consideration of anomalous geologic or hydrologic conditions. For example, the
risk-based assessment approach does not directly address water infiltration, a
major factor leading to mine instability, but it does provide the means for
researchers to model scenarios in which pillars in certain areas of a mine are
more likely to deteriorate due to mine water flux. The same approach can be
employed to account for other variable geologic or hydrologic factors observed
for a particular mine. For example, soft clayey floor that is likely to cause
accelerated deterioration of pillars in a particular area can be accounted for by a
model that assumes a greater degree of collapse in the area. Based on stability
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analysis, as well as consideration of geologic and hydrologic conditions, any
possible deformation scenario can be developed and modeled.

To facilitate risk-based assessment of subsidence-affected areas, an enhanced
methodology that quickly calculates and contours predicted ground strain for
each point on a grid (taking into account all adjacent points) has been
implemented. As discussed briefly in section 5.2.4, horizontal strain and ground
strain differ in that ground strain accounts for displacements in the z direction. In
other words, ground strain calculations take into account topographic surface
before and after deformation while horizontal strain only considers displacement
in two dimensions. Figure 61 illustrates the components used to calculate
horizontal strain and those used to calculate ground strain.

Extracted Seam

Figure 61: Two-dimensional representation of differences in components used to calculate
horizontal strain and ground strain.

To be accurate, calculation of ground strain at any point must take into account
the effects of all adjacent points. Figure 62 indicates the eight adjacent surface
points (black) that must be considered when calculating the ground strain at a
given point (red).
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Figure 62: Plan view of grid pattern used to calculate ground strain at one point (red) in
three-dimensional space. Ground strain at each point in a grid is calculated by taking
into account all adjacent points.

The equation used to calculate horizontal strain between two points is provided

below.

Horizontal distance between two points prior to deformation = l, = \/dx? + dy?

Horizontal distance between two points after deformation = [, =
J(dx + ddx)? + (dy + ddy)?

Horizontal Strain = = =y

(I, -1,) Ly dl
2, T [

[

The equation for calculating ground strain at a point is provided below. It is
important to remember that, for a given point, this calculation must be done
considering every adjacent point.

Distance between two points prior to deformation = K, = /dx2 + dy? + dz?

Distance between two points after deformation = K; =
J (@dx + ddx)? + (dy + ddy)? + (dz + ddz)?

(K, —K,) K, _dK

Ground Strain = = =

The improved calculation techniques presented here, and implemented into
SDPS for efficiency, provide engineers with the means to quickly contour
damage-causing parameters (particularly ground strain) and combine the
contoured maps with maps of surface development, either planned or existing.
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Displaying empirically-based damage threshold values of subsidence parameters
(such as ground strain and horizontal strain) for the types of structures in an
affected area with maps of structures in the area, makes it possible to create
maps of high-risk zones. The maps can be used by a field engineers to assess
the severity of potential damage from undermining or from long-term landscape
instability (risk-based analysis).

7.3 Validation of Method

To illustrate the effectiveness of the enhanced risk-based approach to assessing
damage potential due to undermining, two synthetic case studies and an
example of an actual case study are presented below.

Synthetic case study 1 illustrates the steps involved in conducting a basic risk-
assessment analysis for two planned, adjacent longwall panels. Figures 1
through 8 of Appendix V include the SDPS screens associated with basic
processing of the case study. Default subsidence prediction parameters are
assumed (Appendix V, Figure 1). The panels are each 1000 feet wide and the
mine is 600 feet deep. The average extraction thickness is 5 feet. An edge
effect of 150 feet has been applied to all sides of each panel. Figure 2 of
Appendix V shows the two panels, the edge effect, and the grid of prediction
points. The prediction points are defined in Figure 5 (Appendix V). Predicted
values for horizontal strain and ground strain were calculated (Appendix V,
Figure 6) and threshold strain values of 1.5 x 10 were chosen for contouring
(Appendix V, Figure 7). Figure 8 of Appendix V shows the initial contouring of
strain in Surfer. The output is easily edited and can be combined with surface
structure maps to determine surface areas at high risk of experiencing
subsidence deformation-induced damage.

Figure 63 shows the contoured threshold strain values combined with a map
showing the locations of three buildings (A-C) overlying the panel area. In this
particular case, flat terrain results in ground strain nearly equal to horizontal
strain. The red zone in the figure indicates the area expected to experience
tensional strains exceeding 1.5 x 10, Based on the overlay, the northeastern
corner of Building A and the northwestern corner of Building C are expected to
experience potential damage due to tensional strain.
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Figure 63: Risk assessment map showing combination of predicted horizontal and ground
strain with surface structures.

Synthetic case study 2 is provided to outline the basic steps involved in
generating a map showing high-risk zones due to collapse of weakened pillars in
a previously mined room and pillar section. This case study is a basic example
of risk assessment of long-term landscape stability using contoured threshold
subsidence parameters (ground strain and horizontal strain). Figures 9 through
19 of Appendix V provide the components of the room and pillar setting and
prediction model, including full size and weakened pillars. The depth of the mine
is approximately 500 feet and the extraction thickness is set to 5 feet.
Deterioration of the pillars in the weakened area may be due to partial retreat
mining, observed mine water flux, or some other mine condition. Figure 10
(Appendix V) shows the weakened pillar area surrounded by full size pillars with
dimensions of approximately 30 ft by 30 ft. To simulate the collapse of the
weakened pillars, the subsidence factor is set to 100%. The subsidence factor
for the full size pillars is set to 5%. Setup of the prediction point grid pattern is
shown in Figure 16 (Appendix V). Predicted horizontal strain, ground strain, and
subsidence values were calculated. A threshold strain value of 1.5 x 1072 is
defined in Figure 18 (Appendix V). The initial Surfer contour output is shown in
Figure 19 (Appendix V).

Figure 64 indicates the zones of tensional and compressional strain exceeding
the defined threshold value. A subsidence value of -0.05 feet is also indicated.
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The map indicates that the southern edge of Building D is likely to experience
damage from high tensional strains due to collapse of the weakened pillars. The
results assume that all full size pillars will remain standing after collapse of the
weakened pillars. This may not be a valid assumption and reassessment of the
stability of the pillars surrounding the collapsed area may indicate the likelihood
of additional failure (see discussion of cascading pillar collapse in section 7.1.3).
As discussed previously, factors affecting long-term stability are very complex.
The risk-assessment approach discussed in this thesis provides a means for
evaluating the potential outcome of almost any combination of conditions.
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Figure 64: Basic illustration of risk-based analysis showing high-risk zones resulting from
“worst case” scenario of collapse of all weakened pillars. Zones of tension and
compression exceeding a threshold strain value of 1.5 x 10 are labeled. A predicted
subsidence contour of -0.05 feet is also shown.

Figure 65, Figure 66, and Figure 67 illustrate the main steps of the risk
assessment procedure as it was done for an actual case study involving
expansion of surface development (a landfill) over part of a room and pillar mine.
The SDPS screens for this case study are not included. However, the procedure
for this actual case study is very similar to the previous synthetic case studies.
This case study, which is presented as an example in Karmis et al, (2008), is
included here to demonstrate the ability of the methodology to accommodate
more complex scenarios. Figure 65 indicates the location of the mined sections
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(both existing pillars and those removed during previous retreat mining activities.
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Figure 65: Map illustrating the position of the previously mined section in relation to the
boundary of planned surface development (reprinted with company permission, mine
location and company name confidential).

A worst case scenario is assumed wherein the existing pillars collapse and
induce surface deformation. Figure 66 shows the results of calculation and
contouring of horizontal strain and ground strain. Similar to the previous
synthetic case studies, a threshold strain value of 1.5 x 10° is used. By
combining the predicted horizontal and ground strain contours with the boundary
of the planned surface development, zones of high risk for surface structures are
determined (Figure 67).
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Figure 66: Contoured threshold values (in this case, 1.5 x 10”) of horizontal and ground
strain expected considering a “worst case” scenario of collapse of all existing pillars.
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Figure 67: Map showing combination of threshold strain values and boundary of planned
surface development. High-risk zones are those where overlap occurs.
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In addition to providing field engineers with a means to delineate high-risk areas,
contouring of predicted subsidence parameters also facilitates the creation of
vector maps that indicate the direction of predicted horizontal movement of
surface points due to subsidence. Figure 68 is an example of a vector map. The
lengths of the arrows shown on the map indicate the relative magnitude of the
displacements. The dark line indicates the position of the mined panel.
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Figure 68: Vector map indicating the direction of predicted horizontal surface point
movement as a result of subsidence

Contoured ground strain values also provide a way to compare distributions of
predicted subsidence parameters for different scenarios. For example, by
establishing a relationship between predicted subsidence and predicted ground
strain for a given area, a field engineer may be able to predict the subsidence
value at which the threshold ground strain value will likely be exceeded. In this
way, the engineer can monitor the development of damage potential using less
expensive, more common vertical displacement measurements instead of
complicated strain gauges. Figure 69 provides the general layout and contoured
values used to generate the graph in Figure 70. The example has an average
edge effect of 140 feet and a panel width of 600 feet. The extraction thickness is
five feet. Figure 69 illustrates the results of a comparison of predicted
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In general, the graph indicates that higher ground strain values are

also shows the predicted subsidence values associated with a ground strain

produced with less subsidence when mining is closer to the surface. The figure
threshold value of 1.5 x 1073,

subsidence values with predicted ground strain values for numerous seam

depths.
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Figure 69: Layout and contoured values for example comparison of predicted ground
strain values with predicted subsidence values for various seam depths
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Figure 70: Example comparison of predicted ground strain values with predicted

subsidence values for various seam depths. A threshold strain value of 1.5 x 102 is
indicated to provide an estimate of the “threshold” subsidence value.

7.4 Discussion

This chapter discusses the types of damage-causing deformation associated with
mining-related subsidence as well as classification of the induced damage.
Karmis, et al. (1994) presents a risk-based system of damage assessment
primarily utilizing threshold strain values (see Table 35). Threshold values were
established by combining damage criteria from numerous sources. The
procedure for risk-based assessment is simple. First, subsidence, horizontal
strain, ground strain, and other parameters are predicted using the established
influence function prediction method. Next, the predicted values are contoured.
The work done for this thesis provides an enhanced methodology that allows for
the contouring of important subsidence parameters. More specifically, predicted
ground strain, a well established predictor of surface damage, can now be
contoured and overlain on maps showing areas of planned or existing
development. Areas at high risk of experiencing damage are those where
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development overlaps with zones of strain that exceed the threshold value.
Based on the work done by Karmis, et al. (1994), a threshold value of 1.5 x 107
is used for the presented case studies.

The risk-based approach to assessing damage potential is capable of providing
meaningful results for both pre-mine planning and evaluation of potential damage
from long-term landscape instability over previously mined areas. Similarly, the
methodology can be applied to both longwall and room and pillar mines. The
case studies presented in this chapter attempt to demonstrate the basic steps of
the assessment procedure, as well as the adaptability of the methodology. A
significant portion of the chapter discusses the complexity of the factors affecting
the prediction of mine subsidence, as well as factors affecting long-term
landscape stability. By using the enhanced methodology and risk-assessment
approach presented in this thesis, engineers have the ability to account for
numerous geologic and mining conditions when evaluating the potential for
damage.
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8. Objective V: To disseminate project results

Dissemination of project results was accomplished in the following ways:

8.1 Awareness of the engineering and regulatory community

Personnel from various companies, as well as OSM personnel from regional
offices, were already aware of this effort as a result of the interaction during the
compilation of data.

8.2 Project Showcase

The project was showcased by the Virginia Coal and Energy Center at the
exhibition of the 25th Annual Meeting of the American Society of Mining and
Reclamation (ASMR) which was held in Richmond VA, June 14-19, 2008. The
meeting was held in conjunction with the 10th meeting of the International
Affiliation of Land Reclamationists. A poster was displayed at the VCCER booth
as shown in Figure 71.

8.3 Progress Meeting

A meeting between Kevin Andrews (VPI graduate student during the early stages
of the project), Zach Agioutantis (VPI subcontractor for this project) and Tom
Mastaller (the OSM Technical Project Officer assigned to this project) was held in
August 2008, in Morgantown, WV, to discuss the progress of the project. The
progress to-date was discussed a few items were clarified for both sides.

8.4 Project Presentation

A short presentation was done at the West Virginia Coal Mining Institute
(WVCMI) and SME Central Appalachian Section (SMECAS) Joint Annual
Meeting at The Greenbrier in White Sulphur Spring, WV in the Fall 2007. This
initial presentation introduced the project, provided an explanation of the purpose
of the project and outlined the overall objectives.

8.5 Paper presentation

A paper titled “Enhancing Mine Subsidence Prediction and Control
Methodologies” was presented at the 27th International Conference on Ground
Control in Mining held in Morgantown, WV between July 29 and July 31, 2008,
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The paper is also included in the Conference proceedings (pp. 131-136).

