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ABSTRACT

Pillar bumps have long been hazards in room and pillar mines around the world.
With mines going deeper, pillar bumps also pose a threat to the personnel and equipment
in longwall mining. One of the pillar bump mechanisms states that two puarameters
control the occurrence of pillar bumps; these are the post-failure pillar stiffness and the
local mine stiffness (LMS). The magnitudes of the two parameters control whether there
is violent or controlled failure. Although the mechanism was proposed in the late 1960s,
the application of the mechanism to general mining practice is still far away. One of the
reasons for this is that it is difficult to determine LMS in complex mining configurations

with non-linear material properties.

In an effort to solve this problem, LMS for a specific pillar was defined and a non-
linear three dimensional boundary element program based on the displacement
discontinuity theory was modified, by the integration of Starfield's "perturbation
method", to calculate LMS. The change of LMS with the advance of the longwall face,
the various chain pillar configurations, varied coal behavior, and the different surrounding
rock properties were investigated by a parametric numerical analysis. To estimate the
post-failure stiffness, the post-failure stiffness data from laboratory and ficld were
collected and studied, from which an upper boundary estimation of the post-failure

stiffness was derived.

Based on the results of the numerical analysis on LMS and the post-failure stiffness
study, a design methodology for longwall chain pillars under the bump-prone conditions
was preposed. The application of the methodology was demonstrated by a case history
back analysis, which included an interpretation of the field data, a numerical simulation
of the field case, and a stability evaluation based on the proposed LMS concept.

The results obtained from the parametric studies and case history simulation showed
that the modified program worked well, and LMS of specific locaticns can be monitored
throughout the mining simulation. The calculated change of LMS combined with the
post-failure stiffness estimation can give an indication of when, where and whether there
will be violent pillar bumps during the panel recovery. The chain pillar design can be
evaluated and modified accordingly. Eventually, this will improve the safety and lead to a

more rcasonable design for longwall mining.
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Chapter 1

INTRODUCTION

1.1 Problem definition

The introduction of longwall mining into the coal mines in North America since the
1960's has greatly increased the amount of coal production, while at the same time the
pillar bump problems which were very common in some coal fields with the conventional
room-and-pillar mining method have been relieved to a great extent (Mark, 1989). The
advantage of the high production and improved safety standard for the longwall mining
method has been attracting more and more attention from mines around the world,
especially in the USA.

However, studies indicated that there still are pillar stability problems even with
longwall mining (Campoli, 1987 and 1989). This is because the available longwall design
methods were basically based on the traditional ultimate strength design concept, and the
stability of the chain pillars in the post-failure period were not addressed in these
methods. Clearly, these kinds of design approaches are not satisfactory when the bump-
prone coal beds are encountered. Therefore, unless the consideration of the post-failure
behavior of the chain pillars is included in the pillar design process, the dangers of
unexpected accidents, such as pillars violently bursting into the entries, still pose a threat
to the safety of the personnel and equipment close to the entries.

1.1.1 Longwall mining

Longwall mining is used in relatively flat lying, thin tabular seams. In this method a
long face is established across a panel between sets of entries, and the face is retreated or
advanced by narrow cuts along the face which is protected by mechanical powered
supports. The roof behind the face is allowed to cave into the extracted area known as the
gob. Figure 1.1 shows a sketch of a typical longwall mining panels.

Usually a series of longwall panels are developed in parallel and are mined in
succession. The panels are separated by chain pillars to protect the entries on either side
of each panel, as illustrated in figure 1.2.
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The entries on one side of the panel are used for fresh air intake, and the
transportation of men, supplies and mined coal out or into the face; these entries are
called head entries. The entries on the other side of the panel are used as the return air

path and are called tail entries.

Head and tail entries are the life line for longwall mining. They have to be kept open
for transportation and ventilation purposes until the face passes. Therefore, the successful
operation of longwall and face advance depends on the status of the entries. The entries
are protected by the chain pillars. The ground control problems for entries, such as roof
fall, floor heave, and excessive closure are all related to the integrity of the chain pillars.
Consequently, the behavior of the entries is mainly controlled by the stability of the chain

pillars.
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Figure 1.1

Typical longwall mining layout (after Peng, 1986).
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Figure 1.2

Typical retreating longwall section (after Peng, 1986).

1.1.2 Pillar bumps in longwall mining

Figure 1.3 illustrates the stress redistribution around the panel caused by longwall
mining. Analysis shows (Hsiung, 1984) that during advance of the longwall face, stress
builds up on the coal at the face and at the two sides of the panel. The stress build-ups can
be 1 to 6 times more than the overburden pressure. The increased pressure zones at the
face and in the side coal are called the front abutment pressure and side abutment pressure
respectively. The peaks of the abutment pressure migrate into the coal when the exterior
coal yields or fractures.

The side abutment pressure is supported by the chain pillars along the panel sides.
The chain pillars at the T-junction of tail entry and the face are especially vulnerable to
the complex and severe abutment pressure because of superposition of the front abutment
pressure and the side abutment pressure. For the bump-prone coal beds, which are
identified as the coal beds with strong and brittle coal, overburden greater than 500 ft, and
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strong roof and floor (Peng, 1986 and Iannacchione, 1990), very often the chain pillars at
or near the T-junction burst violently into the entry; this may involve several cubic feet
to hundreds of cubic feet of coal. This violent pillar failure is called pillar bump.

Pillar bumps are very serious hazards in longwall mining, because they are violent
and usually unpredictable. Bumps occurring in the longwall mining have injured
personnel, damaged equipment and delayed the longwall operation. Pillar bumps often
occur in the tail entries, this may lead to the collapse of the entry roof and eventually
close the entries. Sometirnes the risk of pillar bumps is so serious that the whole mining

section has to be abandoned.
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Abutment pressures around a longwall panel (after Peng, 1986)

1.1.2.1 Pillar bump definition

A pillar bump is defined as an instantaneous release of high stressed pillar rib
material which is propelled into a mine opening (Haramy, 1988). Pillar bumps have
transient and violent features, but usually there is no gas involved in a pillar bump. When
a pillar bursts, its load-bearing capacity is totally or partially lost and the load is
immediately transferred to the adjacent pillars. This may lead to the bumping of the
adjacent pillar and to the so-called "Domino bump failure" in which the collapse of the

whole mining section occurs.
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The noticeable feature of a pillar bump from a pillar yielding is the visible loss of
contact between the pillar and the roof after the bump. It was repeatedly reported that,
after a pillar bump, there were gaps formed between the pillar top and the roof, showing
that the contact between pillar and roof was partially or totally lost (Campoli, 1987 and
1990). This is the clear evidence that a part of the pillar has been ejected out from the
pillar when a pillar bump occurs.

1.1.2.2 Factors contributing to pillar bumps

A pillar bump is believed to occur when the maximum designed load is surpassed
aind the stiffness of the surrounding strata (or local mine stiffness) is less than the post-
failure stiffness of the pillar. The term "local mine stiffness" is the ratio between the force
change on the pillar and the roof/floor convergence at that pillar location; this is further
defined and mathematically expressed in section 3.1.2.1, page 31. The following factors
also contribute to pillar bumns:

(1) Overburden is directly linked to pillar bumps. The pillar bumps occur when the
overburden is beyond 500 ft. The severity and frequency of pillar bumps
increases with the depth of mining. The majority of coal mine bumps in US.
occur in mining operations with over 2000 ft overburden (Haramy, 1988).

(2) Geological characteristics of coal beds and surrounding rocks contribute to
pillar bumps. It was reported that bumps usually occur in the coal beds with
stiff roof and floor or with faults and igneous dikes in the surrounding rocks
(Iannacchione, 1991).

(3) Mining configurations and sequence are also related to pillar bumps. Room-
and pillar mining has more bumps than longwall mining (Holland, 1955),
which indicates that geometric factors and mining sequence play a role in the
bump events.

1.1.3 Chain pillar design

The design requirements for the chaix pillars separating the panels are primarily that
they should maintain the stability of the head and tail entries throughout all the mining
phases necessary for complete panel recovery. At the same time there are economic
incentives to minimize the size of these chain pillars to ensure the maximum resource
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recovery. Chain pillars must be designed to support the side abutment load induced by
mining development and panel recovery, and to protect the panel entries from excessive
displacement of the roof and floor. Hence, the dimensioning of the chain pillars is a major

factor in longwall design.

There can be two basic and different approaches to chain pillar design; these are
"stiff" pillar design and "yield" piller design.

In the stiff pillar design approach, the pillars are designed to support the abutment
load and to support the roof so that there is no significant movement in the roof until the
panels are finished. Consequently, the strength of he pillars must be greater than the
expected maximum abutment load imposed upon them during the mining period. Usually
the failure mode is not considered, although gradual yielding is intuitively assumed.
Therefore, if the pillars are undersized or after their service lives end, they will fail,
shedding the load elsewhere. These failures may be relatively gentle or they may be
violent - such violent failures are known as "pillar bumps".

In yield pillar design, the pillars are designed to yield (fail gently) to the abutment
load, shedding their excess load onto nearby abutments and the caved material in the gob.
This leads to a stress-released zone created around the entry and protects the entry from
excessive loading. Hence they are designed intentionally to be undersized and the post
failure behavior of the pillars needs to be considered. Again this may lead to a gentle
failure or violent failure depending on the post-failure loading and unloading

characteristics of the strata and pillars.

For longwall mining, more and more mines are using a combination of the stiff and yield
pillars to obtain safer and more economical design. Usually, there are rows of abutment
pillars sided with the rows of the yield pillars. The abutment pillars are designed to support
the side abutment loads until the longwall face has passed. The yield pillars are designed to
yield to the development load to release the stress on the nearby entries, and also to perform
as buffer zones between entries and the stiff abutment pillars if violent failures of the

abutment pillars occur.

1.1.4 Summary

Currently, chain pillar design is mainly based on the ultimate strength, which may
suitable for the room and pillar mining in shallow overburden conditions. With the
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mining going deeper, more and more mines are encountering pillar bump problems.
Although the introduction of longwall mining into North America has significantly
improved the situation, pillar bumps in the tail entry still constitute a threat to the stability
of the tail entry, as well as to the personnel and equipment. This illustrates the lack of
understanding of pillar behavior in design of chain pillars for longwall mining.