8.6 Short Course to OSM personnel

Dr. Karmis, Dr. Agioutantis and Mr. Kevin Andrews participated in a Short Course
that was conducted to OSM personnel at the OSM offices in Pittsburgh on
November 13 and 14, 2008. In the short course, the latest technologies that
were developed were presented and demonstrated to the attendees. A copy of
the powerpoint presentation presented at the meeting is appended to this report
(Appendix VI).

Partnership

L in Coal Seams

Figure 71: Booth at ASMR meeting in Richmond, VA, June 2008.
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9. Summary of Deliverables

9.1 Detailed project report

The detailed project report consists of this document with its appendices

9.2 Software Enhancements

In summary, the following software enhancements were implemented in this
project:

v

v

Mine plan definition was modified to allow for long-term stability
information

The dynamic function was re-written to implement the theory by Jarosz et
al (1990) for dynamic subsidence as well as calculation of dynamic slope,
dynamic horizontal displacement, dynamic curvature and dynamic
horizontal strain.

The calibration procedure was enhanced to allow for:

o0 Locking of calibration parameters obtained from a subsidence
profile and optional utilization of such parameters in calibration
using strain profiles

0 Option to calibrate for maximum values of horizontal or ground
strain as well as for minimizing the total error during strain
calibration

The calculation procedure was enhanced to allow for calculation of ground
strain for prediction points on a grid and for scattered prediction points

A new function was added in the calculation menu for calculating long-
term stability

New contouring routines were developed utilizing the Surfer package
(Golden Software)

Contouring allows specification of damage threshold values
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9.3 Updated User’s Guide

The User’s Guide was enhanced both by adding more examples pertaining to the
use of the new / advanced features of the influence function and by adding /
enhancing the theoretical sections related to the Influence Function Method.

9.4 Updated online Help File

The online Help file (which is available both as a CHM file and as a PDF file) was
updated to include help material to all the new or modified form of the SDPS
software.

9.5 Resource Files

A number of publications pertaining to subsidence prediction were added as
resource files to the Influence Function Module. These publications as available
in PDF format upon program installation (Figure 72).

= Influence Function Method: UnTitled [ZHE[E
File Edit Calculate Graph  Utilities Bl

el

E{ Help Contents F1
I Help Index
Help in PDF format

SDI owore :

Lf‘fice of Surface Mining, Reclamation and Enforcement

Version 6.0

developed by Virginia Tech
sponsored by OSMRE

1. Project file initialized. Use Edit-Project Description to enter data

Figure 72: Access to the Resource File menu

9.5 Short Course Material

The powerpoint presentation developed for the shortcourse to OSM personnel,
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delivered on November 13 and 14, 2008
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10. Recommendations

During the data collection phase it became evident, that the quality and quantity
of data that was needed for accurate evaluation of ground deformation
parameters was available only in a few cases studies. For example, data for
exact surface point locations were not always available. Instead these locations
were estimated by digitizing paper maps. Also values of deformation indices with
respect to face advance were not always available. It is, therefore, recommended
that the data collection process should be continued, to further preview, evaluate
and enhance the existing data bank.

The work done for this report represents the latest round of improvements for
prediction of mine subsidence and related parameters. While a variety of
enhancements have been made, future work will undoubtedly improve upon
current techniques and develop new methodologies. The results presented in
this thesis leave many questions to be answered and provide ideas for future
subsidence work.

Perhaps one of the most important suggestions for future subsidence research is
the need to place more emphasis on the standardization of techniques for
measuring subsidence data associated with active mines. It is data that forms
the basis of the majority of the more commonly used subsidence prediction
techniques. Future validation of current methodologies using reliable data will
further increase confidence in prediction models.

Collection of data associated with soil behavior in response to subsidence in
steeply-sloped terrain will facilitate the development of enhanced techniques for
predicting the occurrence of movements on the soil-bedrock interface. This type
of research will be particularly beneficial to mines in the eastern US coalfields.

Significant enhancements may be possible for assessing high-risk areas above
undermining. Linking pillar and roof stability assessment methodologies, such as
those provided by NIOSH, directly into the risk-based assessment procedure
using SDPS (as outlined in Section 6) would increase the speed and efficiency of
assessing high risk areas. Prompt assessment is often necessary as mining
continuously progresses into new areas.
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Continued implementation of the most applicable methodologies in the most
user-friendly computer programs will increase the likelihood that enhanced
subsidence prediction methodologies, such as those presented in this report, are
utilized by engineers working everyday in the industry. Furthermore, hands-on
training sessions and easy-to-use instruction manuals are essential to ensure
that the methodologies are used as intended.
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Appendix | -

SDPS Screen Captures for the Analysis of Several Case Studies for Method
Validation

NA-1 CASE STUDY (NORTHERN APPALACHIA)
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Figure 1: NA-1 Case Study — SDPS Project Description Screen
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Figure 2: NA-1 Case Study — Parcel Management Screen
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Figure 3: NA-1 Case Study — Vertex Management Screen (Only One Vertex Shown)
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Figure 4: NA-1 Case Study — Edge Effect Management Screen, Side 1
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Figure 5: NA-1 Case Study — Edge Effect Management Screen, Side 2
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Figure 6: NA-1 Case Study — Edge Effect Management Screen, Side 3
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Figure 7: NA-1 Case Study —Prediction Points Management Screen (only first point shown)
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Figure 8: NA-1 Case Study - Subsidence Calibration Options Screen, Influence Angle Screen
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Figure 9: NA-1 Case Study — Subsidence Calibration Options Screen, Subsidence Factor Screen
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Figure 10: NA-1 Case Study — Subsidence Calibration Options Screen, Edge Effect Screen
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Figure 11: NA-1 Case Study — Subsidence Calibration Options Screen, Calibration Options Screen
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NA-2 CASE STUDY (NORTHERN APPALACHIA) - TRANSVERSE LINE
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Figure 12: NA-2 Case Study, Transverse Line - SDPS Project Description Screen
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Figure 13: NA-2 Case Study, Transverse Line — Parcel Management Screen
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Figure 14: NA-2 Case Study, Transverse Line — Vertex Management Screen (Only One Vertex Shown)
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Figure 15: NA-2 Case Study, Transverse Line — Edge Effect Management Screen, Side 1
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Figure 16: NA-2 Case Study, Transverse Line — Edge Effect Management Screen, Side 2
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Figure 17: NA-2 Case Study, Transverse Line —Prediction Points Management Screen (only first point
shown
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Figure 18: NA-2 Case Study, Transverse Line — Subsidence Calibration Options Screen, Influence Angle
Screen
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Figure 19: NA-2 Case Study, Transverse Line — Subsidence Calibration Options Screen, Subsidence Factor
Screen
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Figure 20: NA-2 Case Study, Transverse Line — Subsidence Calibration Options Screen, Edge Effect Screen
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Figure 21: NA-2 Case Study, Transverse Line — Subsidence Calibration Options Screen, Calibration Options
Screen
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NA-2 CASE STUDY (NORTHERN APPALACHIA) - LONGITUDINAL LINE
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Figure 22: NA-2 Case Study, Longitudinal Line - SDPS Project Description Screen
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Figure 24: NA-2 Case Study, Longitudinal Line — Vertex Management Screen (Only One Vertex Shown)
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Figure 25: NA-2 Case Study, Longitudinal Line — Edge Effect Management Screen, (Only 1 Side)
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Figure 26: NA-2 Case Study, Longitudinal Line —Prediction Points Management Screen (only first point
shown)
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Figure 27: NA-2 Case Study, Longitudinal Line — Subsidence Calibration Options Screen, Influence Angle
Screen
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Figure 28: NA-2 Case Study, Longitudinal Line — Subsidence Calibration Options Screen, Subsidence Factor
Screen
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Figure 29: NA-2 Case Study, Longitudinal Line — Subsidence Calibration Options Screen, Edge Effect Screen
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Figure 30: NA-2 Case Study, Longitudinal Line — Subsidence Calibration Options Screen, Calibration



NA-3 CASE STUDY (NORTHERN APPALACHIA) - PANEL 1 NORTH
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Figure 31: NA-3 Case Study, Panel 1 North - SDPS
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Figure 32: NA-3 Case Study, Panel 1 North - Par
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Figure 33: NA-3 Case Study, Panel 1 North - Vertex Management Screen (Only One Vertex Shown)
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Figure 34: NA-3 Case Study, Panel 1 North - Edge Effect Management Screen
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Figure 35: NA-3 Case Study, Panel 1 North - Prediction Points Management Screen (only first point shown)
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Figure 36: NA-3 Case Study, Panel 1 North - Subsidence Calibration Options Screen, Influence Angle Screen
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Figure 37: NA-3 Case Study, Panel 1 North - Subsidence Calibration Options Screen, Subsidence Factor
Screen
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Figure 38: NA-3 Case Study, Panel 1 North - Subsidence Calibration Options Screen, Edge Effect Screen
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Figure 39: NA-3 Case Study, Panel 1 North - Subsidence Calibration Options Screen, Calibration Options




NA-3 CASE STUDY (NORTHERN APPALACHIA) - PANEL 3 NORTH
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Figure 40: NA-3 Case Study, Panel 3 North - SDPS Project Description Screen
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Figure 41: NA-3 Case Study, Panel 3 North - Parcel Management Screen
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Figure 42: NA-3 Case Study, Panel 3 North - Vertex Management Screen (Only One Vertex Shown)
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Figure 43: NA-3 Case Study, Panel 3 North - Edge Effect Management Screen, Side 1
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Figure 44: NA-3 Case Study, Panel 3 North - Edge Effect Management Screen, Side 2
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Figure 45: NA-3 Case Study, Panel 3 North - Prediction Points Management Screen (only first point shown)
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Figure 46: NA-3 Case Study, Panel 3 North - Subsidence Calibration Options Screen, Influence Angle Screen

= SUBSIDENCE Calibration Options

Calibration Output File S pecifications

File Prefix Code |NA3 panel3 Browse

Output Path |E:\Dncuments and Settingsiuzerby Documentsh,

Influence &ngle S
Subsidence Factor Range

Minirnurn Subsidence Factor [%) ’gui

b aximum Subsidence Factar (%) ’307

Step of Subsidence Factar [3) ’17

T Edge Effect T Optiohs T Results

Subszidence Factar Options
(" Assign Parametric Subsidence Factors to Panel: and Pillars
f* Agzign Parametric Subsidence Factors to Panels DMLY
" Do NOT CHANGE Current Subsidence Factors

Copy Giraph Wiew Regult Close
Image Surnrmary
Wiew Log Help Cancel Wiew 22231?3'3 and Fiun Calibration

Figure 47: NA-3 Case Study, Panel 3 North - Subsidence Calibration Options Screen, Subsidence Factor
Screen
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Figure 48: NA-3 Case Study, Panel 3 North - Subsidence Calibration Options Screen, Edge Effect Screen
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Figure 49: NA-3 Case Study, Panel 3 North - Subsidence Calibration Options Screen, Calibration Options

Screen
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IL-1 CASE STUDY (ILLINOIS) - MONUMENT LINE 5
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Figure 50: IL-1 Case Study, Monitoring Line 5 - SDPS Project Description Screen
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Figure 51: IL-1 Case Study, Monitoring Line 5 - Parcel Management Screen
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Figure 52: IL-1 Case Study, Monitoring Line 5 - Vertex Management Screen (Only One Vertex Shown)
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Figure 53: IL-1 Case Study, Monitoring Line 5 - Edge Effect Management Screen
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Figure 54: IL-1 Case Study, Monitoring Line 5 - Prediction Points Management Screen (only first point
shown)
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Figure 55: IL-1 Case Study, Monitoring Line 5 - Subsidence Calibration Options Screen, Influence Angle
Screen
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Figure 56: IL-1 Case Study, Monitoring Line 5 - Subsidence Calibration Options Screen, Subsidence Factor
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Figure 57: IL-1 Case Study, Monitoring Line 5 - Subsidence Calibration Options Screen, Edge Effect Screen
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Figure 58: IL-1 Case Study, Monitoring Line 5 - Subsidence Calibration Options Screen, Calibration Options
Screen
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IL-1 CASE STUDY (ILLINOIS) - MONUMENT LINE 6
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Figure 59: IL-1 Case Study, Monitoring Line 6 - SDPS Project Description Screen
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Figure 60: IL-1 Case Study, Monitoring Line 6 - Parcel Management Screen

A-34



i Polygonal Mine Plan E

Farcel b anagement T Yertex M anagement T Edge Effect Management

Parcel and Wertex Management

Parcel No |4 4 vl 1M Mew Parcel | Del Farcel |
Wertex Mo [q 4 j 144 New Vertex | DelVertex |
Geometmy Parcel Type
Werten Reference Code (1 qog i ﬁinEI
illar

Faint Easting ) [381.31436799412 Wertex Subs. Factor
[ Auto Subs. Fachor

Paint Marthing () {1245 2437795151 -

Point Elevation () [0 Parcel Status
Extraction Thicknesz [t [q5 i ﬁgttlf §
ot Active
Citical / Supercritical Subsidence Factar (%] 47— Total Paints
—ZT View &l e, ‘ Table ‘ Help ‘ Cancel ‘ 0K |

i Imane

Figure 61: IL-1 Case Study, Monitoring Line 6 - Vertex Management Screen (Only One Vertex Shown)
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Figure 62: 1L-1 Case Study, Monitoring Line 6 - Edge Effect Management Screen
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Figure 63: IL-1 Case Study, Monitoring Line 6 - Prediction Points Management Screen (only first point
shown)
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Figure 64: IL-1 Case Study, Monitoring Line 6 - Subsidence Calibration Options Screen, Influence Angle
Screen
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Figure 65: IL-1 Case Study, Monitoring Line 6 - Subsidence Calibration Options Screen, Subsidence Factor
Screen
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Figure 66: IL-1 Case Study, Monitoring Line 6 - Subsidence Calibration Options Screen, Edge Effect Screen
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Figure 67: IL-1 Case Study, Monitoring Line 6 - Subsidence Calibration Options Screen, Calibration Options
Screen
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IL-2 CASE STUDY (ILLINOIS)
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Figure 69: IL-2 Case Study - Parcel Management Screen, Parcel 1
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Figure 71: IL-2 Case Study - Vertex Management Screen (Only One Vertex of One Panel Shown)
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Figure 73: IL-2 Case Study - Edge Effect Management Screen, Parcel 2
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Figure 74: 1L-2 Case Study - Prediction Points Management Screen (only first point shown)
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T Copy Graph Wiz Result Close
L T=e Surrnary
“Wiew Log Help Cancel View énal}lsis and Fiun Calibration
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Figure 75: IL-2 Case Study - Subsidence Calibration Options Screen, Influence Angle Screen
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&, SUBSIDENCE Calibration Options

Calibration Output File Specifications

File Prefix Code [j 2 Brawse

Output Path |E: “WDocuments and Settingshuzeribdy Documentsh,

Influence Angle Subs Factors T Edge Effect T Options T Results
Subszidence Factor Range
Minimum Subsidence Factor [%) ’437
Marimum 5 ubsidence Factor [%] ,527
Step of Subsidence Factor [%) ’17

Subszidence Factor Dptions
" Azsign Parametnic Subsidence Factors to Panels and Pillars
{+ Azsign Parametric Subsidence Factors to Panels DMLY

" Do MOT CHANGE Curent Subsidence Factors

Graph ‘ Vgaw izl ‘ Cloge ‘
ummary
Wiew Log Help Cancel View Analpsis and Fiun Calibration
Results

Figure 76: IL-2 Case Study - Subsidence Calibration Options Screen, Subsidence Factor Screen

= SUBSIDENCE Calibration Options

Calibration Output File Specifications

File Prefix Code [) 2 Browse
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Influence Angle T Subs Factors T Edge Effect T Options T Results

Edge Effect Range
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Step of Edge Effect [ft] |4

Edge Effect Options
" Do MOT apply an Edge Effect

" Apply Edge Effect Range on ALL Sides Simultaneously (Mean Value)
" Apply Edge Effect Range on Edges Defined in Mine Plat
" Apply Edge Effect A5 Defined in Mine Plan

Graph Yiew Result Close
i lmane : Summary
“Wiew Log Help Cancel Vigw Analysis and Fiun Calibration
Resultz

Figure 77: IL-2 Case Study - Subsidence Calibration Options Screen, Edge Effect Screen
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&, SUBSIDENCE Calibration Options

Calibration Output File Specifications

File: Prefix Code (L2 Browse

Output Path |E:\Documents and Settingzhuzarbdy Documentsh

Influence Angle T Subs Factaors T Edge Effect T Options Results

Parcel Onentation Check, Output Options
(" Aubo Comect Orientation I
(" Manual Orientation Checlk v Include Input Data
(™ Don't Check Orientation v Delete Graph Files on Exit
Solution Optiong Graph Dptions
Solution Resolution (50 v Graph Title v Legend

Graph #-axis Options

f* Anial Projection :‘
(™ Distance to Panel Edge

Copy Graph iew Result Close
i.mane i Surmnnary
Wiew Log Help Cancel Wigw gz:}:tﬂs and Run Calibration

Figure 78: IL-2 Case Study - Subsidence Calibration Options Screen, Calibration Options Screen
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AL-1 CASE STUDY (ALABAMA)

&, Project Description

AL-1 Casze Study
Calibration to Subsidence Data Taken along Highway 216

Current Units
(v feet {
Mine Plan Type Surface Paints Type
+ Palygonal Mine Plan (* Scattered Points
i {
Select Parameter Mode Owerburden / Rockb ass Parameters
* Uze Custom Parameters Tangent of Influence sngle

21
" Usze Regional Defaults li
:‘ Strain Coefficient |0 35
Percent Hardrock (%] [ag
0

Influence Angle Time Coefficient [1/day] 075

[~ UseWarying TarB per Panel

Help ‘ Cancel | Ok |

Figure 79: AL-1 Case Study - SDPS Project Description Screen

= Polygonal Mine Plan E|

Parcel Management T “ertex Management T Edae Effect Management

Farcel Management

Parcel Ma I.I— 4 j 144 Mew Parcel | Dl Parcel |
Farcel Type Parcel Statuz Tatal Paints
¢ Panel (¥ Active l—
" Pillar ™ Mot Active
Ayverage Parcel Parameters
“ertex Elevation [ft] |5Rg |Ipdate Parcel with Avg |
Extraction Thickness [ft] |5 38 Update Parcel with Avg |
Critical ¢ Supercritical Subsidence Factar %] |54 Update Parcel with &vg |

Influence Angle for Parcel

Calculated Subsidence Factor

[ Auto Subs. Factor ,7
-

Wiew Al ‘ Wiew ‘ Table Help Cancel ‘ ok |

Figure 80: AL-1 Case Study - Parcel Management Screen, Parcel 1
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i Polygonal Mine Plan

3

Parcel Management

Parcel Management

Farcel Type
(* Panel
" Pillar

Average Parcel Parameters

Parcel Na |2— ﬂ J

T “ertex Management T

Edge Effect Management

ﬂ 244

MHew Parcel |

Del Parcel |

Parcel Status
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Yertex Elevation [ft] 559

Extraction Thickness [ft] [52g
Critical / Superciritical Subsidence Factor (%) [54
Influence Angle for Parcel
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=

Total Points

—

Update Parcel with &g |

Update Parcel with Awvg |

Update Parcel with Awvg |

Wiew Al ‘ Wiew ‘ Table Help

i Imane

Cancel ‘ ok |

Figure 81: AL-1 Case Study - Parcel Management Screen, Parcel 2

=, Polygonal Mine Plan

Parcel Management T

Vertex Management T

Edge Effect Management

Farcel b anagement

Parcel Na |3— ﬂ J j M Mew Parcel | Del Parcel |
Parcel Type Parcel Statuz Tatal Paints

+ Panel (+ Aclive l—
" Pillar ™ Mot Active

Average Parcel Parameters

Wertew Elevation [f] |5597

Extraction Thickness [ft) lsggi

Critical / Supercritical Subsidence Factar [%) |547
Influgnce &ngle far Parcel |7

Calculated Subsidence Factar

[~ Auto Subs. Factor ,7
-

Update Parcel with Awvg |

Update Parcel with Awvg |

Update Parcel with Awg |

Yiew 4l ‘ Wi ‘ Table Help

Cancel ‘ Ok |

Figure 82: AL-1 Case Study - Parcel Management Screen, Parcel 3
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i Polygonal Mine Plan

Parcel Management T Wertex Management T

Edge Effect Management
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Average Parcel Parameters

Yertex Elevation [ft] 559
Extraction Thickness [ft] [52g
Critical / Superciritical Subsidence Factor (%) [54

Farcel Mo [4 4] v 44 Mew Parcel | Del Parcel |
Farcel Type Parcel Stahus Total Points
f+ Fanel (* Aclive
" Pillar " Mat Active

Update Parcel with &g |

Update Parcel with Awvg |

Update Parcel with Awvg |

Influence Angle for Parcel

Calculated Subsidence Factor
[ Auto Subs. Factor
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T ar
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i Imane

Help

Wiew Al ‘ Wiew ‘ Cancel ‘ u] 4 |

Figure 83: AL-1 Case Study - Parcel Management Screen, Parcel 4

=, Polygonal Mine Plan

Parcel Management T Yertex Management T Edge Effect Management
Farcel and Wertex Management
Parcel Mo |4— ﬂ y| 44 Mew Parcel | Del Parcel |
Werkex Mo |-|— ﬂ_| j 174 Mews Wertex | Del Yertex |
Geometny Parcel Type
f*
Yertex Reference Code W e g;:[al

“Werbex Subs. Fachar

Faint Easting [t [5E08 315
Point Northing ) [1764 5523 '|: Auto Subs. Factor
Faint Elevation [ft) [5Rg

Parcel Status

Extraction Thicknesz [ft) |52 i EET\: 0
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Critical # Supercritical Subsidence Factar (%) |54 Tatal Points

——

Yiew 4l Wi ‘ Table ‘ Help ‘ o ‘ oK |

Figure 84: AL-1 Case Study - Vertex Management Screen (Only One Vertex for One Parcel Shown)
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i Polygonal Mine Plan @

Farcel b anagement T “ertex Management T Edge Effect Management

Farcel b anagement

Parcel Mo |4 LU j 1/4

Boundar Adjustment Options [Parcel Edge Effect]
" fwerage Edge Effect [f]
&+ Manual Edoe Effect
™ DoMOT &pply Edge Effect

Edge Side Management

Side No g 1 | 12 Mew Side | Del Side |

Edae Infarmation

Starting Vertex for Side [1 oo v Ending Yertex for Side |1 004 hd
EdoeEffect(f) [15

Wiew Al ‘ Wiew ‘ Table ‘ Help Cancel u] 4 |

Figure 85: AL-1 Case Study - Edge Effect Management Screen, Side 1 of Parcel 1

=, Polyponal Mine Plan

Parcel Management T Wertex Management T Edge Effect Management

Parcel Management

Parcel Mo 4 L|_| ﬂ 1/4

Boundary Adjustrnent O ptions [Parcel Edge Effect)
7 fwerage Edge Effect [ft]
% Manual Edoge Effect
" Do NOT Apply Edge Effect
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Side No |2 Kl v| 22 New Side ‘ Del Side |

E dge Information

Starting ertex for Side |4 png - Ending Wertex for Side [1 oo -
Edge Effect [ft] 257

B
1302, .

Figure 86: AL-1 Case Study - Edge Effect Management Screen, Side 2 of Parcel 1

Yiew Al | iew ‘ Table ‘ Help Ceved oK
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i Polygonal Mine Plan E

Farcel b anagement T “ertex Management T Edge Effect Management

Farcel b anagement

Parcel Mo |2 ﬂ J r| 244

Boundar Adjustment Options [Parcel Edge Effect]
" fwerage Edge Effect [f]
&+ Manual Edoe Effect
™ DoMOT &pply Edge Effect

Edge Side Management

Side No g 1 | 12 Mew Side | Del Side |

Edae Infarmation

Starting Vertex for Side [ oo v Ending Yertex for Side |2 nng hd
EdgeEffect (i) [75

Wiew Al ‘ Wiew ‘ Table ‘ Help Cancel u] 4 |

Figure 87: AL-1 Case Study - Edge Effect Management Screen, Side 1 of Parcel 2

=, Polygonal Mine Plan

Parcel Management T Wertex Management T Edge Effect Management

Farcel Management

Parcel No |2— ﬂ J j 244

Boundary Adjustment Options [Parcel Edge Effect)
" twerage Edge Effect [f)
+ Manual Edge Effect
" DaMNOT Apply Edoe Effect

Edaz Side Management

Side No |2 | v| 22 New Side | Del Side |

Edge Information

Starting Wertex for Side |2 o0y - Ending “ertex for Side |2 qm -
Edge Effect [ft] 175

Yiew 4l ‘ Wi ‘ Table ‘ Help o oK

Figure 88: AL-1 Case Study - Edge Effect Management Screen, Side 2 of Parcel 2
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i Polygonal Mine Plan E

Farcel b anagement T “ertex Management T Edge Effect Management

Farcel b anagement

Parcel Mo |3 ﬂ J j 4

Boundar Adjustment Options [Parcel Edge Effect]
" fwerage Edge Effect [f]
&+ Manual Edoe Effect
™ DoMOT &pply Edge Effect

Edge Side Management

Side No g 1 | 12 Mew Side | Del Side |

Edae Infarmation

Starting Vertex for Side [3 001 v Ending Yertex for Side |3 004 hd
EdgeEffect (i) [75

Wiew Al ‘ Wiew ‘ Table ‘ Help Cancel u] 4 |

Figure 89: AL-1 Case Study - Edge Effect Management Screen, Side 1 of Parcel 3

=, Polygonal Mine Plan

Parcel Management T Wertex Management T Edge Effect Management
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ParceINolg— ﬂ J j 344