On the other hand, for better ground control, chain pillars are encouraged to fail after
the second face passes or once they are isolated in the gob area. Therefore pillar bumps,
under some circumstances, may be unavoidable. In this situation, the timing and the
location of the pillar bumps will be critical for the safety considerations. The best design
of chain pillar should include the evaluation of the timing and mode of the potential pillar
failures.

1.2 Objectives of research

The main contribution of this thesis would be to improve chain pillar design for
longwall coal mining under bump-prone conditions. To accomplish this, studies have to
be pursued in the following areas:

(1) To examine the available stiff and yield pillar design methods and to
investigate how to introduce bump evaluation into pillar design.

(2) To investigate the methods and concepts used to define the pillar stiffness and
the local mine stiffness, and to integrate those concepts into a boundary

element program;

(3) To investigate the response of the local mine stiffness to the longwall face
advance, mine geomeiry, coal behavior and properties of the roof and floor

rocks;

(4) To use the developed stiffness concepts to simulate real mining situations and
to investigate the possibility of using local mine stiffness to predict and control
pillar bumps in longwall mining.

(5) If possible, to provide practical chain pillar design guidelines for longwall coal
mining which will eliminate the risk of bumps or, at least, to confine the
location of pillar bumps to the gob area.



1.2.1 Research Methodology

The research will be based on a non-linear three dimensional boundary element
program developed by US. Bureau of Mines, and the local mine stiffness concept
proposed by Salamon (1970). Disturbing methods proposed by Starfield (1968) will be
integrated into the boundary element program to determine the local mine stiffness.

The main focus is on implementing the local mine stiffness concept into chain pillar
design. To accomplish this goal, literature on the local mine stiffness, pillar stiffness
measurements and analytical and numerical analyses of mine stiffness are reviewed and
analyzed. The local mine stiffness and pillar stiffness will be defined according to the

results of this analysis.

The calculated local mine stiffness will be compared to an analytical solution derived
by Salamon (1970) to check the validity of the modified program. Then, the program will
be applied to the longwall retreat mining situation in V.P. No. 3 mine. The simulation
results from the computer program will be compared to the field data from that mine to

evaluate applicability of the program.

1.2.2 Scope and limits of the research

Research scope is to examine the effect of the ratio of the modulus of the coal and
the strata, the softening behavior of coal, the face advance, the location of the pillar in the
panel layout and the change of chain pillar layout on the local mine stiffness by
performing a parametric three dimensional boundary element computer simulation for
longwall mining in tabular seam beds. The study also includes a review of the chain
pillar design methods and the pillar strength and behavior, a geotechnical interpretaiion of
the field data from US Bureau of Mines, a demonstration simulation of the case history of
V.P. No. 3 mine, and a derivation of post-failure pillar stiffness.

Numerical simulation is carried out with focus on the behavior of pillars and roof in
bump-prone strata conditions, especially in coal beds with a strong roof and floor.
Therefore, the behavior of the surrounding rock can be assumed to be elastic. Inelasticity
is allowed to occur only in the vicinity of the openings, i.e. in the seam. The seam can be
specified to be elastic or non-elastic, such as strain softening. The time dependent

behavior of the seam is not considered.



Chapter 2

PILLAR DESIGN

Design of longwall chain pillars basically follows the traditional pillar design
procedures as shown in figure 2.1.

( Inital estimation of pillar width )

Change pillar width

 Calculate piltar strength |

[ Calculate load on pillar |

| Calculate safety factor 1

Is safety factor
satistactory?

Yes
(Output pillar width )

Figure 2.1

Pillar design flow chart.

The initial pillar dimensions are usually given by experience and economic
considerations. Then, the pillar strength and the load on the specific size of pillars are
estimated by assuming some kind of loading mechanism and strength formula. According
to the role a pillar is designed to play, these procedures are repeated until a satisfactory
safety factor is obtained. Usually, uncertainty in quantifying the strength and loads of
pillars and in determination of pillar creep behavior is compromised by choosing a high
safety factor.

Chain pillars in longwall mining are designed to protect head entry and tail entries
during panel recovery and are expected to yield after the face of the second panel has
passed. Before calculation of pillar strength and pillar load, it is necessary to investigate
geolog'cal factors which may affect the pillar design process.
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2.1 Geological factors

Geological factors include topographic difference, stratigraphic thickness of roof,
physical properties of roof, floor and coal, and any possible faults or defects in the roof.
Topography will affect the direction and magnitude of stresses; stratigraphic thickness
may affect the transfer of overburden load to the seam. Weak roof and floor may cause
roof fall or floor heave problems. For the strong roof and floor, the main concern is the
stability of the pillars and caving of the gob. Because the bump-prone coal beds are
identified as the coal beds with strong roof and floor (Campoli, 1990, Haramy, 1988 and
lannacchione, 1991), the review will focus on the pillar design under strong roof and floor
conditions. Failure will be restricted to the coal beds, and not in the roof or floor.

2.2 Pillar strength

2.2.1 Coal mass uniaxial compressive strength

It has been established by the years of experience from experiments on specimens in
the laboratory and field, that the coal mass strength is lower than the strength determined
by laboratory testing on small specimens, because the in-situ coal contains more flaws or
fractures than the laboratory size specimens. This size-determined relationship can be
represented by the Hustrulid's equation below (Hustrulid, 1976):

k

where o, is the mass strength of a cubical coal block with dimension h. k is the
Gaddy Factor and is defined by (Gaddy, 1956) as:

@.1)

k=c,JD (2.2)

where o, is the uniaxial compressive strength of coal specimens tested in the

laboratory having a cube side dimension D.

Equation (2.1) indicates that strength of the coal block decreases with the increase of
block dimension. However, a significant development made by Bieniawski (1968)
revealed that there is a critical dimension beyond which the strength of the coal block
remains constant. Bieniawski later defined the critical dimension as critical size for the
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specific coal. Therefore, if the dimension of the coal block is greater than the critical size,
the critical size should be used instead of the actual dimension h in equation (2.1). For
North American coal, the critical size was identified to be 36 in. (0.9 m) (Bieniawski,
1992).

Equations (2.1) and (2.2) illustrate that the in-situ strength of coal or coal measure
rock can be estimated by testing small cubic specimens, provided that the information of
the critical size is available

2.2.2 Pillar strength formulas

The above equations give the mass strength of a cubical coal block. For a pillar, its
strength is also affected by the pillar geometry characterized by the width/height ratio.
Generally, the strength of a pillar increases with the increase of its width/height ratio
because of the confining pressure build-up towards the pillar core. There are a number of
strength formulas developed throughout the years which tried to combine both the size
effect and the shape effect on pillar strength (Obert and Duvall, 1967, Holland, 1964,
Gaddy, 1956, Holland, 1973, Salamon and Munro, 1967, and Bieniawski, 1967). They
can be generalized as:

W(X

o, =o,(A+Bﬁp—) (2.3)
where G, is the pillar strength; 6, is the in-situ compressive strength of a cubical

block to be determined by equation 2.1; W and H are the width and the height of the

pillar; A, B, o and [ are constants and are given in Table 2.1. in respect to the different

formulas.

Generally, the formulas are reliable for small pillar design because all of them are
derived from the studies of the field data and laboratory data in the shallow mines where
the pillar dimension is relatively small. The application of the formulas to the thick
overburden pillar design are usually not encouraged because of the lack of data with
width/height ratio beyond 5 in the derivation of the formulas. With more and more
longwalls operating under the deep cover, where pillars with width/height ratio over 9 are
very common, there is need to develop new design approaches which can cope with the
wide pillars with a width/height ratio beyond 9.



Table 2.1 Empirical pillar strength equations.

12

Formulas A B o B Safety Applicable
Factor W/H range

Obert- 0.778 0.222 1.00 1.00 1.5-2.0 <8
Duvall/Wang
Bieniawski 0.640 0.360 1.00 1.00 1.5-2.0 <10
Holland-Gaddy 0.000 6.000 0.50 1.00 1.8-2.2 <5
Holland 0.000 1.000 0.50 0.50 2.0 <5
Salamon-Munro 0.000 1.732 0.46 0.66 1.31-1.88 <5

A comparison of the different formulas was made by Bieniawski (1992), as shown in
figure 2.2. It is clear that Holland-Gaddy formula is most conservative; the other four
formulas are very similar when width/height ratio is less than 5. Bieniawski formula is
most unconservative beyond the range of width/height ratio 5. The experience of
application of these formulas have proved all the formulas worked well for pillars with
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Comparison of the pillar strength formulas (after Bieniawski, 1992).




13

low width/height ratio but will underestimate pillar strength for wider pillars unless some
corrections were made (Salamon, 1985, Madden, 1991, Wagner, 1984, and Bieniawski,
1984). It was also noticed by Babcock (1984 and 1990) that although the constraint
conditions at the pillar ends affects the confining pressure build-up toward the pillar
core, they are ignored by these formulas. Therefore, when unusual pillar end conditions
exist (such as very soft thin layer existing between pillar ends and the floor or roof), the
strength values calculated by the pillar formulas have to be adjusted to include the
extreme end concstraint condition.

2.2.3 Analytical methods

All the strength formulas above assume or imply the uniform loading and uniform
stress across the pillars. This is good approximation for small pillars, but very often a
chain pillar in longwall layout is very wide and is not uniformly loaded. Failure is
initiated first at the critically stressed part of the pillar and then propagates to full
collapse. Several analytical models have been developed to address this aspect in which
the "confined elastic core" pillar model proposed by Wilson (1972, 1977, and 1982) is

most comprehensive.
(1) Wilson model

Wilson hypothesized that a pillar, flanked on both sides by gobs, consists of an
elastic core urrounded by exterior yield (fractured) zone. The linear Mohr-Coulomb

criterion is ¢ d as the failure criterion for intact coal:
o, =ko, +0, (2.4)

where ¢, and o, are the maximum and minimum principle stress respectively; 6, is
the uniaxial compressive strength of the coal mass; k is called the "triaxial stress factor"”
and can be measured experimentally. Wilson stated that for coal measures, k = 4 and ¢, =
6./3 where o, is the uniaxial compressive strength of a coal specimen.