Boundary Adjustment Options [Parcel Edge Effect)
" twerage Edge Effect [f)
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" DaMNOT Apply Edoe Effect

Edaz Side Management
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Starting Wertex for Side |3 004 - Ending “¥ertex for Side |3 om -
Edge Effect [ft] 175
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Figure 90: AL-1 Case Study - Edge Effect Management Screen, Side 2 of Parcel 3
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i Polygonal Mine Plan E

Farcel b anagement T “ertex Management T Edge Effect Management

Farcel b anagement

Parcel Mo 4 ﬂ M 44

Boundar Adjustment Options [Parcel Edge Effect]
" fwerage Edge Effect [f]
&+ Manual Edoe Effect
™ DoMOT &pply Edge Effect

Edge Side Management

Side No g 1 | 12 Mew Side | Del Side |
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Starting Yertex for Side |4 0o > Ending Yertex for Side (4. 0oz =
Edge Effect [ft] [250

T
i Imane
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Figure 91: AL-1 Case Study - Edge Effect Management Screen, Side 1 of Parcel 4

=, Polygonal Mine Plan

Parcel Management T Wertex Management T Edge Effect Management

Farcel Management

Farcel Mo (4 ﬂ M 444

Boundary Adjustment Options [Parcel Edge Effect)
" twerage Edge Effect [f)
+ Manual Edge Effect
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Edge Effect [ft] [257
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Figure 92: AL-1 Case Study - Edge Effect Management Screen, Side 2 of Parcel 4
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w. Scattered Prediction Points

Fecord Management
Paint No |1 4 | 13

Point Coordinates ahd Measured Data

—

Fuaint Reference Code
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Inzert Mode Yiew Al ‘ Help | Table |
™ Inzert
f Append Wiew ‘ Cancel | oK. |

Figure 93: AL-1 Case Study - Prediction Points Management Screen (only first point shown)

& SUBSIDENCE Calibration Options

Calibration Output File 5 pecifications
File Prefix Code |41 Browse
Output Path |E: “Documents and Settingshuseristy Documentsh
Influence Angle T Subs Factors T Edge Effect T Options T Results
Influence Angle Range
Minirmurn Tangent of [nfluence Angle |2 E3.4
Mawimum Tangent of Influence Andle |25 E3.0
Step of Tangent of Influence Anale {4
Influence Angle Options
Current Tangent of Influence Angle
Do WOT change Current Influence Angle r
Graph | Vgetjvm?n?;" ‘ Cloze ‘
Wiew Log Help ‘ Cancel | Wiew gg:llﬂtsf and ‘ Fiun Calibration ‘

Figure 94: AL-1 Case Study - Subsidence Calibration Options Screen, Influence Angle Screen
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w, SUBSIDENCE Calibration Options

Calibration Dutput File S pecifications
File Prefis Cade () 1 EBrawse
Output Path |E: \Documents and Settingshuzerikp Docurments',
Influence Anale Subs Factors T Edge Effect T Options T Fesults
Subsidence Factor Fange
Minimum Subsidence Factor (%] (g5
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Subsidence Factor Options
" Aszign Parametric Subsidence Factors to Panels and Pillars
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Graph V!iaew kel Cloze
umnmary
View Log Help Cancel View Analysis and Run Calibration
Rezults

Figure 95: AL-1 Case Study - Subsidence Calibration Options Screen, Subsidence Factor Screen

=, SUBSIDENCE Calibration Options

Calibration Output File Specifications
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{» Apply Edge Effect A5 Defined in Mine Plan
i Itopy i Graph Wiew Fesult Close
i Image i Summary
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Figure 96: AL-1 Case Study — Subsidence Calibration Options Screen, Edge Effect Screen




i SUBSIDENCE Calibration Options

Calibration Output File Specifications

File Prefis Code |4 1
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Figure 97: AL-1 Case Study - Subsidence Calibration Options Screen, Calibration Options Screen

A-54




Appendix Il -

SDPS Screen Captures for the Prediction of Dynamic Subsidence
Development

NA-2 DYNAMIC CASE STUDY (NORTHERN APPALACHIA)

| Project Description

MA-2 Caze Study
Dynamic Subsidence at PT 0 uzsing calibrated subs parameters
Current Units
(* feet T
Mine Plan Type Surface Points Type
- (¢ Scattered Paoints
f» Rectangular Mine Plan i
Select Parameter Mode Owerburden / RockM azz Parameters
¢ Usze Custom Parameters Tangent of Influence Angle |34
(" Uze Reqgional Defaults Ii
:‘ Strain Coefficient |74
Percent Hardrock. (%] [an
Influsnce Angle Time Coefficient (1/dav]  [0.075
[~ UszeWaying TanB per Panel
Copy Image Help Cancel | OF. |

Figure 1: NA-2 Dynamic Case Study - SDPS Project Description Screen
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Figure 2: NA-2 Dynamic Case Study — Dynamic Options Screen
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Figure 3: NA-2 Dynamic Case Study — Prediction Points Management Screen
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Copy Image Graph

Figure 5: NA-2 Dynamic Case Study — Surface Deformation Development Calculation Screen
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IL-1 DYNAMIC SUBSIDENCE CASE STUDY (ILLINOIS)

&, Project Description @

IL-1 Dynamic Subsidence Case Study
Line &
Dypnamic at Paint 1P-1

Uzed Calibrated Parameters from Final Subsidence Calibration

Current Units
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Figure 6: IL-1 Dynamic Case Study — SDPS Project Description Screen
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Figure 7: IL-1 Dynamic Case Study — Dynamic Options Screen
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Figure 8: IL-1 Dynamic Case Study — Prediction Points Management Screen
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Figure 9: IL-1 Dynamic Case Study — Subsidence Development Data
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Figure 10: IL-1 Dynamic Case Study — Surface Deformation Development Calculation Screen
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Appendix 1 -

SDPS Screen Captures for Regarding Calibration Techniques for Subsidence
Prediction

NA-2 CALIBRATION CASE STUDY (NORTHERN APPALACHIA) - TRANSVERSE LINE

. Scattered Prediction Points

Record Management
Paint Mo [1 a v| 182 App Point | Del Paint |
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" Inzert
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Figure 1: NA-2 Calibration Case Study, Transverse Line — Prediction Points Management Screen (only one
point shown)
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mi. STRAIN Calibration Options

Calibration Output File Specifications
File Prefix Code |Blacks Browse
Output Path [ ocuments and SettingshKevinihy DocumentshhpSDPS
Influence Angle T Subs Factors T Edge Effect T Strain Coeff T Optiong
Influence Angle Range
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Graph Vgerm?ne;;“ Cloze
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Figure 2: NA-2 Calibration Case Study, Transverse Line — Strain Calibration Options, Influence Angle Screen
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¢ DoMNOT CHAMGE Current Subsidence Factors
[Tt Bl Wiew Fesult Close
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Resultz
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Figure 3: NA-2 Calibration Case Study, Transverse Line — Strain Calibration Options, Subs Factor Screen



mi. STRAIN Calibration Options

Calibration Output File Specifications

File Prefix Code [Blacks Browse
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Wiew Result
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Results

Figure 4: NA-2 Calibration Case Study, Transverse Line — Strain Calibration Options, Edge Effect Screen
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mi. STRAIN Calibration Options

Calibration Output File Specifications

File Prefix Code [Blacks

Browsze

Output Path |C:\D ocuments and SettingghFeyin'by DocumentsskpSDPSY
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Summary
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. STRAIN Calibration Options

Calibration Output File Specifications

File Frefis Code [Blacks

Figure 5: NA-2 Calibration Case Study, Transverse Line — Strain Calibration Options, Strain Coefficient Screen
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Influence Angle T Subs Factors T Edge Effect T Strain Coeff T

Parcel Orientation Check Report Options
{* Auta Carrect Orientation v

" Manual Orientation Check W Include Input Data

" Dan't Check. Orientation | Delete Graph Files on Exit
Solution Options
(" Calibrate based on Maximum Horizontal Strain
(+ Calibrate bazed on Ground Strain [~ Plot Surface Elevations

(" Calibrate bazed on Directional Horizontal Strain

Solution Resalution [0

Options

[Tt Bl Wiew Fesult Close
Imane Summary
“iew Log Help Cancel View S:z&ifs's and Fun Calibration

Figure 6: NA-2 Calibration Case Study, Transverse Line — Strain Calibration Options, Options Screen
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NA-2 CALIBRATION CASE STUDY (NORTHERN APPALACHIA) - LONGITUDINAL LINE

w. Scattered Prediction Points E]

Record Management

Paint Ma |1 Ll_l

App Point | Del Paint ‘

v| 158

Faint Coordinates and Meazured Data

Faint Elewvation [ft]

33364

Poirt Reference Code 4 Measured Subsidence (ft]
Point Easting [ft] (420 221F 321
Foint Morthing (] [772 8419 Measured Strain [+1000]

e —

Point Status
& Active Shrain Subsidence

= Development Development
" Mot &chive Cepb e | Dats Data
Inzert Mode | | Help | Table |
i Inzert
{+ Append Wigw | Cancel | OF. |

Figure 7: NA-2 Calibration Case Study, Longitudinal Line — Prediction Points Management Screen (only one
point shown)

| STRAIN Calibration Options

Calibration Output File Specifications
File Prefiz Code | Brawse
Output Path |E:'\D acuments and Settiingziuzersky Documents',
Influence AngleT Subs Factors T Edae Effect T Strain Coeff T Optionz [1] T Options [2]
Influence Angle Bange
Minimum Tangent of Influence &ngle |2 g9 Fall
Masimurn Tangent of Influence Angle |33 73
Step af Tangent of Influsnce &ngle (g4
Influence Angle Dptions
Current Tangent of Influence Angle
Do MOT change Current Influence dngle I
Wiew Result
Copy Image Graph SymmEm Cloze
View Log Help Cancel View Analysis and Run Calibration
Results
Figure 8: NA-2 Calibration Case Study, Longitudinal Line — Strain Calibration Options, Influence Angle
Screen

A-65



ui| STRAIN Calibration Options

Calibration Output File Specifications

File Prefis Code [ya2 Browse

Output Path |C:\Documents and SettingzwszersMy Documentsh

Influence Angle
Subsidence Factor Range
imimum Subzsidence Factar %] ’497
M awimum Subsidence Factar (%) ’597
Step of Subsidence Factar [%) ’17

s | EdoeEffect |  StainCoef |  Optiens() | Options(2)

Subszidence Factor Options
" Agzign Parametric Subsidence Factors to Panels and Pillars

(¢ Agzign Parametric Subsidence Factors to Panels OMLY
" Do MNOT CHAMGE Current Subsidence Factors

Wiew Result
Copy Image Graph S Cloze
Wiew Log Help Cancel Wiew gz:&ifg and Fiun Calibration

Figure 9: NA-2 Calibration Case Study, Longitudinal Line — Strain Calibration Options, Subs Factor Screen

| STRAIN Calibration Options

Calibration Output File Specifications

File Prefix Code [ya2 Browse

Output Path |C:\Documents and Settingshuser\y Documentsh

InfluenceAngIeT Subsz Factors T T Strain Coeff T Options (1] T Options [2]

Edge Effect Range

Finirmumn Edge Effect (] [an
b amimurn Edge Effect (] [200
Step of Edge Effect ()] |2

Edge Effect Options
" DoMOT apply an Edoe Effect

" Apply Edge Effect Range on ALL Sides Simultaneouszly [Mean Y alue]
o Apply Edge Effect Range on Edges Defined in Mine Plan
™ Apply Edge Effect AS Defined in Mine Plan

Wiew Result
Copy Image Graph S, Cloge
Yiew Log Help Cancel View gg:};’igs and Run Calibration

Figure 10: NA-2 Calibration Case Study, Longitudinal Line — Strain Calibration Options, Edge Effect Screen
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= STRAIN Calibration Options

Calibration Output File Specifications

File Prefix Code |z

Browsze

Output Path |E:\Documents and Settingz\user\My Documentsh,

Influence Angle T Subs Factors T Edge Effect T i T Options (1] T Ophionz (2]
Strain Coefficient Fange
Minimum Strain Coefficient [ 3
Mawimum Strain Coefficient |73
Step of Strain Coefficient {74
Strain Coefficient Optiong
Current Strain Cosfficient
Do MOT Change Strain Coefficient [
Copy Image Graph vgel:vm?n:j:;" Close
Wiew Log Help Cancel View ;22&;&'3 and Fiun Calibration

Figure 11: NA-2 Calibration Case Study, Longitudinal Line — Strain Calibration Options, Strain Coefficient Screen

. STRAIN Calibration Options

Calibration Output File Specifications

File Prefix Code [pa2

Browsze

Output Path |E:&Documents and SettingzhuzerMy Documentsh

Influence.&ngleT Subs Factors T Edge Effect T

Shrain Coeff T

Parcel Qrigntation Check
(¢ Auto Corect Origntation

" Manual Orientation Check,
" Don't Check Origntation

Calibration Options

(¢ Calibrate bazed on Ground Strain

" Calibrate bazed on asimum Horizontal Strain

Optirnization O ptions
(& Minimize Tatal Errar [Average]