The stress in the yield zone is guided by the equation:

o, =ko, (2.5)

The boundary between the yield zone and the elastic zone is defined by assuming that
the horizontal stress G, reaches the original hydrostatic stress q = YH at the boundary in
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the two equations. Airy's solution is used to relate the horizontal stress to the distance x
from the pillar rib to the location in the pillar where the stress is sought. According to the
derived relations in the model, the horizontal stress in the yield zone increases
exponentially with distance x until it reaches the original horizontal stress level. Based on
the cquation (2.5), the vertical stress also increases exponentially with x. The vertical
stress in elastic zone is also assumed to be an exponential function of x, to facilitate the
calculation. In the extreme case, the boundary reaches the center of the pillar. Therefore,
the pillar strength is the integration of the vertical stress over the pillar width.

The confined core model revealed that the stress in the pillar is not uniformly
distributed and that the failure starts from exterior of the pillar. It also explained why
wide pillars can sustain higher stress than the narrow pillars because the failed exterior
zone will provide the constraint to the elastic core in the middle of the pillar, thus

increasing the loading capacity of the pillar core.

However the confined core model also has some serious drawbacks which were

summarized by Salamon (1992) as:

a. The deformation characteristics of the strata and the pillar are not considered;

b. The choice of the generated horizontal stress stopping at the original stress level has

no rational basis;

c. The load transfer and the residual strength of the failed slices do not satisfy physical

laws;
d. The restraint of the pillar edge cannot be zero.

In addition, he also pointed out that Wilson's model will predict excessively high
stress in the pillar core because the horizontal stress increases exponentially with the
distance to the pillar edge in the model. He then suggested that strain-softening behavior

has to be taken into account to improve the model.
(2) Barron model

Some of the problems of the confined core model were overcome by "Barron model"
which was first proposed by Barron (1983 and 1984) and later revised by Barron and Pen

(1992).
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In the Barron model, the Hoek-Brown failure criterion is used instead of the Mohr-
Coulomb criterion. A pseudoductile failure mechanism is introduced into the pillar model
which leads to the existence of an additional pseudoductile zone between the fracture
zone and elastic core. In this pseudoductile zone (or yield zone), the horizontal stress
increases linearly instead of exponentially with the distance to the pillar edge, which
prevents one overestimating the pillar strength for a wider pillar. The boundary of the
fractured zone and yield zone is defined by the intersection of the linear Mohr-Coulomb
equation and non-linear Hoek-Brown equation, which eliminates the boundary
assumption in Wilson's model.

There are two extreme failure modes for the model. In one case, the yield boundary is
extended to the pillar center which is called "ultimate yield". In the other case, the
fracture boundary reaches the pillar center, which is called "ultimate fracture”. The pillar
strength will be the integration of the vertical stress over distance x in the fracture zone
and the yield zone, or in the fracture zone only, depending on the failure modes.
However, although the pseudoductile failure mechanism was proved to exist in hard rock
under extremely high stress, there is only some indirect evidence of pseudoductile failure
of coal in the pillar core (Barron, 1988). Therefore, direct physical evidence is still
needed for Barron's model.

2.3 Loads applied to longwall pillars

Generally, a coal seam is sandwiched between the relatively stronger roof and floor
rocks which are loaded by the overburden. Stress is uniformly distributed in the coal seam
and the host rocks. When mining activity starts, the equilibrium is destroyed and the
stress in the coal and rocks is redistributed. Traditional retreat longwall mining
development includes driving the panel entries from main entries. When the panel entries
are developed to the designed length, the bleeder entry is driven to connect them. The
panel entries consist of two, three or four entries depending on the requirements of
ventilation, transportation and mining law. Once the development is finished, the
extraction begins with the face moving from bleeder entries towards the main entries.
According to Mark (1987), the loads on longwall pillars can be divided into two parts:
development loads which are present when longwall development has just finished, and
abutment loads which arrive during panel extraction.
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2.3.1 Development loads

Development loads are the loads idded to the chain pillars when the panel entries are
finished, due to the weight of the overburden directly above the pillars and entries. The
two major approaches to calculate development loads are tributary area theory and elastic
deflection theory. Most early researchers (Wilson, 1972, King and Whittaker, 1971) used
the "tributary area theory" to calculate development loads, which is commonly used in
calculation of loads in room and pillar mining.

2.3.1.1 Tributary area theory
Tributary area theory assumes that pillars support all of the overlying ground

tributary to their locations. It follows that the average pillar stress is given as:

(w,+ W )(w +L))
WPLP

G, =1h (2.6)

where w, and w, are entry width and cross cut width; W, and L, are pillar width and
pillar length respectively; v is the unit weight of the overburden and h is the overburden

height.

It is assumed in this formula that the distribution of pillars and rooms are uniform
and extended to infinity in all directions. In reality, pillars and rooms are surrounded by
the intact strata. Therefore, the result is conservative and is the upper bound of the pillar

load.

2.3.1.2 Deflection theory

Coates (1965) noted that the tributary area theory ignores the geometrical parameters
such as the span of the mining zone with respect to its depth for horizontal workings, and
the deformation characteristics of the materials. Based on the elastic solution of the
deflection of a point on a circular hole in a plate due to an appied uniaxial stress, Coates
developed pillar loading formulas that take into account the pillar location in the panel
and the modulus of surrounding rock and pillars. The application of the Coate's formulas
indicated that they fit the field results better than the tributary theory, but because of the
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complexity of the formulas, their application is still not as popular as that of the tributary
area theory.

2.3.1.3 Numerical solutions

Theoretically, the above equations can only be applied to situations in which pillars
and mining zones are in uniform distribution. For a more complex distribution of pillars
and mining zones, especially for situations in which there is more than one material in the
overburden or materials behave in a non-elastic manner, numerical solutions based on the
finite element method or boundary element method are needed to solve the problems. In a
case study, Mark (1987) compared the results from tributary area theory with those from
finite element modeling. He stated that the accuracy of the tributary theory decreases with
the incremsnt of the extraction ratio and that, for estimation of the development load,
tributary area theory gives an acceptable solution which is within 10% of the modeling
results for two dimensional extraction ratios up to 50% (Mark, 1987). With the
development of computer software and the challenge of the more difficult mining
conditions, application of numerical solutions based on the computer modeling seems
unavoidable.

2.3.1.4 Summary and conclusions

Development loads are relatively easy to calculate because, at the development stage,
the panel usually can be treated as a two-dimensional case. The tributary equation only
gives the upper bound of the development loads because of the assumption mentioned
above. Coates' equation provides a more reaiistic estimate if pillar locations in the panel
and the interaction of pillars and the surrounding strata have to be taken into acconnt. But
both equations cannot handle three-dimensional cases. Numerical solutions are more
versatile and accurate, provided that the input parameters can be obtained with reasonable
confidence.

2.3.2 Abutment loads

When coal in a longwall panel is extracted, the load on the coal is transferred to the
side pillars. According to Peng and Chiang (1984), the abutment load is first detected at a
distance of about one times the overburden depth away from the face. With the advance
of the face inby and outby the side pillars, the loads on side pillars increase from the
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development load towards a maximum load. During the whole process of panel
extraction, the side pillars may go through the full loading process, including critical
failure or yield and post failure unloading. Therefore, determination of the time when
maximum load is reached and the magnitude of the maximum load is crucial to the

longwall pillar design.
Mark (1987) identified two critical abutment loads:

(1)  Front abutment loads, which are the loads applied on the chain pillars when the
distance of the face to the pillars is zero;

(2) Side abutment loads, which are the loads when the face has passed the pillar by
a sufficient distance.

Because, for chain pillars, the mining process includes coal extraction from the
panels at the both sides of the chain pillars, front abutment loads and side abutment loads
on the chain pillars can be further divided into the head gate front abutment loads L, and
the first side abutment loads L (which are the one side abutment loads), as well as the
tailgate front abutment loads L; and the second side abutment loads L (which are the
two side abutment loads) according to the face positions of the first or the second panel

recovery as shown in figure 2.3.
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In retreat longwall mining, the tail entry has to be kept in good condition until the
face of the second panel has passed. It means that the chain pillars have to be designed at
least to remain stable through the arrivals of the development loads L, the first side
abutment loads (L; and L)) and the tailgate front abutment loads L;. An idealized loading
curve of a chain pillar with respect to the face positions is plotted in figure 2.4. The minus
and plus sign in the figure represent the face is inby and outby the pillars respectively.
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Figure 2.4

Typical loading curve of a pillar in longwall panel.

For best ground control, chain pillars are encouraged to gradually fail after the
second front abutment loads arrive. This will lead to smooth caving behind the face and
decrease the pillar bump danger. However, the traditional pillar design only uses side
abutment load as a design base because of the difficulty in calculating the front abutment

loads and a conservative design attitude.

2.4 Chain pillar design

Once the pillar strength is calculated by the methods discussed above, the abutment
loads applied on the pillar have to be decided before the safety factor can be evaluated.

2.4.1 Calculation of abutment loads

There are a number of approaches available for calculating side abutment loads. They
can be classified into analytical and numerical approaches.
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2.4.1.1 Analytical approaches
(1) Wilson's approach

Wilson used a "stress balance" approach to approximate the stress distribution in the
waste area and in the pillar rib (Wilson, 1972 and Wilson, 1982). He stated that "As the
total aggregate downward force remains that of the cover load, anyv stress rise over the
ribside must be compensated for by an equivalent stress reduction over the waste, and
vice versa" (Wilson, 1983). Based on studies in Great Britain, he conciuded that if the
cover depth is H, the load rarried on the waste increases linearly, from zero at the rib to
the cover load some distance {0.3H ) away from rib. The total load on the pillar is the
distributed cover lcad plus the load deficiency in the waste. Clearly, unless some
assumptions are made, Wilson's approach cannot calculate the pillar load when the
longwall face is close to or in the line with the pillar.
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[ " Load from load deficiency
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Figure 2.5

Stress distribution and load deficiency in the gob (after Wilson, 1972).

King and Whittaker (King, 1983) also presented an approach which is based on a
different concept but has very similar result to that of Wilson. The angle of P in Wilson's
figure (figure 2.5) was defined by King as the "shear angle" which they claimed to be
equal to the angle of draw. The angle was assumed to be a meaningful physical
parameter which defines the wedge loading on the gob. The load of the remaining
overhanging sections are transferred to the pillars. Although they stated that for typical
British coal, the shear angle is about 30° or should be equal to the angle of draw, they




provide no physical explanation for the shear angle, nor the method presented to obtain its
value.

This situation was improved by the concept presented by Choi and McCain (Choi,
1980). Based on the surface subsidence measurement and numerical simulation, Choi and
McCain defined a "complete displacement zone" resting on the gob within which no
further rock movement occurred even when an adjacent panel is mined. The complete
displacement zone is defined by a "negative angle of draw" which is equivalent to King's
shear angle B and can be measured by determining the transition point on the subsidence
profile. Only the protruding area outside of the complete displacement zone applies the
abutment load on the pillars.

All analytical methods assume or imply a linear stress build-up toward the center of
the gob area which is a simplification of the real situation. Because the initially loose
material in the gob experiences the whole compacting process, theoretically, one would
expect that the stress build-up is in a nonlinear form, such as a power or exponential
function. However, to assume a nonlinear stress in gob will complicate the analytical

calculation.

The shear angle concept simplified the abutment load calculation. However, there
were cases in which no apparent transition points on the measured subsidence profiles
can be positively identified to define the angle (Mark, 1987). Mark also admitted that
rather than a measurable physical characteristic of gob, the shear angle is perhaps only an
approximation for facilitating the side abutment calculation.

(2) ALPS method

Mark and Bieniawski (Mark, 1989) proposed a semi-empirical and semi-analytical
chain pillar design method which can calculate the front abutment. The shear angle
concept is used to define the side abutment load and Bieniawski's empirical pillar strength
formula is used to estimate pillar strength. The distinct feature of the method is that Mark
introduced the "front abutment factor", F, from which the front abutment L, can be

estimated as:
L,=F.-L 2.7

where L, is the side abutment which can be calculated by the overhanging region
defined by the shear angle concept; I is the front abutment factor, which is less than onc
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and has to be determined by either field measurement or empirical estimation; L, is the

front abutment load.

Mark recommended that F to be 0.5 and 0.7 for the headgate front abutment and
tailgate front abutment respectively. Because different strata conditions may affect F, he
suggested that F has to be corrected by the field observation or measurement. Although
the introduction of the front abutment factor solved the problem of front abutment
calculation in analytical approaches, the claim of a linear relation between the front
abutment and the side abutment is unconvincing. Unless it is verified by the field
measurement or, at least, by numerical modeling, the risk of overestimating or
underestimating the front abutment still exists.

2.4.1.2 Numerical methods

In numerical analysis, the region of interest (usually a part of a mining panel) is
divided into a numbers of small elements. A pillar may consists of many elements. The
strength of the pillar is dependent on the whole behavioral picture of the elements. The
elements behave according to the assigned constitutive law which can be elastic or
elastic-plastic, depending on the nature of the material. The range of a purely elastic
response is limited by a failure criterion. The obtained stress is compared to the possible
maximum stress to give a quantitative description of the state of the element.

(1) Limit design method

Pariseau (1975) demonstrated that assigning elastic-perfect plastic and elastic-perfect
brittle properties to the elements will provide the upper bound and lower bound to pillar
stability. In the first case, once a material fails, it cannot sustain additional load but the
deformation is still continuous, which corresponds to plastic flow. The additional load
has to be supported by the inner core of pillar; in the second case, a material failure leads
to total loss of its bearing, capacity. All the load is transferred to the inner pillar core and
deformation is discontinuous, which corresponds to brittle fracture. A local safety factor,
which is the ratio of the maximum shear stress possible to the actual maximum shear
stress for the Coulomb failure criterion, was used to represent the extent of the failure.
The local failure usually is tolerable provided the failure is restricted to only part of the
pillar. The pillar instability or collapse was manifested as unarrested plastic flow
(vielding) or unarrested spalling (brittle fracture) through the pillar.
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(2) Peng and Hsiung method

From an extensive three-dimensional finite element analysis, Hsiung and Peng
(Hsiung, 1984) studied the influence of various parameters on the coal pillar behavior in
longwall mining. The safety factor is the ratio of uniaxial strength to the equivalent
vertical stress on the pillar, adjusted by the reduction of the intact area in the pillar. The
studied parameters included Young's modulits and thickness of immediate roof, main
roof, floor and coal, overburden, in-situ horizontal stress, uniaxial compressive strength
of coal, panel width and length, entry width and pillar width. After eliminating the
insignificant effect of the in-situ horizontal stress, the thickness of the strata and the entry
width, they obtained a quantified relationship by statistically correlating the parameters
with each other as:

logW, =-4.676x107 &—4.04 x107* —E—"‘--—3.33 %107 log E
P E E

j c c

(2.8)
—-0.07891log o, + 05144 logh+0.0494 log(%) +0.19411log W

where W - width of a square chain pillar;
E,E. E, and E,; - Young's modulus of the immediate roof, coal, main roof and floor;
O, - uniaxial compressive strength of coal mass;
h - seam depth;
L - panel length;
W - panel width.

This formula is very impressive because, although it was derived from numerical
analysis, it came out as a very simple formula. It was also specifically derived for
longwall chain pillar design. But because in their simulation, the panel entry system was
confined to three entries with two columns of equal size square pillars, and the height and
the internal friction of coal were not varied, the formula can only applied to a similar
entry system. There is also not much information on how the head gate pillars behave
during the second face extraction, which is the main concern for pillar bumps.
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Furthermore, there is a lack of sensitivity analysis about the parameters involved in the
equation. A complete criticism of the formula was presented by Mark (1987).

2.4.2 Summary and conclusions

Traditional designs using empirical strength formulas are based on the ultimate
strength of a pillar. It assumes that once the ultimate strength is reached, the load on

pillars will drop to zero.

All the empirical or analytical approaches (except ALPS) just calculate the side
abutment loads because calculation of front abutment loads needs three dimensional
analysis. Therefore, without field measurements or some kind of assumption, only
numerical methods can provide satisfactory solutions when a detailed study of the pillar
loading process is required. Furthermore, both the empirical and analytical design
approaches cannot consider the interaction between pillars and the interaction between

pillars and surrounding strata..

Empirical pillar strength formulas have been used successfully for pillars with low
width/height ratio because they are derived directly from the experiments and
observations of this type of specimen and pillars. They are suitable for small pillars in
shallow seams. They will provide a conservative strength estimate for wider pillars with

width/height ratios beyond 3.

For wider pillars, which are very common in mining of deep seam beds, analytical
approaches may provide a better strength estimate because the non-uniform stress
distribution in pillars and different failure mechanisms are addressed in these analytical
approaches. However, all analytical approaches have their own assumptions which are
difficult to prove or verify in the field. Therefore, their applications are not always

satisfactory.

Numerical approaches seem to be the most suitable if the interactions between pillars
and between roof and pillars need to be considered or the three dimensional case has to be
dealt with, because the effect of interaction of pillars with roof and floor is naturally
included in 2D or 3D numerical analysis. Progressive failure can also be easily handled in
numerical approaches. The major problem with a numerical approach is the difficulty in
quantifying the input parameters. Therefore, there is always some kind of back analysis or
fitting p:ucess needed in the numerical analysis.



2.5 Yield pillar design

Yield pillars in longwall mining are mainly used to redistribute stress in the entry-
pillar system so as to protect the adjacent area from excessive stress concentration, and to
shield personnel and equipment from the nearby abutment pillar bumping. Yield pillars
have been used successfully in entry development and longwall mining (Carr, 1984) in
which yield pillars eliminated massive floor heave. Other applications of yield pillars
include the design of yield pillars to minimize surface subsidence and to reduce the pillar
interaction in multiple seams mining. It was reported that yield pillars led to a cleaner
caving line along the tailentry, which reduced danger of pillar bumps. A finite element
analysis also revealed that yield pillars created a stress released zene in the adjacent area,
which eliminated the yield zone in the entry floor (Tsang, 1989), but at the same time,
they also increase the tensile stress in the entry roof. They concluded that yield pillars can
be applied to most geological conditions, especially a weak floor condition, as long as the
roof is properly considered.

The requirements for a yield pillar is that it yields totally but in a stable manner and
transfers the load to the adjacent area. Therefore, the size of the yield pillars should be
designed to be small enough to totally yield long before the maximum load arrives; the
failure of the yield pillar should be stable, which means the post-failure stiffness and the
adjacent roof stability have to be included in the design. Mark recommended that yield
pillars should be designed to yield at the development load (Mark 1987). Although it is
insisted that for yield pillars, the stiffness of the pillars and strata should be checked to
avoid pillar bursts (Seedsman, 1991), there are no valid and effective ways yet to include
the stiffness check into pillar design practice because of the complexity of determination
of both pillar stiffness and strata stiffness.



Chapter 3

PILLAR STABILITY

All the pillar strength formulas assume that, once the strength of the pillar is reached,
the pillar fails, and the load on the pillar immediately sheds to the remaining pillars or rib,
and the pillar loses its function. Therefore, only the maximum load of the pillar needs to
be considered in the design process. Realizing that for most cases in mining, pillar
failures are unavoidable and some times are even preferred, many researchers started to
look further into the post-failure region in pillar design. Obviously, from the safety point
of view, a pillar which fails gradually after the peak load is more favorable than a pillar
which fails violently at the peak load. The design methods evolved to not only consider
the pillar strength, but also to consider the behavior of the pillar when its strength is
passed, i.e., to consider the failure modes of the pillars. In this respect, the post-failure
mechanism proposed by Cook in the 1960s (1965) and the controlled failure concept
provided by Salamon (1970) are most important to the design of pillars.

3.1 Pillar behavior

A pillar loaded between the roof and floor in the field is very similar to a specimen
loaded in a conventional test machine. Therefore, to a great extent, pillar behavior can be
investigated by a laboratory test on a small specimen. Prior to the 1960's, uniaxial
compressive tests on laboratory-scale specimens usually generated a typical stress-strain
curve as shown in figure 3.1. Testing terminated violently with sudden failure of
specimen when the ultimate compressive strength was passed.