7 Minimize Peak Deviation [Congervative Estimation)

[ Use Current Subsidence Calibration Parameters

QOutput Optionz
=
v Include Input D ata
[v Delete Graph Files on Exit
[ Plot Suwrface Elevations

Options [2)

ot

" Calibrate bazed on Directional Horizontal Strain 0
) . [ Generate Horiz. Displacements ¢~
Salution Resolution 5 ~
*ieww Fesult
Copy Image Graph Summany Cloze
Wiew Log Help Cancel Vigw Analysis and Run Calibration
Resultz

Figure 12: NA-2 Calibration Case Study, Longitudinal Line — Strain Calibration Options, Options Screen
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NA-1 CALIBRATION CASE STUDY (NORTHERN APPALACHIA)

w. Scattered Prediction Points E]

Fecord Management

Paint Mo [1 4 ﬂ 1471 &pp Paint | Del Paint |

Point Coordinates ahd Measured Data

Point Reference Code  [2p Measured Subsidence [ft]
Paint Easting [(f]  |1237456.26 0.07

Faint Northing (] |23m1 36 22 Measured Strain (x1000]
Foint Elevation [ft]  [a55 04 0.17R3885

Paint Status i i
& Active Strain Subzidence

== | C """""" Imane Developrment Development
(™ Mot Active DRy Image Data Diata
Inzert Mode Yiew Al ‘ Help | Table |
™ Inzert
f Append Wiew ‘ Cancel | oK. |

Figure 13: NA-1 Calibration Case Study — Prediction Points Management Screen

mi. STRAIN Calibration Options @

Calibration Output File Specifications

File Prefix Code |arg By Browse

Output Path |E:\D ocuments and SettingzhFevinby DocumentshbpSOPSY

Influence Angle T Subs Factors T Edge Effect T Strain Coeff T Options

Influence Angle Range

binimum Tangent of Influence &ndle |2 2
Mawimurn Tangent of Influsnce Angle |3
Step of Tangent of Influence Angle |71

Influence Angle Options

Cument Tangent of Influence Angle

[~ Do MOT change Curent Influence Angle

{Copy Bl Wiew Result Cloge
..... Imans Surmary
Yiew Log Help Cancel View g::ﬂ’ifs's and Fun Calibration

Figure 14: NA-1 Calibration Case Study — Strain Calibration Options, Influence Angle Screen
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mi. STRAIN Calibration Options

Calibration Output File Specifications

File Prefix Code [ackeywin Browse

Output Path |C:\D ocuments and SettingghFeyin'by DocumentsskpSDPSY

Influence Anagle Subsz Factors T Edge Effect T Strain Coeff T Options

Subzidence Factor Range

bimimum Subsidence Factor [%2] (45
Mawirurn Subsidence Factor [%2] |54
Step of Subsidence Factor [%2] 4

Subszidence Factor Options

(" Aszsign Parametric Subsidence Factaors to Panels and Pillars
f* fzzign Parametic Subsidence Factors to Panels DMLY
(" Do NOT CHANGE Current Subsidence Factars

Wiew Result

Cloze
Summary

Graph

Wiew dnalyziz and

Wiew Log Help Caticel Reslts Fun Calibration

Figure 15: NA-1 Calibration Case Study — Strain Calibration Options, Subs Factor Screen

. STRAIN Calibration Options

Calibration Output File Specifications

Filz Prefix Code [acgEnyIn Browse

Output Path |E:\D ocuments and SettingshFevinity DocumentshbpSOPS,

Influence Angle T Subs Factors T Edge Effect T Strain Coeff T Options

Edge Effect Range

—
m—
—

Edge Effect Options
i Do MOT apply an Edge Effect

™ Apply Edge Effect Range on ALL Sides Simultaneously [Mean Yalue)
" Apply Edge Effect Range on Edges Defined in Mine Plan
f* Apply Edge Effect A5 Defined in Mine Plan

View Result

Close
Summary

Graph

“iew Log Help Cancel Vigw Analysis and Fun Calibration
Resultz

Figure 16: NA-1 Calibration Case Study — Strain Calibration Options, Edge Effect Screen
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mi. STRAIN Calibration Options

Calibration Output File Specifications

File Prefix Code [ackEwin

Output Path |C:\D ocuments and SettingghFeyin'by DocumentsskpSDPSY

Strain Coeff Optiohs

Browsze

Influence Angle T Subs Factors T Edge Effect T

Strain Coefficient Bange

Finimum Strain Coefficient

015
015
0.05

I awirmumn Strain Coefficient

Step of Strain Coefficient

Strain Coefficient O ptions

TEm——

[~ DoMOT change Strain Cosfficient

Current Strain Coefficient

Graph Wiew Result Close
Summary
Wiew Log Help Caticel View Analysis and Fun Calibration
Results

Figure 17: NA-1 Calibration Case Study — Strain Calibration Options, Strain Coefficient Screen

. STRAIN Calibration Options

Calibration Output File Specifications

File Prefix Code |aogEviM

Output Path |E:\D ocuments and SettingshFevinity DocumentshbpSOPS,

Browse

Influence Angle T Subs Factors T Edge Effect T Strain Coeff T Options
Parcel Orientation Check Report Options
{* Auta Carrect Orientation v

" Manual Orientation Check [ Include Input D ata

" Dan't Check. Orientation | Delete Graph Files on Exit

Solution Options

(" Calibrate based on Maximum Horizontal Strain

[~ Plat Surface Elevations

Solution Resalution [0

(+ Calibrate bazed on Ground Strain

(" Calibrate bazed on Directional Horizontal Strain

[Tt Bl Wiew Fesult Close
Imane Summary
“iew Log Help Cancel View S:z&ifs's and Fun Calibration

Figure 18: NA-1 Calibration Case Study — Strain Calibration Options, Options Screen
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Appendix IV -

SDPS Screen Captures for Subsidence Prediction in Areas of Steeply-Sloping
Terrain

=, Project Description

Calculations Uszing the Influsnce Function Pragramm
Cefarmations on a Transverse Line

Current Urits
i+ feet '
Mine Plan Type Surface Points Type
i i
(s Rectangular Mine Plan (s Paints on a Grid
Select Parameter Mode Overburden / RockMass Parameters
(s Usze Custom Parameters Tangent of Influence Angle |2 39
" Uze Regional Defaults ’7
:‘ Strain Coefficient {035
Percent Hardrock (2] (/0
1]

Influence Angle Time Coefficient [1./day) 075

[~ UseVaming TanB per Panel

Copy Image Help Cancel | QK. |

Figure 1: Steep Terrain, Synthetic Case Study — Project Description Screen
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= Rectangular Mine Plan

Edge Effect Management T

Append Parcel
Delete Parcel

Parcel M it T

Adjustment 0 ptions
" Do Mot Adjust
" Manual Adjustment
{* Automatic Adjustment

Fiecord Management

Parcel Mo |4 141
4 4

Subsidence Factar

Geometry

wiest Border [ft]

E ast Barder [ft)

South Border (ft]

Morth Border [ft]

Parcel Elevation (ft)
Extraction Thickness [ft)

Critical / Supercritical Subsidence Factor [%]

Edge Effect Management Enabled v
Panel Active for Dynamic Analysis I~

Parcel Reference Code (14

[~ R&P Panel

Parcel Type

(¢ Panel

" Pillar
-300

Parcel Statuz
300 ¢ Active
1000 " Mot Active
om0 Inzert ode

" Inzert
a o fppend

,57
—

Influence Angle

TanB

s ] Help View Al | Wit | Table | Cancel | 0K |

Figure 2: Steep Terrain, Synthetic Case Study — Parcel Management Screen
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& Rectangular Mine Plan

Parcel Management T Edge Effect Management T
Adjustment Options Edge Effect QOwerburden Characteristics per Parcel
" Do Mot Adj_ust ™ Congervative Percent HardRack [%] ,507
" Manual Adjustrent & Average
{+ Automatic Adjustment EHEE ~ Auto Parcel Depth (] |739,3933
Update
Adjusted Parcel Geometry due to Edge Effect
Boundaries Original Adjusted

&+ Rigid " ield “west Barder [ft] | [-180

* Rigid " field East Border [ft] | [160

+ Rigid " Yield South Border (ft] | |-SBD

+ Rigid ™ VYield Morth Border [ft]) | |BBD
Panel Critical / Supercritical Subsidence Factor (%)

i LCopplmage Help | Wi all | Wigw | | Cancel Qk.

Figure 3: Steep Terrain, Synthetic Case Study — Edge Effect Management Screen

. Prediction Points on a Grid

Geometry Tatal Points

Mirimurn E asting [ft] 700
M aximurn Easting (] [7o0
Cell Size in #-direction [f] |50

Minirmurn Morthing [f] [.1500

b aximumn Morthing [ft] - [-500

Cell Size in -direction [ff] |50
l— Generate

Set Individual Point Elewvations ™

Wiew Al Wiew | Table ‘ Help | Cancel | 0k |

Figure 4: Steep Terrain, Synthetic Case Study — Prediction Points Management Screen

Paoint Elevations

Initialize

1
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m. Grid Plane Specification

Geometry

¥-Coordingte of Base Point (1) |0
Y-Coordinate of Base Point (ft) |
Z-Coordingte of Base Point (ft) 300

Plane Direction (0-360 deg) |30
Plane Slope (0-70 deg) |30

Generate Helg | Cance| ‘ (024 |

Figure 5: Steep Terrain, Synthetic Case Study — Grid Plane Specification Screen

wi| Calculation Options

Output File Specifications
File Prefix Code | Browse
Output Path |4 Diocuments and SettingstKevintty D ocuments WMySDPSY
Output O ptiots
o [ Generate Surface Elevation File after Mining
[v Calculate Slope I
= I
[ Calculate Curyature I
[v Calculate Horizontal Stain [v Generate Report File
[v Calculate Ground Strain [Grid) v Generate Deformation Files
o
Output Formnat Report Optiors
 SDPS Grid I [ Include Input D ata
(¢ Surfer Grid EN [~ Paginate at B5 Ipp
" ¥vZ Data I I
€ SurvCadd Grid r
-
2 o
i o I~
Wiew Log Clear Log | Help ‘ Wiew Report | Cancel ‘ Calculate | Cloge ‘

Figure 6: Steep Terrain, Synthetic Case Study — Calculation Options Screen
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Graph Module: C:\Documents and Settings\KeviniMy Documents\MySDPS\estGR.GFI
File 20 | Contouring 30 Ulikes  Help

Licenced to: Kevin Andrews

Version 5.5

developed by Virginia Tech
sponsored by OSMRE

1. Loading C:\Dacuments and Settings'Wevintbly Documents\MySDPS\estGR.GFI
2. Graph File Index loaded with 23 index entries

Figure 7: Steep Terrain, Synthetic Case Study — Graph Module, Menu Selection for Contouring with Surfer

w. Create Contours from Surfer Grid Files

ol Index Selection Options
[v Subsidence 005 v Contour Bazed on Damage Thresholds
[ Slope v Plot Mine Plan
[ Honzontal Dizplacement v Specity Damage Thresholds
[ Curvature v Apply Fill Patters

=
[~ Larger Labels

[ Horizontal Strain

v Ground Strain

s
s

| [~

Flot Contours

Figure 8: Steep Terrain, Synthetic Case Study — Graph Module, Menu Selection for Contouring with Surfer
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Surfer - [Plot1]
% File Edit “iew Draw Arrange Grid Map ‘Window Help

DEEBE & BN G TN oo

| |.|.|.|.|.|.|1.|.|.|.|||.|.|.|?|.|.|.|.|.|.|.|?|.|.|.|.|.|.|.|£.1|.|.|.|.|.|.|.|!.3|.|.|.|.|.|.|.E|.|.|.|.|.|.|.|T|.|.|.|.|.|.|.