In the 1960s, researchers (Cook, 1965, Starfield and Wawersik, 1970) realized that
the testing machine formed a part of system which included both specimen and loading
frame. Testing results would be affected not only by the specimen, but also by the
characteristics of the test machine. Later, similar tests were performed using the so-called
"stiff" test machine and the complete stress-strain curve was obtained, as shown in figure
3.2. It is shown in this curve that after the ultimate compressive strength of the specimen
is passed, the specimen gradually sheds load capadity and fails smoothly.

The obtaining of the total stress-strain curve marked a significant advance in rock
mechanics. It not only illustrates why there are many pillars in the field obviously having
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failed but still standing and holding substantial loads, but also leads to the development of
pillar stability theory which explains why some pillars fail violently and others gently.

“ * Violent failure
*_..
Strain
Figure 3.1

Typical uniaxial compressive testing curve for rocks.
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Figure 3.2

Conventional compression test in laboratory with a stiff testing machine.
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3.1.1 Stability theory

The mechanism of pillar bumps was first proposed by Cook in his historical paper
(Cook, 1965) and was later theoretically summarized by Salamon (1970). According to
the theory, the mine structure is stable if the virtual work done on the structure is positive,
regardless of the displacement experienced by pillars, i.e.

W=%ZAPiAS,- >0 ' @a.1

where AP, are small load increments to be imposed on various points in a structure; A
S, are the accompanying displacements at these points; W is the virtual work done on the
structure by the imposed load increments. The equation simply states that the applied
work by the external force on the specimen cannot be more than that can be absorbed by

the specimen.

The stability problem for a mine structure can be simplified into that of a system in
which a specimen (pillar) is loaded in a conventional testing machine (strata) as
illustrated in figure 3.2. The load-displacement characteristics of the specimen and the
machine (which is simplified as a spring) are expressed as:

P.=f(S) (3.2)
and
P, =k(Y-S) (3.3)

where subscripts r and s refer to the rock specimen and spring (machine); y and S are
displacements at the two ends of the spring and k is the stiffness of the spring, which is
defined as the slope of the load-displacement curve of the spring; P, and P, are the loads
on the specimen and the spring respectively.

For equilibrium, the net force at the spring-rock interface must be zero. Suppose a
small external force is applied at interface of the rock specimen and the spring, causing
the displacement AS. From equations (3.2)and (3.3), the force changes in the rock and the

spring will be

AP, = AAS (3.4)

r



and
AP, = —kAS {3.5)

where A is the slope of the load-displacement curve for specimen and is defined as
the stiffness of the rock specimen.

The criterion for stability is that the work W, done by the spring over the
displacement AS should be less than the work W, to be done by the specimen over the
same displacement. Otherwise, the specimen will not be abi: to absorb the energy
supplied by the spring and the equilibrium cannot be maintained. Therefore, the stability
condition is

W, -W, <0 (3.6)

or

W - W =%AP,AS——;—APSAS

3 5

| (3.7)
= -2-(k +2)AS? >0
which is equivalent to the equation (3.1). Obviously

k+A>0 (3.8)
will satisfy the stability condition.

For the specimen-spring system, before the ultimate strength is reached, the stiffness
of the machine and the specimen are positive. Equation (3.8) is always satisfied. The
system is stable. After the ultimate compressive strength is passed, the stiffness of the
specimen becomes negative. If k < |A|, equation (3.8) is violated, the specimen fails
violently, which corresponds to the soft test machine case. If k > |A| , there is no violation
of equation (3.8); therefore, the specimen fails smoothly, which corresponds to the stiff
machine case.
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As shown in figure 3.3, mine pillars are loaded as a result of mining-induced
displacements of the country rock which are resisted by the pillar rock. Therefore, for the
i-th pillar in the mine, country rock and pillar equilibrium is stable if

k,+A, >0 (3.9)

where the local mine stiffness k; replaces the spring stiffness k and pillar stiffness A,
replaces the specimen stiffness A. Clearly the strata stiffness is defined here as "local
mine stiffness” because the stiffness not only depends on the strata's stiffness, but also
depends on the stiffness of all the other pillars, i.e. to the pillar i, the loading system
(spring) is the combination of the strata and the other pillars in the panel. In the elastic
range, pillar stiffness A, is positive. Hence the stable condition of equation (3.9) is always
satisfied. In the post-failure range, A, becomes negative and instability will occur
whenever [A] is greater than k,. If equation (3.9) is satisfied by all pillars in the mine, the

structure is stable.

/ Test frame
_______ 7
Roof | | _Specimen
Pillar Pillar§ | Piflar Loading jack
. i
-]
Floor

Figure 3.3

Schematic representation of pillar loading in the field and loading a rock specimen in a
conventional test machine.

Therefore, pillar behavior is controlled by its ultimate strength, its post-failure
stiffness and the local mine stiffness. After its ultimate strength is passed, these
stiffnesses will control whether the pillar failure is smooth (controlled failure) or violent

(pillar bump).




3.1.2 Evaluation of pillar bumps

It is clear that if the post-failure pillar stiffness and =~ :al mine stiffness can be
obtained and the stress level in the pillars can be estimated, the stability of these pillars
can be evaluated, based upon the above theory.

The stress level has to be continuously monitored to evaluate the stability of pillars. It
can be estimated by analytical or numerical methods, but the determination of the post-
failure pillar stiffness and the local mine stiffness in a mining layout is difficult because
the stiffness not only depends on the material's physical properties, but also depends on
the other factors such as the geometry and configuration of the pillars.

3.1.2.1 Definition of stiffness

Stiffness is defined as the total force needed to generate an unit displacement. In the
stability analysis of mine structures, terms frequently mentioned are mine stiffness (or
strata stiffness, regional stiffness), critical stiffness, local mine stiffness, and pillar
stiffness.

(1) Strata stiffness

Salamon (1967) demonstrated that, assuming that the strata surrounding the mine
openings are linear elastic and that non-elastic behavior is confined to the pillars, the total
convergence of the roof and floor of the excavation can be determined by the

superposition of two convergence distributions expressed as

{s}={r}+{s.} (3.10)

where {S} is the total convergence vector; {I'}=<y,, ¥;» .s Y - V> IS the
convergence vector caused by the excavation in the stressed rock mass without supporting
pillars and {S,}=<s,,, S,3, -..s S, >t is the convergence vector caused by the pillar

force vector {P}=<p,, P ..., P;» ---» P,>* acting on a geometrically similar but weightless

ey S

¢i? en?

and unstressed rock mass. {S.} is defined as

{s.}=[CKr} (3.11)
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in which s_ is the convergence at the i-th pillar location induced by the pillar forces
Pis Pys «+s Py +ous Py [C] is @ nxn matrix and is called the influence matrix. Its elements c;
are called influence coefficients which are determined by the elastic properties of the
strata and geometry of the excavation. They are independent of the properties of the
pillars. The physical meaning of the influence coefficient c; is the amount of convergence
generated at the pillar position i by an unit load applied at pillar location j, without
considering the contribution by other pillars. Therefore, the equation (3.11) is just the

summation of all such contributions.

Combining equation (3.10) and equation (3.11), the loading line of the strata can be

obtained as:

{P}= [C]_l ({F} - {S}) (3.12)
= [KX{r}-{s})

where [K] is the inverse of [C] and is called the strata stiffness matrix. This equation

is very similar to equation (3.3) for a spring.
The force-convergence relation of pillar i can be expressed as
p; =£(s) (3.13)
The matrix of the force changes with respect to the pillars is
{aP }=[A}as} (3.14)

where [A] is an nxn diagonal matrix with elements A, = A, = £,(s,), which are the

post-failure stiffnesses of the pillars.

The matrix of force change with respect to the strata can be obtained from Equation
(3.12). Note in derivation, Ay, = 0:

{ap,}=-[K[{aS} (3.15) _

The virtual work will be
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w=%§¥@Q+MD§} (3.16)

According to virtual work theory, the mining layout is stable if the virtual work
represented by equation (3.16) is positive. This is assured if all principle minors of det(K
+ A) are positive. Therefore, the condition for stability can be written as

[K+A]>0 N CRY)

As long as the equation above holds, the so-called "perfect stability" can be
maintained which means that through the mining of the layout, violent failure will not
occur, regardless of the magnitude of convergence experienced by the pillars.

The necessary conditions for equation (3.17) to be true are:
a. the all diagonal terms of the matrix [K+A] are positive, i.e.

ki;+A, >0 (3.18)
b. the determent of [K+A] is positive, i.e.

[[K+A]>0 (3.19)

Violation of any one of the two conditions will lead to instability. This can be
demonstrated by an example opening of two pillars proposed by Salamon (1970).

The system is stable if k,, + A, >0, k,, + A, > 0 and det([K + A]) > 0 are satisfied.
Let det([K + A]) = (k,, + A ))(k,, + A;) - kK, = 0 and let k,k,, = c2, then

(kyy+ Ak + ) =c?

Comparing hyperbolic curve A,A, = 1 and noting that (k,, + A,) > 0 and (k,, + A,) > 0,
the hyperbolic boundary of the shaded area represented in figure 3.4 was obtained.
Therefore, the conditions k, + A, > 0 and det([K + A]) > 0 uniquely define the stable area,

which is represented by the shaded area in figure 3.4. In the n dimension case, the shaded
surface of the area intersects the every axis of A, once and defines the boundary of the

stable area.
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Figure 3.4

Condition for stability in case of two pillars (after Salamon, 1970).

Note, although the condition k;, + A, > 0 is just one of the necessary conditions for
stability, if the non-diagonal terms of [K] are very small and can be neglected, which is
usually the case for a lot of practical situations, it can be used as the sufficient condition
for stability evaluation (Salamon, 1970).

(2) Critical stiffness
Salamon proved that it is a sufficient condition for stability to have:

A, >A <0 (3.20)

where A is the minimum slope of the force-convergence curves of the pillars; A, is
the smallest eigenvalue of strata stiffness matrix [K] and is called the critical stiffness of
the layout. Note that the critical stiffness is also independent of pillar properties because it
was derived directly from [K].
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(3) Local mire stiffness

Starfield and Wawersik (Starfield, 1968) proposed that stability of the mining
excavation can be tested by replacing the i-th pillar with a jack. As the jack is retracted a
short distance, the relation between force and convergence change for the pillar is

Ap; = -k;as, (3.21)

where k; is called "local stiffness” or "local mine stiffness". It will be shown that,
although the "strata stiffness" and "critical stiffness" are independent of the pillar
behavior, the local stiffness will depend on the behavior of the other pillars in the panel.
The relation between local mine stiffness and strata stiffness is obtained by Salamon as
follows:

It is clear when
k,+A, =0 (3.22)
the panel is unstable. If A; in equation (3.20) is replaced with -k, and assuming that all

other values of A, are known, then:

k=damK+An)
! A.