=M Map

H+H Right Axis
HH Left Bis
HH Top Axis
HH Bottam Axis
U7 Base

Text

{:} Map

H-H Right Axis
HH Left fxis
H+H Top Axis
H+H Botbom Axis
Contaours
Map

H+H Right Axis
HH Left Bis
HH Top Axis
H+H Bottam Axis
FE Conkaours
Map

H+H Right Axis
HH Left Axis
HH Top Axis
HH Baokkam Axis
----- Contaurs

Subsidenca, Hordz . Srain - Waximom, Ground Strain

ds

1000+

ol

-1400

5

|<

< I >
fricthing Selected 1.44in, 10.59in

Figure 9: Steep Terrain, Synthetic Case Study — Graph Module, Menu Selection for Contouring with Surfer
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Appendix V — SDPS Screen Captures for the Analysis of Risk- Based

Assessment of Mine Planning and Long-term Landscape Stability

SYNTHETIC CASE STUDY 1 (BASIC RISK-ASSESSMENT OVER LONGWALL PANELS)

ui. Project Description @

Basic Risk-Aszessment Example over End of Two Longwall Panels

Current Units
o+ feet T

Mine Flan Tupe Surface Points Type
i i

{+ Rectangular Mine Plan

Select Parameter Mode

& Puoints on a Grid

Overburden / Rockiass Parameters

{+ Use Custom Parameters Tangent of Influence Angle (2 3
" Use Regional Defaults ’7
:‘ Strain Coefficient (35
Percent Hardrock (%] [5g
0

Influence Angle Time Coefficient [1/day) 075

[~ UszeVaring TanB per Panel

Help | Cancel | Ok |

Figure 1: Risk Assessment, Basic Synthetic Case Study 1 — Project Description Screen

#=3 y=
Figure 2: Risk Assessment, Basic Synthetic Case Study 1 — Basic Synthetic Mine Plan with Adjacent Panels
and Prediction Point Grid
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&, Rectangular Mine Plan

Parcel Management T

Edge Effect Management T

Record Management

Parcel No |4
T

1/2

Geometry

“West Border (ft]

E ast Border (ft]

South Border [ft)

Morth Border (ft]

Parcel Elevation [ft)
Extraction Thickness (ft]

Critizal # Supercritical Subsidence Factor [%2)

Append Parcel
Delete Parcel

Edge Effect b anagement Enabled i
Panel &ctive for Dynamic Analysis -

Parcel Reference Code |[Panel

Adjuztment Optiohs
" Do Mot Adjust
o Manual Adjustment
" Automatic Adjustrment

Subsidence Factar
I
Parcel Type

(v Panel
" Pillar

Parcel Status

(v Active
i (" Mot Active
4000 Inzert Mode
,7 " Inzert
L * Append
5 Influence Angle

TanE

Help

| Copyimage | viewsl |

Yiew | Table | Fo— | oK |

Figure 3: Risk Assessment, Basic Synthetic Case Study 1 — Parcel Management Screen, Panel 1 Only

&, Rectangular Mine Plan

CEEX

Parcel Management T Edge Effect Management T
Adjuztrment Optiots Edge Effect Owerburden Characteristics per Parcel
" Do Mot Adjust O 5
) B t HardR ock. (%
o Manual Adjustment o srcent HardRock (%]
(" Automatic Adiustment v At Parcel Depth (ft]
Update
Adjusted Parcel Geometry due to Edge Effect
Boundaries Qriginal Adjusted

o o whest Border (ft) | |-| 50

= (" East Border [ft) | |g5u

o o South Border (ft] | |-| 50

= (" Warth Border [ft) | |3850
Parel Critical / Supercritical Subsidence Factor (%)

FReszet Adjusted
Help | iew Al | Yiew | | Fo— | oK

Figure 4: Risk Assessment, Basic Synthetic Case Study 1 — Edge Effect Management Screen, For Panel 1
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is. Prediction Points on a Grid

[Geometry Taotal Paoints

Minirnurn E asting [ft) |.5|:||:|

b axirnum E azting [ft] |2|3|:||:|

Puaint Elevationz

Cell Size in»-direction (] |20

Mirimum Morthing (] |.500

b atiruim Marthing [ft) |1 0an

Cell Size in v-direction [ft] |zq

Awerage Paint Elevation (] [gng

Set | ndividual Paint Elevations r

View Al - | | Help E— | 0K

Figure 5: Risk Assessment, Basic Synthetic Case Study 1 — Prediction Points Management, Grid

wi| Calculation Options

Output File S pecifications
File Prefix Code [ Browize
Output Path |C:\Documents and Settingzikevintky DocumentshMySDPSY
Output O ptions
v [~ Generate Surface Elevation File after Mining
[~ Calculate Slope I~
[ ™
[~ Caleulate Curvature r
[v Calculate Horizontal Stain [+ Generate Report File
[v Calculate Ground Strain [Grid) [v Generate Deformation Files
-
QOutput Farmat Report Options
" SDPS Gd [ [ Include Input Data
&+ Syrfer Grid l— [~ Paginate at 66 lpp
" XVZ Data r r
" SureCadd Grid r
-
2 e
o ™
Yiew Log Clear Log | Help | Yiew Report | Cancel | Calculate | Cloge |

Figure 6: Risk Assessment, Basic Synthetic Case Study 1 — Calculation Options Screen
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. Create Contours from Surfer Grid Files

Index Selection Cptions
[v Subsidence 005 [w Contour Bazed on Damage T hreshalds
[ Slope [w Plat Mine Plan
[ Harizontal Dizplacement [w Specify Damage Threzholdz
[ Curvature [w Apply Fill Pattern

v
[ Larger Labelz

[v Horizontal Strain

[w Ground Strain

s
s

| [

Plat Cantours

Figure 7: Risk Assessment, Basic Synthetic Case Study 1 — Grid Module, Create Contours in Surfer
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& Surfer - [Plot1] [9[(=)E3)
g X

£ File Edit View Draw Arrange Grid Map ‘Window Help -
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FAHH Top Axis
- pAHH Bottom Axis
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Figure 8: Risk Assessment, Basic Synthetic Case Study 1 — Initial Surfer Plot of Contoured Strain and
Subsidence

A-81



SYNTHETIC CASE STUDY 2 (BASIC LONG-TERM LANDSCAPE STABILITY RISK-ASSESSMENT

OVER WEAKENED PILLAR AREA IN ROOM AND PILLAR MINE)

& Project Description @

Basic: spnthetic example of delineating high-risk zones using contouring of ground and harizontal strain

Current Units
i+ feet ("

Mine Plan Tyupe
f* Polygonal Mine Plan

~

Select Parameter Mode

Surface Points Type
3

{* Paints on a Grid

Overburden ¢ RockMass Parameters

t* |Jze Custom Parameters Tangent of Influence Angle |2 39
" Use Regional Defaults ’7
:I Strain Coefficient  [0.35
Percent Hardrock (%) [5p
Time Coefficient (1/day)  [0.075

Influence Angle
™ Use¥arving TanB per Panel

Help

| Cancel |

ok

x=-311.9445

y=802 4933
Figure 10: Risk Assessment, Basic Synthetic Case Study 2 — Basic Synthetic Mine Plan with Full-size Pillars
and Weakened Pillars
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i Polygonal Mine Plan

3

Parcel Management

Parcel Management

Parcel Mo 4

Farcel Type
¢ Panel
" Fillar

I

T Yertex banagement T Edge Effect Management
ﬂ 17767 Mew Parcel ‘ Ciel Parcel ‘
Parcel Status Total Points

(o Active
" Mat Active

Average Parcel Parameters

Wertex Elevation [ft] lni

Extraction Thickness [ft] |57

Critical / Supercritical Subsidence Factor (%) |57
Influence Angle far Parcel li

Calculated Subsidence Factor
[ Auto Subs. Factor

—

o

Update Parcel with &g |

Update Parcel with Awg |

Update Parcel with Avwg |

Wiew Al | Wiew ‘ Table ‘ Help

‘ Cancel | 0K

Figure 11: Risk Assessment, Basic Synthetic Case Study 2 — Parcel Management Screen, Panel

=, Polyponal Mine Plan @

Parcel Management T Wertex Management T

Edge Effect Management

Farcel M anagement

Average Parcel Parameters

‘Wertex Elewation [ft] lni

Extraction Thickness [ft] |57

Critical / Supercritical Subsidence Factar [%) |57
Influence Angle far Parcel |7

Calculated Subsidence Factor
[~ Auto Subs. Factor

—

Parcel Ma ,2— 4 j 21967 Mew Parcel ‘ Del Parcel ‘
Parcel Type Farcel Status Total Paintz

" Panel (¥ Active

e Fillar ™ Mot Active

Update Parcel with Awg |

Update Parcel with Avwg |

Update Parcel with Asg |

Yiew Al | iew ‘ Table Help

Cancel | (1]4

Figure 12: Risk Assessment, Basic Synthetic Case Study 2 — Parcel Management Screen, One Full-size Pillar

Shown
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i Polygonal Mine Plan

3

Average Parcel Parameters

Wertex Elevation [ft] lni

Extraction Thickness [ft] |57

Critical / Supercritical Subsidence Factor (%) lmgi
Influence Angle far Parcel li

Calculated Subsidence Factor
[ Auto Subs. Factor

- —

Parcel Management T Yertex banagement T Edge Effect Management
Parcel Management
Parcel Mo ’—205 ﬂ J ﬂ 6267 MHew Parcel ‘ Del Pamcel ‘
Farcel Type Farcel Status Total Points
" Panel o Active l—
(% Fillar " Mat Active

Update Parcel with &g |

Update Parcel with Awg |

Update Parcel with Avwg |

Wiew Al | Wiew ‘ Table Help

Cancel | 0K

Figure 13: Risk Assessment, Basic Synthetic Case Study 2 — Parcel Management Screen, One Weakened

Pillar Shown

=, Polygonal Mine Plan

Parcel Management T Yertex Management T Edge Effect Management
Farcel and Wertex Management
Parcel Mo I.I— 4 j 1/767 Mews Parcel | Del Parcel |
Werkes Mo h— 4 j 14 M Yertes | Del Yertex |
Geometny Parcel Type
+ Panel
Yerex Reference Code 1,004 ~ Fil
illar
Paint Esting 1) |.355,63378765870 “Werbex Subs. Fachar
Paint Northing (/] |.27 350468754545 ,': Auta Subs. Factor
Faint Eleveation [ [ Parcel Status
Extraction Thicknessz [ft) |5 i :Ettl\: i
ot Active
Critical # Supercritical Subsidence Factor (%) |5 Tatal Points
Ty Yiew 4l Wi ‘ Table ‘ Help ‘ o ‘ oK |
Lolmade.

Figure 14: Risk Assessment, Basic Synthetic Case Study 2 — Vertex Management Screen, One Vertex of One

Parcel Shown
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i, Polygonal Mine Plan gl

Parcel Management T Yertes Management T Edge Effect Management

Parcel Management

Parcel Mo 4 LU ﬂ 1/267

Boundany Adjugtment Options [Parcel Edge Effect]
" Average Edge Effect [f)
" Manual Edge Effect

+ Do MOT Apply Edge Effect

Edge Side Management

SideNol— J J 00 | |

Tom | viewar | Vew | Table | Help Cancel ok |

Figure 15: Risk Assessment, Basic Synthetic Case Study 2 — Edge Effect Management Screen, None Applied

. Prediction Points on a Grid

Zeometny Total Paintz

kinimum Eazting [f) |.4|:||:| |

Maximum Easting [ft] |g50
Paint Elevations

Cell Size in #-direction [ft] |-| i

Mirirnurn Morthing [F) |_5|:|

b amirmum Marthing [f) |?5|:|

Cell Size in ' -direction [ft) |-| i

Average Point Elevation [ft) |5|:||:|

Set Indirvidual Point Elevations I

Tomen [ o | | el — oK

................................

Figure 16: Risk Assessment, Basic Synthetic Case Study 2 — Prediction Points Management, Grid
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=, Calculation Options

Output File S pecifications
File Prefix Code [yrtheticExa Browse
Dutput Path [C:\Documents and Settings'Kevintty Documents\yS DPS,
Output Ophions
3 [~ Generate Surface Elevation File after Mining
[ Calculate Slope -
3 ~
[ Calculate Curvature [ Allows for Extremely Warniable Terrain Elewvation
[w Calculate Horizontal Stain [vw Generate Report File
v Calculate Ground Strain [Grid) [v Generate Deformation Files
-
Output Format Report Options
" SDPS Grid B [ Include Input D ata
{» Surfer Grd EN 4 i
(™ ¥¥ZData [ r
# SRt Parcel Orientation Check =
{* Avto Correct Orientation Palwgonal Solution O ptiots
™ Manual Orientation Check, Solution Resalution ,ﬁ
" Don't Check Orientation [~ Do not Show Detailed Progress
Wiew Log Clear Log | Help ‘ Wiew Feport ‘ Cancel ‘ Calculate | Close |

Figure 17: Risk Assessment, Basic Synthetic Case Study 2 — Calculation Options Screen

. Create Contours from Surfer Grid Files

Index Selection O ptionz
[v Subszidence 0.05 [v Contour Bazed on Damage Threzholds
[ Slope [w Plot Mine Plan
[ Horizontal Digplacement [v Specify Damage Threzholds
[ Curvature [v Apply Fill Pattern

[w Horizontal Strain [«

[v Ground Strain [ Larger Labels

s
s

| [

Plot Contours

Figure 18: Risk Assessment, Basic Synthetic Case Study 2 — Grid Module, Create Contours in Surfer
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¥ Surfer - [Plot1] E
ﬁb File Edit View Draw Arrange Grid Map  Window Help - g x

== = = ER TN oo ® G

|.|.|.|.|.|.|.|?|.|.|.|.|.|.|.|‘.1|.|.|.|.|.|.|.|?|.|.|.|.|.|.|.|.

|.|.|.|.|.|.|.|T.|.|.|.|.|.|.|§ .|.|.|.|.||.|.| o]