(3.23)

where A, is the co-factor of the element k+A, in the determinant det(K + A). The
term det(K +A), denotes the determinant of [K + A] when A, is assigned to be zero. The
equation (3.23) indicates that, unlike the strata stiffness which is independent of the pillar
propetties, the local stiffness at i-th pillar location will depend on stiffness of the other
pillars in the layout.

For the example of two pillars, the unstable condition is:

r”+x‘ ke |_g (3.24)

k21 k22 +}"2

To obtain the local mine stiffness at the pillar position 2, let A, + k, = 0, where k,

denotes the local stiffness at pillar position 2, then
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’kn"'}‘-n klZ ’=O (325)
kZI kzz _kz
ie.
k,k
k, =k, ——2-2 3.26
2 22 k,, "‘7"1 ( )

It is clear from the above derivation that the local mine stiffness k, at the location of
pillar 2 not only depends on the strata stiffness [K], but also depends on the stiffness A, of

the pillar 1 which may or may not be in the post-fzilure state.

3.1.2.2 Determination of local mine stiffness

There are several factors which might control the local mine stiffness. They are the
moduli of roof and floor rocks, the mine geometry and the stress-strain relationship for

coal.

For a specified condition, usually, local mine stiffness is determined by the so-called
"perturbation method" proposed by Starfield and Wawersik (Starfield, 1968). In this
method a pillar in the field is replaced by an imaginary hydraulic jack under equilibrium.
A small uniformly distributed load or a uniform displacement increment is to be imposed
at the interface of roof and pillars by the jack, and the accompanying displacements or
loads on jack are determined analytically or numerically. The s'~pe of the jack's load-
displacement curve is defined as the local mine stiffness for that particular pillar position.
This method can be easily integrated into an analytical or numerical analysis. For tabular
ore bodies like coal beds with the complex mining configurations, this can be best
achieved by using computer programs in boundary element analysis (Brady, 1980, Ozbay,
1989, and Zipf, 1992).

Starfield and Wawersik (Starfield, 1968) numerically calculated the local mine
stiffness of a panel with five rows of rib pillars separating the panel into six rooms. The
host rock and the pillar were assumed to deform linear-elastically. Pillars and rooms were
assumed to be infinitely long so that the plane strain condition is satisfied and a two
dimension boundary element analysis could be performed. The unit displacement
disturbance was applied for calculation of the stiffness. It was found that the local
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stiffness at a particular pillar location decreases with increasing number of rooms in the
panel. But it seems there is critical value of number of rooms beyond which a further
increase gives little reduction i stiffness.

With a similar method but with the unit load disturbance, Salamon (1970)
analytically calculated the critical stiffness of a similar panel layout. The analysis showed
that the critical stiffness of the panel decreases with the increasing of pillar number (or
room number) in the layout. He concluded that, as the number of the pillars in the panel is
increased, it becomes progressively more difficult to maintain the perfect staBility of the
panel; this means that local instability might be inevitable when the number of the pillars
in the panel reaches a certain limit, except by having A, > 0.

By keeping the extraction ratio constant, Brady (1980) found that the local mine
stiffness decreases with the increase of room width and pillar width. The two dimensionai
boundary element method with unit uniformly distributed lead disturbance over the width
of a pillar was used in his analysis. The convergence at the pillar position was taken as
the average convergence over the pillar width in order to calculate the local stiffness.

Ozbay performed a parametric study on a similar two dimensional rib pillar-panel
configuration by using a displacement discontinuity computer program (Ozbay, 1989).
The unit uniformly distributed displacement disturbance was applied over the width of a
pillar to calculate stiffness. He reported that if the extraction ratio is kept constant, the
critical stiffness of strata decreases rapidly with the increasing span/height ratio L/H ; the
critical stiffness approaches the value of zero asymptotically with the increase of the
mining span; this indicates that for the shallow coal beds, any failure of pillars will lead
to unstable failure if the pillars have strain softening behavior. The critical stiffness was
also found to decrease with increasing extraction ratio, but this decrease becomes
insignificant when the number of the pillars in the panel is greater than 5.

Recently the results of a three dimensional boundary element analysis were reported
by Zipf (1992). The results showed that the local mine stiffness does not change with the
location in the panel layout. No matter which location it refers to in the panel layout, the
local mine stiffness decreases with the face advance initially but recovers and approaches
the same constant value later. The magnitude of the local mine stiffness is dominated by
the modulus of the surrounding strata. He concluded that the actual gate road pillar

wtry and the position of an element within the panel have no influence on the

. “ion of the local mine stiffness. But he noticed that the element size and strain
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level may have a considerable influence on the local mine stiffness. Zipf's results are
significant because the effect of the advance of a longwall face on the local mine stiffness
was considered for the first time in the analysis. However, even a pillar may cover more
than 100 elements, a unit displacement was only applied to a single element in his study.
Therefore, the application of these results is limited because the obtained local mine
stiffness corresponds to a single element of that pillar, instead of the whole pillar.

Instead of numerically calculating the stiffness, some researchers used beam theory
to estimate the roof stiffness. A laminated beam model under plain strain conditions,
proposed by Salamon (1989), was used by Seedsman to calculate the roof stiffness
(Seedsman and Hornby, 1991). His results showed that roof stiffness reached a minimum
at the center of the panel and increased with the decreasing distance to the rib. The
magnitude of the roof stiffness depends on the normalized beam thickness and the
stiffness of the rib material. Roof stiffness at the panel center decreases with decrease of
both the beam thickness and the rib stiffness. When the rib stiffness is very small, the
change of the roof stiffness with the position in the panel becomes insignificant.
Obviously, the stiffness determined by beam theory will depends on the thickness of the
beam which usually is difficult to determine. Therefore, the stiffness varies significantly
with the choice of beam thickness.

3.1.2.3 Determination of post-failure pillar stiffness

The most reliable method to determine the pillar stiffness would be to directly load
the pillar to failure in the field and obtain the load-deformation curve for the pillar. Such
measurements have been made by Bieniawski (1968), Cook (1971), Wagner (1974) and
Heerden (1975), but these direct measurements can only be made on small size pillars (I -
4 m) because of the limitations o <quipment and cost.

Cook (1967) was the first to point out that a pillar in the field can be tested to obtain
meaningful post-failure information as long as the end constraint and the stiffness of the
loading equipment are carefully considered. He also presented a basic design for such a
test. Based on this design, Bieniawski (1968) started a field pillar testing program in
South Africa. Unfortunately. no post-failure information was obtained because of the low

stiffness of the leading equipment.

With improved loading equipment, Cook (1971) conducted a demonstration field
test in which field pillars were loaded to failure by numbers of hydraulic Jacks, and the
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complete deformation-load curves of the tield pillars were obtained. The pillars had the
cross-sections of up to 1.5 square meter.

Wagner (1974) conducted the first comprehensive field tests on pillars ranging from
0.6 to 2.0 m side length and width/height ratios from 0.6 to 2.2. The elastic modulus was
found to be independent of the size or shape of the pillars, but the post-failure slope was
found to be affected remarkably by the pillar width/height ratio. In fact, the post-failure
slope decreases with the increasing width/height ratio, which indicates that the post-
failure behavior is a structural or system property rather than an inherent material

property.

Heerden (1975) reported the results from similar field testing. Pillars with cross-
section 1.4 by 1.4 meter square and width/height ratios up to 3.5 were loaded to failure.
The results agree very well with those obtained by Wager.

Wang (1976) obtained the post-failure siope of a field pillar in the Pocahontas No.3
seam, J.S.A., by monitoring the stress change in the pillar and the convergence around
the pillar. The loading was increased by sequencially reducing the pillar size by mining.

Because of the difficulty in me: iwring the post-failure stiffness of squat pillars,
efforts have also been made to relate laboratory specimen data to the limited ficld data
and then to extrapolate this data to the larger size of pillars (Brady, 1980 and Ozbay,
1989). However, the extrapolation may be misleading and may lead to erroncous
conclusions. For example, Ozbay concluded that a pillar with width/height ratio greater
than 5 would have been excluded from bump failuie, but it has been reported that even
the pillars with a width-height ratio greater than 8 experienced bump failures (Babcock,
1984 and Campoli, 1990).

Starfield's test on marble specimens ranging from 0.5 to 2 width/height ratio also
demonstrated that the post-failure slope decreases with increasing width/height ratio
(Starfield, 1968).

Das (1986) reported a very interesting laboratory testing result from 54 mm diameter
coal specimens in India. Coal specimens from four seam beds were tested. The result
showed that the post-failure slope decreases as the width/height ratio increases. The post-
failure slope is seen to become zero around a width/height ratio of 10 and becomes
positive with further increase in width/height ratio, which indicates that at high
width/height ratio the coal specimen initially loses strength after failure but then gradually
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recovers strength with continuing strairing. The specimens with width/height ratio 13.5
were seemingly unbreakable. The work by Das is significant because the widtli/height
ratio reaches as high as 13.5, whereas most previously reported tests never went beyond
5. It is believed that the recovering of the strength is due to the repacking of the broken
pieces of the specimen under high compression. However, this needs further investigation
because the height of the specimen in his tests with width/height ratios 10 to 13.5 reached
4-5 mm which is already close to the grain size of the coal. Therefore, whether the

repacking can occur in field conditicn is still not clear.
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Figure 3.5

Field and laboratory data of the pillar post-failure stiffness.

A similar test was also conducted by Seedsman (1991) in Australia. The specimens
were from a coal seam with width/height ratio up to about 6. The results were very
similar to those obtained by Das. The post-failure slope is seen to become zero at around

width’height ratio of 9.
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The data from the researchers mentioned above is presented in figure 3.5. It is worth
noting that most of the data are from the experiments on specimens with width/height
ratio less than 5.

3.2 Conclusions

Currently, chain pillar design is mainly based on the ultimate strength consideration
and the pillar bump problem is not considered, or is neglected in the design. This may
either lead to an oversized pillar, which is a waste of the resources, or a yield pillar which
is bump-prone.

Most analyses have been restricted to the two dimensional room-and-pillar cases and
the longwall face advance has not been considered in those cases. Therefore, the

application of these results is limited.

Although the local mine stiffness theory has been well established for a long time,
there are only limited applications of this theory to practical mining problems, especially
in three dimensional longwall cases. In this area, the most comp..~hensive work has been
done by Zipf (1992). A three dimensional boundary program was used in his study.
However, some of the conclusions he drew are questionable. One of these conclusions
states that the moduli of roof and floor rock materials have a dominant effect on the local
mine stiffness, bu: stress-strain properties of coal and mine geometry have almost no
effect on the local mine stiffness. Based on this conclusion, mines with a strong roof and
floor condition would have less bump problems than mines with a weak roof and floor,
but from field investigations, coal mine bumps usually occur in the mines with coal beds
sandwiched between strong roofs and floors (Campoli, 1990, Haramy, 1988 and
Iannacchiotie, 1991). Because of this contradiction, Zipf further concluded that the local
mine stiffness approach cannot be used to evaluate bump failure. Therefore, there is
controversy in the application of the local mine stiffness concept to solve the pillar bump

problem. Further study and clarification are clearly needed.



Chapter 4

PRELIMINARY STUDIES

4.1 Introduction

According to the theory proposed by Salamon (1970), the magnitudes of the local
mine stiffness and pillar post-failure stiffness define the stable or violent failure of the
pillar. While the post-failure stiffness of a pillar may change with the deformation of the
pillar, the local mine stiffness may also change if the configuration of the panel changes
significantly during the mining. Because in longwall mining the chain pillars usually have
the same shape and size, they will behave similarly in pre-failure and post failure regions;
this implies a constant minimum post-failure stiffness for all the pillars in the panel. The
occurrence of pillar bumps for different pillars in the panel might totally depend on the
difference in local mine stiffness for these pillars. Therefore, the examination of the
difference and change of the local mine stiffness with the change of the panel
configuration, pillar behavior and coal excavation is very important in evaluation of pillar

stability in longwall mining.

From Salamon's derivation, the local mine stiffness depends on the strata modulus,
which is constant for a specific strata, pillar configuration and the behavior of the pillars
in the panel. In a longwall panel, although the chain pillars usually are not excavated, a
large area of coal in the panel, which supports the overburden, is extracted gradually.
Therefore, it is expected that the extraction of the coal, which is represented by the
advance of the longwall face, will have significant effect on the local mine stiffness.

A typical longwall model would consist of a current panel with an excavated panel
on the one side which is gob, and an intact panel on the other side. The panel should be
long enough to eliminate the effect of the model ends on the stress and displacement
calculation for the chain pillars in the middle of the panel. Because of the tabular
characteristics of coal beds and the three dimensional characteristics of longwall face
advance. the displacement discontinuity boundary element program developed by US
Bureau of Mines (Zipf, 1992) was chosen to simulate longwali mining and to perform the
lacal mine cstiffness calculation.



4.2 Introduction to MULSIM/NL

MULSIM/NL is a three dimensional displacement discontinuity boundary element
computer program which is specifically suitable for analyzing the stress and displacement
of tabular, multiple seams in elastic and homogeneous surrounding rock.

The basis of the program is the analytical solution of the problem of constant
discontinuity in displacement over a square source plane area in the infinite solid elastic
medium given by Rongved (1957). This solution was first introduced by Salamon (1967)
into the mining problems of flat seams as the "face element" method. The solution is
presented by Sinha (1979) as :

G, =aS,
T, =bS, +c§, 4.1
T, =dS, +eS,

where a, b, ¢, d, and e are influence functions depending on the material properties of
the host medium and the spatial coordinates (Starfield, 1972); S,, S, and S, are constant
displacement discontinuities applied on a square source element and o,, T,, T, are the
induced stresses over the square field elements. Here S,, S, and S, are relative movements
between upper layer z = 0, and lower layer z = 0_ of the square element and are defined by:

S, =u_-u,
S, =v_-v, (4.2)

S,=w_-w,

where u, v and w are the displacements of the element; positive and minus subscripts
represent the upper layer and lower layer of the element respectively as shown in figure
4.1. §, is usually referred to as convergence or closure. S, and S, are referred to as rides.
For conciseness, the relative displacements S, Sy and S, will simply be referred to in the
following sections as displacements or closure unless otherwis : specified. The derivation
of equation (4.1) is attached in appendix A.
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The earth's surface

Field element (k, 1)
Source element (i, j)

Figure 4.1

Boundary elements of seam plane in surrounding rock mass.

To solve the displacement discontinuity problem in a seam, the tabular seam is
divided into N square elements as shown in figure 4.1 and the displacement
discontinuities are taken to be constant over each element. Equation (4.1) indicates that
displacements discontinuities (S,, S, and S,) occurring at the field square element Ik, will
lead to the corresponding stress changes (0, 1,, T,) occurring in the source element ij. The
effects of the N square field elements on the source element ij are summed according to
the equations (4.1) from 1 to N. This leads to a system of 3N equations with 6N
unknowns. The 3N additional equations needed to solve this problem are generated from

the following boundary conditions.

(1) For the mined-out elem=nts or open elements, the element stresses are zero and

the boundary conditions are:

0
0 (4.3)
0

Gz
Tx
TY

(2) For the intact linear elastic elements, the element stresses are equal to the induced

stresses and the boundary conditions are:




GZ=ES§"—
t
S

T, =G, (4.4)
S

T, =G,

y ST

where E_ and G, are the Young's modulus and shear modulus of the elements and t is
the element thickness. Equation (4.4) represents the linear elastic boundary condition. It is
straight forward to implement other non-linear elastic elements into the boundary
conditions which can simulate the strain hardening or strain softening behavior of the
elements.

In MULSIM/NL six types of elements can be used. They are linear elastic, strain
softening and elastic-plastic elements for coal, and linear elastic, strain hardening and bi-
linear hardening elements for the gob material, from which 26 types of materials can be
simulated. The six models are presented in figure 4.2. In these models, the strain
softening model for coal is especially important because the coal is generally recognized
as strain softening material. The strain softening of pillar elements poses the potential
danger of the pillar bumps, as illustrated by the stiffness theory mentioned previously.

The MULSIM/NL uses a 26 by 10 array called EPROP to store parameters used by
the six stress-strain material models. The program permits the use of up to 26 different
materials, labeled A though Z which can be any one of the six models in figure 4.2.
EPROP uses its columns | to 6 to store the material parameters. The columns 7 to 10 are
vacant for future development. Table 4.1 shows the required parameters and their location
in EPROP for the six material models.

The shear modulus is given by the equation:

E

G= 207 1) (4.5)

It is assumed in MULSIM/NL that equation (4.5) holds for all the models no matter
what the stress range in the models. This is a simplification for the non-linear materials
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due to the lack of the knowledge of the shear miodulus for these materials. Nevertheless,
the value of G will have no effect on the resulting stresses and displacements if the seam
is horizontal.
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Figure 4.2

Material models available in MULSIM/NL program (after Zipf, 1992).
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Table 4.1 The structure of material array EPROP (after Zipf, 1992).

Model 1 2 3 4 5 6
1 |Linear elastic| Young's Shear NAp NAp NAp
coal modulus (E)imodulus (G)
2 Strain Peak stress | Peak strain | Residual | Residual | Poisson's ratio
softening coal (c,) (&) stress (0,) | strain (€,) (W)
3 |Elastic-plastic| Peak stress | Peak strain | Plastic | Poisson's NAp
coal (c,) (e,) modulus(Ep) ratio (p)
4 Bilinear  |Offset stress|Offset strain| Hardening | Poisson's | Gob height
hardening gob (o) (&) modulus(E,)| ratio (1) factor (n)
5 Strain Initial Final Final stress| Gob Poisson's ratio
hardening gobmodulus(E)f modulus(E,) (c) height (n)
factor (n)
6 |Linear elastic| Young's Shear | Gob height{ NAp NAp
gob modulus (E) modulus(G)| factor (n)

NAp - Not applicable.

The gob height factor (n) has value of 1 to 6 and is used to reduce the gob material
modulus in compensation for the effect of the possible fracturing and collapse of the gob

roof.

The Gauss-Seidel iteration scheme is used to solve the system. An additional
restriction is applied which requires the maximum closure of the element to be no greater
than the seam thickness. The maximum of 50 by 50 coarse mesh blocks can be used in
MULSIM/NL, from which 30 by 50 coarse mesh blocks can be further divided into 150
by 150 fine mesh elements to give the detailed results.

Multiple seam layers and multiple mining steps can be handled in MULSIM/NL
simulation. The longwall face advance can be conveniently simulated by using the
MULSIM/NL's multiple mining step simulation feature. The local mine stiffness
evaluation can also be easily incorporated into the program because of this feature.
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4.3 Assumptions and limitations of MULSIM/NL

There are some important assumptions and limitions about MULSIM/NL which
should be borne in mind, whenever the program is used.

4.3.1 Elastic strata

The basic analytical solution assumes the surrounding strata are linear elastic; in-
elasticity is restricted to the seam bed. As mentioned before, bump-prone coal beds are
identified as beds with a stiff roof and floor. Therefore, the elastic assumption of the stiff
roof and floor would be reasonable in this study. The failure and yielding of the elastic
roof or floor cannot be simulated in the study, but the effect of the roof failure and
collapse in the gob area can be compensated for by assigning a reduced modulus to the
gob material. As generally accepted, coal is apparently not an elastic material. Assuming
inelastic behavior of the coal pillars and coal beds would be logical.

4.3.2 Effect of confinement

The displacement discontinuity theory assumes the thickness of the beds is negligible
compared to the transverse dimension. This leads to the absence of horizontal stress
between the "in seam"” elements. Although it will unlikely affect the general distribution
of the stress and displacement , the stress and displacement calculation for an individual
pillar may not be correct without considering the horizontal confining stress between the
elements of the pillar. Fortunately, an artificial way of assigning different material
properties to the pillar elements, according to the distance from the pillar periphery to the
pillar core can be applied to simulate the effect of confining pressure. However, the
assignment of different material properties increases the complexity of the model.