-

1] 1
_.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.
=-@E3 Map
HH Right Axis
HH Left Axis
HH Top Axis
H+ Bottom Axis

Map

HH Right Axis
HH Left Axis
HH Top Axis
HH Baottom Axis
=

&
tz,
g

H-H Right Axis
HH Left Axis
H+H Top Axis
HH Baottom Axis

Subsidenca, Horiz. Strin - haximum, Ground %rain

HH Right Axis
HH Left Axis
HH Top Axis
HH Baottom Axis
Contours

| £

| >
Mothing Selected 8.59in, 6.26in

Figure 19: Risk Assessment, Basic Synthetic Case Study 2 — Initial Surfer Plot of Contoured Strain and
Subsidence
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Appendix VI -

Powerpoint presentation presented in a Short Course that was conducted to

OSM personnel at the OSM offices in Pittsburgh on November 13 and 14,
2008

A-88



Recent Enhancement to Ground
Deformation Prediction

Methodology and SDPS
Implementation

Pittsburgh, PA
November 13-14, 2008

M. Karmis, Z. Agioutantis, K. Andrews
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Short Course Outline

Review of Subsidence Fundamentals (Basic
Concepts)

SDPS Overview (Input Parameters and Software
Enhancements)

Profile Function Application - Examples

Influence Function Application and Basic
Examples

Influence Function Application - New Approaches
In Ground Deformation Assessment (Examples on
Dynamic Analysis, Landscape control and Long-
Term Stability)
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Case Study Data

 If you have case study data with you that
you would like to discuss during the short
course, please provide a copy to Zach or
Kevin to prepare for tomorrow.
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Introduction

 The impacts of underground mining on
the surface are important
environmental considerations in the
permission, planning and monitoring of
coal mining operations

 The development of rigorous and well-
accepted ground deformation
prediction techniques and damage
criteria for assessing mining impacts on
surface structures and facllities, Is the
foundation of subsidence engineering
and control
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Ground Movement Predictions

e A complex task, due to the number and
nature of the parameters affecting ground
deformation induced by underground mining

e Important parameters include: subsidence
characteristics, surface morphology, mine
plan, mining sequence, coal structure
characteristics, overburden lithology and
type of surface facility to be protected.
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Surface Deformation Prediction
Software System (SDPS)

 The Surface Deformation Prediction
Software System (SDPS) Is an
integrated package for calculating a SDPS FOR WINDOWS
variety of surface deformation indices,
using both the profile function and the
iInfluence function methods

e Calculations are based on several
empirical relationships, developed
through the statistical analysis of data
from a number of case studies (VPI &
SU, 1987 & 1999; Karmis et al., 1989,
1990 & 1992)
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Subsidence

SDPS Enhancements

 SDPS has recently been enhanced
following the completion of this OSMRE-
sponsored project. New features include
— Dynamic Deformations
— Subsidence and Strain Calibration
— Risk-Based Assessment
— Long Term Stability

1_- 10 Horiz. $train - Maximum
a c
/4 dynamic T _ 5+ a0 ‘ it
-400 -200 00 400 600 800 1000 n 8 £ B
- 8 0 00 i it
EHs cd ¥
/ final 3G 50 00 2000 ]
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/4 end of main b
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-15-
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Review of Subsidence Fundamentals

e Basic Concepts
— Characteristic angles and parameters

— The importance of the “critical” mining area in
subsidence prediction

— Panel width in multiple panel extraction
— Statistical correlations
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Subsidence Parameters

tension zone
s=0.006SmaX—\ 4

Emax

— horizontal strain profile
compression zone

reference line (zero deformations)

_____ _— : ¥ .
=OJ ' _ Smax
> 1 \( ) / - surface
\ N
angle of break\({) — ! subsidence profile
|
' )— inflection point offset (d)
N ei angle of damage (9)
o
\ 1 QQ
angle of draw (y) |- . N2
. angle of influence (J) D
N o>
N Q
| mined-out panel \
critical width

The maximum subsidence (Smax)
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Subsidence Parameters

,— horizontal strain profile

compression zone

—_—— — — JEE——

s=OJ Smax
1 . r surface
\ ! - \
angle of break\({) — ! subsidence profile
\ |
\‘\ )— inflection point offset (d)
N ei angle of damage (9)
o
\ 1 QQ
le of d , . ©
angle of draw (7) . E angle of influence () w@\\eﬂ\
\
N )
| mined-out panel \
critical width

The maximum tensile and compressive strains (Emax)

A-99



Subsidence Parameters

tension zone — horizontal strain profile
s=0.006Smax—\

s=0J - Smax
1 T Tf surface
) e . v
angle of break\({) — subsidence profile
| inflection point offset (d)
<>\ Inflection point angle of damage (3)

|
g .

N @
o angle of influence \
Al of nfluence () o /
N
mined-out panel

critical width

angle of draw (y)

The inflection point corresponds to s = Smax/2 on the subsidence
profile or zero curvature. This point 1s usually displaced from the
rib of the excavation at a distance, (d) towards the panel center.
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Subsidence Parameters

tension zone
s=0.006Smax—\

surface

S v
| subsidence profile
|

)— inflection point offset (d)

<> angle of damage ()

|
i
E »
i
|

le of d . 3
angle o1 dravy \ angle of influence (B) w@\\eﬂ‘ /
s Q
mined-out panel

}7critical width————

Angle of Influence: the angle between the horizontal and the

line connecting the projection of the inflection point position
of the subsidence trough, at the seam level, with the surface
point of “zero influence” (i.e. defined by 0.6%Smax)
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Subsidence Parameters

ﬁ

Emax )
tension zpne — horizontal strain profile
§=0.006Smax — compression zone . .
________ ( P reference line (zero deformations)
s=0—;‘
surface

\ -
angle of break\({) — subsidence profile

i
i

)— inflection point offset (d)
<> angle of damage ()

‘\
‘\
\\‘
‘\
angle of draw (y) , . B

- le of infl A

—\\_J—/ang e of influence (B) Q?&@
N
mined-out panel

critical width

Influence Area: The surface area above an
underground excavation within which ground
movements are measurable (i.e., 0.6% Smax).
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Subsidence Parameters

Emax
tension zone)< ,— horizontal strain profile

0.006S
ST _* . _ _ — iomlire_ssiof 7O _reference line (zero deformations)

s= OJ Smax

r surface
v
angle of break\({) . Sub51dence profile
AY

K_ inflection point offset (d)
angle of damage (9)

\ &
\\\ |
. |
\ N
: ©
angle of draw (y) —_J—/angle of influence (B) Q{b‘@\\e‘\ /
|

| mined-out panel \

critical width

Angle of damage: The angle from the
vertical to the point of appreciable damage
on a surface structure.
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Critical and Subcritical Profiles




Critical and Subcritical Profiles
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Surface strain

Compressive

Tensile

Surface subsidence

4‘ 'm==—'":;i—\-§\
A

b
Surface
a “l‘ 4 "
/ W R
c d \e
a b ' c d e ;
Ty iy, Advanc& Gf face

|  Excavation |

Progress of subsidence with advance of excavated area. (After Rellensmann’)

A-109



Defining Panel Area:
Single, Sub-critical, Panel

o
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Defining Panel Area:
Multiple, Critical/Supercritical, Panels
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Edge Effect

iom 10N

o

gray shale

Immediate and main roof behavior in the Lower Kitlanning seam.

A-112



Statistical Correlations

e Correlation of the maximum subsidence
factor with the width-to-depth ratio

e Correlation of the maximum subsidence
factor with %HR for critical and
supercritical panels

e Correlation of the maximum subsidence
factor with %0HR for all W/h
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Correlation of the maximum
subsidence factor with the W/h

1.0 +
(1) Spay /M =0.61-.05/ (W/h-0.07)
E
~ (2) Spay /m =0.76-.06/ (W/h-0.07)
% 0.8 +
£ (2
)
S
< 0.6 1 (1)
@ +
©
L +
@
0
c
@
O 0.4
-rd
n
o
=
0 +
E
: .
g 0.2+ +
-4
x
©
=
+
0.0 t i e t ; +
0 5 1 1.5 2.5

Width-to-Depth Ratio (W/h)

A-114



% Hardrock Is
Determined
from Lithology
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Correlation of the maximum subsidence
factor with the %HR for critical and
supercritical cases

1.0 +

Spax /M =0.12+.GEXEXP (-HRZ¥0 . 00034)

Maximum Subsidence Factor (Smax/m)

o o [ ] L [ I UNENETY NUNUANE NI N I |
. L] LB L L] 1 v L LI T 1

Percent Hardock (X H.R.)
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Correlation of the Smax factor with
%HR for all W/h

1.0
Smx /m =(1,047-0.03/ (W/h-0.43) ) % (0. 12+0.66%EXP (—.00034*%2))
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Statistical Correlations (cont’d)

e Correlation of the distance of the inflection
point from the rib of the panel, with respect
to the width-to-depth ratio of the panel

* Regional value for the tangent of the
Influence angle (tan3) and the radius of
iInfluence

* Regional value for the horizontal strain
coefficient (Bs)
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Location of the Inflection Point with RHespect to UDepth (d/h)

0.5

0.4+
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0.1 1

0.0

d/h =0.36~-.14/ (W/h)
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Location of the Inflection Point with Respect to Depth (d/h)
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Correlation of edge effect to W/h
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Correlation of tan(8) and Bs
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SDPS Parameters

 Required Input Parameters for Static
Predictions

— Geometry Data
— Overburden Characteristics (Tanb,Smax,HR,BS)
— Mining Characteristics (d)

 Methods (Profile and Influence Function)
 Limitations and Applicability
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Typical Parameters Needed
for Subsidence Prediction




Profile Function Application and
Example Problems

e Basic Predictions
— Simple mine plan
— Simple prediction point layout

— Built in formulas for overburden
characteristics

— No dynamic capabilities
 New Export Capability to Excel Function
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Profile Function Method

The supercritical subsidence factor should
be used, I.e. the subsidence factor

corresponding to a supercritical geometry
for the Iinvestigated site.

Rectangular opening
Horizontal surface

Evenly spaced prediction points
transverse to panel
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Profile Function Application and
Example Problems

Surface

Line of Prediction Points

Edge Effect Offset

Panel Width

A-127



Profile Function Method

 Hands on experience
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Influence Function Application —
Basic Examples

 Basic Predictions

e Updates on
— Export Capabillities

— Contouring Procedures (Surfer 7 or 8
package by Golden Software required)
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Influence Function Method

* The supercritical subsidence factor (Smax)
should be used, I.e. the subsidence factor
corresponding to a supercritical geometry
for the Iinvestigated site.

e Low extraction room and pillar mines (i.e.
< 50%) should show zero subsidence on
the surface. User should adjust Smax to
zero (0).
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Concept of Influence Functions
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Influence Function Method

Any mine opening (and multiple seam)
Any surface topography (points)
Subsidence factor, edge effect per panel
Regional Parameters

& ﬁ@$§;$$

s
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Input: Mine Plan Definition

-

Rectangular Mine Plan (enter throug | =,
Keyboard) %

Polygonal Mine Plan
— Enter through keyboard
— Import from AutoCad

oL

A-133




Input: Surface Point Definition

o Grid Points (enter through keyboard)

|
Scattered Points e,
aaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaa
e R N LY A RV IVIV IR AN DA VLAV @ I B U N o R c R o §o ) (Ro¥c ol c Rl ol (FcRcRo Nl ¥ NaRcRclo)
aaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaaaaaa
— ln Or rOIn u O a aaaaaaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaaaaaa
+
+ + 4
+ +
+ +
N +
N +
+
. +
e
+
* +
+ +
+ +
. +
+ + + +
+
$
+
+ 4 R
+
+
+ +
+
n + " + 4+
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Input: Subsidence Parameter
Definition
* %HR

o Supercritical Subsidence Factor
(automatically determined based on %HR)

 Influence Angle
— Set default regional value
— Set value based on calibration

e Edge Effect (translation of Inflection Point)
e Strain Coefficient
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Program Allows Site Specific or
Regional Parameter Definition

. Project Description b4 |

— Current Units

* feet  meters

—Mine Plan Type Surface Points Type
" Polygonal Mine Plan " Scattered Points
* Rectangular Mine Plan ' Points on a Grid

m;eter Mode

& Use Custom Farameters

—Owverburden § RockMass Parameters

i Tangent of Influence Angle |2 14

" Use Regional Defaults Influence Angle (deq) [ooo

Region Eaxt —

% Strain Coefficient 0.35

State  [a j Percent Hardrock (%5) |5|]

Help | Cancel | OK
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Procedure Summary

@ Decide on {he 1ype mineplan & pred. poinls ACAD

@ Define surface points in 3D space

VAN

Grid Scallered
__ Burfece pointa
e -~
.-"'-- _.-"..-'
f-____f ++++++ R+t ff__."ff
- -
_________,_,.,-"'"-f
=
U
o
o
= Seem level ACAD
-___,_,-'-"
&
L .3";%1 e‘%‘a E‘L%‘b f_.;
- =% < 92>
e .Dehne mine plan in 3D spoce
_________,_,.,-"'"-J

re c't.angles pulygﬂns

panels - pillars

@ dave all dala in projeci file
{entities may be created imporied/loaded separately)
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Output: Typical Deformation
Indices

* Vertical displacement or subsidence

* Horizontal displacement or lateral
movement

o Slope or tilt
e Horizontal strain
« Vertical curvature (or flexure)
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Influence Function Method

 Hands on experience for Basic Examples
— Rectangular Panels and Points on a Grid

— Polygonal Panels and Scattered Points,
AutoCad Interface

— Solution Options
— Ground Strain Calculations
— Plotting of Deformations
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#=3211.145

y=1633.313

Rectangular Mine Plan
and Points on a Grid
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Rectangular Mine Plan and Points on a
Grid — Basic Data

. Rectangular Mine Plan

‘Parcel Management: T Edge Effect Management T
Recard M anagement Adjustrment Optians
" Do Mot Adjust
Parcel M 141 Append Parcel |
AreEie 1 f* Manual Adjustment
‘ | | R | Dielete Parcel " Automatic Adjustrent
Estraction Method Parcel Tupe
Edge Effect Management Enabled [w - {» Panel
Fanel Active for Dynamic Analysiz [ " Pillar
[eometmy Parcel Status Inzert Maode
Parcel Reference Code |M1 (v Active " |nzert
wist Border 1) [ I Mot Active f Append

East Barder (] {1000 Influenze Anole

South Border [ft] [ Tank

Marth Barder [ft] |2|:||:||:|

Parcel Elewvation [ft] ||:|

Estraction Thickneszs [ft] |5

Lritical / Supercritical Subsidence Factor (2] |39 5

Copy Image Help | Wi Al | Wi Table Cancel k.
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Rectangular Mine Plan and Points on a
Grid — Edge Effect

®. Rectangular Mine Plan

Farzel Management T Edge Effect Management T
Adjustrment Optians Edge Effect Overburden Characternistics per Parcel
" Do Mot Adjust -
: (= F t HardRock [%
f* Manual Adjustment ercent HardRock [%]
" Automatic Adjustrent { v ALt Parcel Depth [ft]
|Ipdate
Adjusted Parcel Geometry due to Edge Effect
Boundaries Original Adjusted

{+ - ‘st Border [ft] | 1100

{+ - East Border [ft] | 1900

{+ - South Border (/]| 1100

{+ - MNaorth Border [f] | 11500
FParel Critical / Supercritical Subsidence Factar [%] |

Bezet Adjusted |

Copy Image Help | Wi Al | Wi | Cancel k.
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Rectangular Mine Plan and Points on a
Grid — Surface Points

. Prediction Points on a Grid

[Geometmy Taotal Paointz

kinimurn E asting [ft] |m |

b airnum E azting [ft] |1 200

Puaint Elewvationz

Cell Size in x-direction [ft] |2|:|

Minirmurn Marthing [ft) |.2|:||:|

b airnum Marthing [ft) |1 0ao

Cell Size in v-direction [ft] |2|:|

Ayerage Point Elevation [ft) ||3|:||:|
[ ox

Set Individual Paint Elevations [

View Al - | | Help | E—
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AFog

Polygonal
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Warning about non-Standard
AutoCad Files

3 3 ™
Import Pointz from Contours H/ Import kine Plan T Impart Faints

— Specifu up ta 3 Laver Mames and Entity Tupe-

CAD Layer far Cankars

CaDH Thiz DWG file was saved by a software application that was
not developed or licensed by Autodesk.

! ) I Lze of this file with AutoCAD software may result in stability
[~ Specify Impart igsues. Do you wish to continue?

[~ Limit Pain
[~ ApplhZc Continue ] [ Cancel .
v fppend B Ly

For more information, click here

[ Force 2 decimald [ Do not show me this again
Opening CAD ... P!

i File Specification-

Browsze

CAD Filename: |54 develophIMFLADAT AN azenfush2007_aApriQuad-FreeportPa?

Help l Cancel Irnpirt Cloze
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Solution Options

Subsidence

Slope (%)

Horizontal Displacement
Curvature

Horizontal Strain (1/1000)
Ground Strain

Directional Strain (Axial Strain)
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Correct panel orientation

— Output File Specifications -

File Prefis Code |COmMEIN

Output Path JE:HDDcuments and SettingziuzersTo &yyvpopd pouthySDPSY

— Output O ptiokg -

¥ Calculate Subsidence [T Caleulate Ground Strainealeta Line
[~ Calculate Slope [ &llow for Estremely Y ariable T errain Elevation
[~ Calculatedd ile

. Influence function Orientation Check [5_(]

[~ Calculat S8R iming
v Calculat Parcel Mo 1300 is clockwise! Rotate?
[~ Calculat %
— Dutput F':'fmal ez to All ] Mo ] Cancel
" SOFE
" Surfer Grid Murnber of Decimals Ig— [~ Paginate at BE lpp
+ ®Z Data [~ Include PointiD in 32 files I™ Start New Fage per Index
= i~ Parcel Orientation Check - - IE e i
7 Auto Correct Orientation i~ Polpgonal Solution Options -
Checking orientation &+ danual Orientation Check, Solution Resolution IEEI—
7 Dan't Check Orientation [~ Do not Show Detailed Progress
Wiew Log Clear Log | Help | Yiew Report | Cancel | Lalzulate |
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When to enable the Rough Terrain
option

= Solution Module Monitor

hezzage Log

INFL module build 6.0.11

INFLSOLY module build: 5.4 142

Folygonal Mine Plan Solution Module

Project File: G \develop\MFL\Data_ShortCourse\COMBINED .PR.J

Total Surface Points: 24679

Total Mine Parcels: 2736

Start time: 19:49:14

FATAL ERROR: * Prediction point #10092 has lower elevation than seam.
Offending point elevation is Z=670**

DETAILS were saved in file:

CADocuments and Settingsiuser

£

Unsuccessful Termination

Solution Progress E

Build: 5 4. 142 it
] [~ Minimal Progress Update it

A-148



Multiple Sections




Vector Plots (for Horizontal

Displacement)
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Ground Strain

h-
L
"
w
[

Exlracled Seam
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Contouring (1/2)

Grid files are needed

If Surfer software used, then Surfer grid
files should be generated

If XYZ (scattered surface point files) are
used, Grid files will automatically be
generated.

Generation employs Kriging
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x=1613920

y=d218227

ontouring (2/2)
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Plot of Subsidence of a Longwall
Panel for Flat Topography
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4x w0 00 20 0 s sk 1000 1200 14M
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Plot of Horizontal Strain / Ground
Strain for Flat Topography




Influence Function - New
Approaches in Ground Deformation
Assessment

 Advanced Predictions

e Updates on
— Dynamic Predictions
— Calibration Procedures
— Risk-Based Assessment for Mine Planning
— Long-Term Stability Predictions
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Dynamic Analysis

e Basics of Dynamic Analysis
e |Influence of Panel Advance Rate
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Panel Geometry

/




Assume Extraction Sequence of
Panel




Extract parcel #1

/




Extract parcel #2

/




Section View

 Dynamic Subsidence = subsidence movements that occur
as a longwall face moves beneath the surface.

- & ” Tensile
No Strain Zone Ground Strain j’
4 Y
7 /

£
Mining Advance S

Image after Geddes and
A-162 Cooper (1962)



Plan View

Edge Effect

Offset
Direction of Mine
Advance T
I:> Monitoring

Point

w=022.0735 p=1803.663
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Dynamic Subsidence
Development Example

Panel Boundary
Offset due to Panel Advance
Direction Monttoring
of Point
Panel
Advance .
— 1__
&
o . . . . . 4 dynamic
LCJ -400 -200 0 800 1000
s / final
%)
@]
- .
N # end of main
phase
4l # measured

Distance from Face (ft)
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Influence Function Method

 Hands on experience for Dynamic
Analysis
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Calibration Procedures (1/3)

e Subsidence Calibration

— Locking procedure when calibrating for
subsidence and strain

e Strain Calibration

— Options for calibrating for average or high
values
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Subsidence (ft)

Calibration Procedures (2/3)

10+

& Predctect /856

bk
T

g g/ 0 50 00 2000
O il
P y—— -10+
15+
Distance (ft) Distance (ft
Parameter Subsidence Strain
Calibration Calibration
Tanb 3.00 3.00
Smax/m 53.0 45.0
EdgeAdjust 167.00 153.50
Perc Error 13.21 33.58
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Subsidence (ft)

Calibration Procedures (3/3)

i
al
0 2000 7 Pedestie s 2t
o -1t
_24%
& Vessured1/6 =l
_44%
Distance (ft) 5
Distance (ft)
Parameter Subsidence Strain
Calibration Calibration
Tanb 2.50 3.00
Smax/m 52 45
EdgeAdjust 150 150
Perc Error 7.90 38.95
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Influence Function Method

 Hands on Experience for Calibration
Procedures
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Risk-Based Assessment for Mine
Planning

* Risk-based assessment combines subsidence prediction
with surface damage.

* Implementation of a risk-assessment approach to mine
planning optimizes mine recovery while providing
Increased protection of structures.

« Karmis, et al. (1994) provides damage threshold values
for subsidence parameters.

o Selecting an appropriate index for assessment purposes
IS Important.

e Contouring of ground strain and other parameters
provides a means to create maps delineating high-risk
areas.
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Risk-Based Assessment for Mine

Planning
4 N 4 N
. Sreoleﬁ;te Establish damage
_pp. P threshold values for
indices for e
selected indices
assessment

\ % - /

s ~ a C t ™
reaite maps
Contour ] P

threshold values delineating high-risk

areas
N J L )
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Risk-Based Assessment for Mine
Planning

Class of Damage or Severity Level Horizontal Strain (suggested | Angular Distortion
(comparative/comprehensive scheme by damage limit values after (suggested damage-limit
Bhattacharya and Singh (1985)/ Singh Singh, 1992) values after Singh, 1992)

(1992)) NCB System—>SIS=>DCS

Negligible=> Slight—=> Architectural 0.5x103 1.0x 103

/
Slight=>Moderate—>Functional ( 1.5-2.0x 103 \ 2.5-3.0x 103
Appreciable->Moderate—>Functional \W 2.5-3.0x 103
Severe—>Severe—>Structural 3.0x103 7.0x103
Very Severe->Very Severe—>Structural >3.0 x 1073 >7.0x 1073
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Difference Between a Hazard Map
and a Contour Map
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Example of Risk Assessment for
Longwall Mine Planning

Subsidence, Horiz. Strain - Maximum, Ground Strain

1000 s s s
N
500
} W/ Building C
0
Building B
-500 I l | I I l
-500 0 500 1000 1500 2000 2500
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Risk-Based Assessment for

Mine Planning

e Edge effect = 140 ft
« Panel Width

600 ft
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Risk-Based Assessment for
Mine Planning

 Hands on Experience
— Solution options

— Threshold limits (user defined and default
values)

— Plot overlays
— XYZ plots and Grid plots
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Risk-Based Assessment for
Long-Term Stabllity

Assign stabllity factor to underground workings
Stability factor applies to pillars

Stabllity factor may be arbitrary but consistent in
a mineplan.

Selecting an appropriate index for assessment
purposes

Combine ground deformation prediction with
surface damage.

A-180



Risk-Based Assessment for
Long-Term Stabllity

e h 4 N
4 N
Determine . Sreolefitate Establish damage
long-term | 1PProp ~  threshold values for
N indices for .
stability risks selected indices
N y assessment
9 ) - /

- ™ 4 A
Contour Create maps
threshold | > delineating high-risk

values areas

- J \_ Y,
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Long-Term
Effects for
Worst Case
Scenario

Surface Deformations - Axial
Projection

A 5uWaorst
5E:

Subsidence (it)

4 SuBaseline

25 | | | | :R
] 100 200 300 400 50

Distance (ft)
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Example of Risk Assessment
for Long-Term Stability

Previous Retreat Mining Section

Existing Pillars | &

) o s~ \" ..f
] 14
! Boundary of Planned Surface Development r 7 P
/ .—.?- = 4 -\
f am : #ﬁ,{p i J’f ”,.f 1 - ’ -
) b : # S e
I o - ‘. i ';’ i’ o
f ] /,"'f i - _:' N
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Example of Risk Assessment
for Long-Term Stability

Horiz. Strain - Maximum, Ground Strain .
T A S S S R R Risk assessment map —

\Q\U j : overlap of threshold strain
1 with planned surface
development

526200

T

526200

526000+

525800

Mine plan with contoured
threshold values of horizontal K
strain and ground strain ——

525200+

525000+

1250800 1251200 = 1251600 = 1252000 1252400 1252800
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Long-Term Stability Analysis

 Hands on Experience for Long-Term
Stablility Analysis
— Stablility Factors
— Solution Options
— Cross-sectional Plots
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