4.4 Structure of MULSIM/NL and its modification

The MULSIM/NL program can be used directly to simulate multiple longwall
mining sequences, but the calculation of the local mine stiffness cannot be done without
modification to integrate the Starfield's perturbation method into the program. The
perturbation method requires that, for a specific pillar in an equilibrium state with the
strata. a unit deformation can be applied at the interface of the pillar and the strata and the
resulting load change on the pillar can be obtained.
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A simplified flowchart of MULSIM/NL is shown in figure 4.3. MULSIM/NL first
reads the input model control parameters and calculates influence coefficient matrix. For
every mining step, after it reads coarse and fine mesh patterns and initializes the stress
and displacement arrays, the program iterates for the equilibrium. When the equilibrium
is reached, the stresses and displacements for every element are stored.

4.4.1 Zipf's modification

Zipf (1992) demonstrated that an unit deformation can be applied on a element which
may represent a pillar or a part of the pillar in MULSIM/NL program. The local mine
stiffness was defined by the ratio of the associated load on the perturbed element over the
perturbing deformation. His modification is also presented in figure 4.3.

Zipf simply added a LMS loop which specifies the increase of displacement for a
LMS element after the first equilibrium of every mining step was established, and then
iterates for the new equilibrium. It is obvious that Zipf's modification can calculate the
local stiffness for a selected element, which results in the local mine stiffness for an
individual element, but not for a pillar if the pillar consists of a numbers of elements,
which is usually the case for the most of the longwall mining simulations. It is also
believed that Zipf's element perturbation method may be one of the reasons why the local
mine stiffness he obtained is not sensitive to the change in the pillar configuration and the
location in the panel.

4.4.2 Definition of the local mine stiffness

The intent of this research is to derive the local mine stiffness for pillars, which can
be compared with the available field measured or derived pillar post-failure stiffness, so
as to examine the possibility of applying local mine stiffness to control pillar bumps and
to improve the chain pillar design in longwall mining under the bump-prone coal bed
condition. Therefore, all elements of a pillar should be perturbed by a constant uriinin
deformation across the pillar section. The local mine stiffness is defined as the ratio of tne
uniform strain perturbation over the average associated stress difference on the pillar.
However, for easy comparison with material modulus, the local mine stiffness is
redefined as the ratio of the average associated stress difference on the pillar over the
uniform strain perturbation, which has the units of modulus, i.c.:
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2 Ap,
i:[
.
LMS Ac (4.6)
H
where LMS represents the local mine stiffness of a pillar which consists of n square
clements; Ac is the uniform perturbation closure applied on the pillar elements; Ap, are the

associated load changes of the pillar elements; H and S are the pillar height and pillar

cross section area respectively.

4.4.3 Implementation of local mine stiffness calculation

In a sumilar munner to Zipf's point perturbation method, the MULSIM/NL program
was modified by the author to perturb all elements of a pillar so as to obtain the averaged
local mine stiffness for the pillar. Note the modified program can handle pillars with
shapes other than a square shape. The flow chart of the modified program is also
presented in figure 4.4 to compare with that of Zipf.

To implement Starfield's perturbation method, the multiple mining simul.tion
rapacity was modified to provide the necessary displacement disturbance after the first
cquilibrium was reached; the 10th column of the element material property matrix
EPROP, which is not used by MULSIM/NL, was employed to specify the pil'ar elements
on which the perturbation is to be applied. Those elements are referred as the local mine

stiffness elements. or LMS elements.

The program first solves for the displacements and stresses for a model under the
first equilibrium for the original boundary conditions. The displacements of the specific
pillar elements (i.e. the LMS elements) are stored in a temporary array for use in the next
run of the program. Then the exciting uniform displacement is added to the stored LMS
element displacements. The resulting pillar element displacements, combined with the
original boundary conditions, are applied as the new boundary conditions to the model
and the program restarts as the LMS run, solving for the new equilibrium.

After the new equilibrium is reached, the associated stress difference on the pillar
from the displacement perturbation was averaged over the elements of the pillar, and
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then divided by the perturbation strain (perturbation displacement divided by the pillar
height) to obtain the local mine stiffness. Note that for convenience, the final output of
local mine stiffness for the pillar was defined by the ratio of the average stress difference
over the perturbation strain as shown by equation (4.6), instead of the load difference over
the perturbation displacement. The process is repeated for each mining step. The local
mine stiffness changes during longwall face advance are obtained.

4.5 Verification of the program

Although the implementation of the local mine stiffness into the MULSIM/NI.
program is straight forward, a simple case analyzed by Salamon (1970) is chosen to check
the validity of the modified program. A mining panel with five infinite long strip pillars
and six rooms is shown in figure 4.5. Assuming plain strain conditions, Salamon
provided the analytical solutions of the influence matrix, the inverse of which is the strata
stiffness. Ozbey (1989) demonstrated that "influence matrix can be obtained by numerical
techniques using boundary-element computer program: the elements occupying the jth
pillar area are excited by a field force P, on the assumption that there are no other pillars
present in the layout. The convergence induced at all the pillar locations are first divided
by P, and then recorded as the jth column of the influence coefficient matrix. The other
elements of the influence coefficient matrix are determined by a repetition of the same

procedure at other pillar locations in the layout".

s

. 1 2IRdom 3["
0754 | S
0.25d Panel width L Pillar

Figure 4.5

Salamon's infinitely long strip pillars case (1970)

First. the method proposed by Ozbey is verified by applying a two-dimensional
boundary program (Hoek, 1980) to Salamon's case shown in figure 4.5. The panel
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consists of five infinitely long rib pillars under the infinite depth which can be treated as a
two dimension case. Assuming plain strain conditions, Salamon analytically derived the
influence coefficient matrix with respect to the five strip pillars (1970). The result is
presented in table 4.2.

Table 4.2 Infls2ence coefficient matrix c; obtained by Salamon (1970).

j th\ith 1 2 3 4 5
1 1.2270 0.4497 0.2870 0.1928 0.1152
2 0.4517 1.3989 0.5474 0.3362 0.1933
3 0.2880 0.5478 1.4392 0.5447 0.2880
4 0.1933 0.3362 0.5474 1.3980 0.4517
5 0.1152 0.1928 0.2870 0.4497 1.2270

Table 4.3 Influence coefficient matrix c; obtained by author.

j th\ith 1 2 3 4 5
1 1.254 0.433 0.299 0.187 0.112
2 0.448 1.418 0.522 0.336 0.187
3 0.261 0.522 1.455 0.522 0.261
4 0.187 0.336 0.522 1.418 0.448
5 0.112 0.187 0.276 0.433 1.254

The dimensions d and L in figure 4.5 are specified as 20 m and 115 m. The Young's
modulus and Poisson's ratio are 7000 MPa and 0.25, respectively. The unit perturbation
load is applied twice at the pillar locations 1 to 5 res; cctively, and the associated
deformation differences at the five pillar locations were recorded. Note when there is only
one pillar in the layout, the local mine stiffness is equivalent to the strata stiffness for the
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pillar location. The obtained influence coefficient matrix is presented in table 4.2. The
influence coefficients in tables 4.2 and 4.3 are normalized with respect to the factor Q =
4(1 - n?)/E, where  and E are the Poisson's ratio and Young's modulus (in GPa) of the
strata respectively. Comparing Salamon's table 4.2 with table 4.3 shows that there is only
an insignificant difference between the two tables. This confirmed that Ozbey's numerical
method works well.

Fine mesh
zone

Solid 0254 Solid || D

0.75d

Coarse mesh zone -

L

Fine mesh zone
Figure 4.6

Model for Salamon's example case with fine mesh element 5x5 m and coarse mesh block
25x25m.(d=20m,L =115 m, D =125, 250, 375, 500, 625, and 753 m).

Clearly, the only difference of the local mine stiffness calculation in the modified
MULSIM/NL program from the C:bey's method is that the exciting source in the
modified MULSIM/NL program is the displacement, instead of the force Although the
force exciting is easier to implement into the boundary program than the displacement
exciting, the latter was chosen because (1) the unit displacement disturbance across the
pillar is more likely to occur than the unit force disturbance across the pillar in the wide
pillar cases, due (o the yielding of the part of the pillar; {2) most ¢f the available
measured post-failure pillar stiffness data were measured with a uniform deformation
condition. Therefore, the results from the displacement excitation are believed to be
closer to what occurs in the field. There is no difference between force perturbation and
displacement perturbation theoretically 'f only element perturbation is used. However,
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because the stress and strain of the perturbation pillar are not uniform for the multi-
elements perturbation as the author proposed, a small discrepancy may occur in the
results from the two perturbation methods (Salamon, 1970).

Salamon's case was further tested by applying the modified MULSIM/NL to
calculate the influence coefficient matrix. The coarse mesh and fine mesh of the model
are presented in figure 4.6. The material parameters are presented in table 4.4. Both the
strata and the pillars are assumed to be the same material and are linear elastic (labeled by
A), but the 10th column of the material array for pillar is assigned a positive value which
indicates that the pillar elements (labeled by B) are to be excited for LMS calculation.

Table 4.4 Material parameters array EPROP for Salamon's example.

Model 1 2 3 4 5 6 10 Comment
1 Linear 7500 | 2800 0 Strata, seam and
elastic coal | (psi) | (psi) pillar (A)
1 Linear 7500 | 2800 1 Pillar element to be
elastic coal | (psi) | (psi) ¢xcited (B)

The five strip pillars are excited separately. The length of the panel is varied. It is
expected that with the increase of the panel lengtl:. the influence coefficients obtained by
the medified program for the three dimensiona. .ase would approach Salamon's two-
dimenional solutions, because of the approximation to the plain strain condition when
the panel length is extended. For simnlification, only the influence coefficients ¢, at the
five pillar locations were calculated and are compared in figure 4.7 with the diagonal
terms of the influence matrix obtained analytically by Salamon in table 4.2.

The calculated local stiffness is compared to the analytical results given by Salamon
(1970). Figure 4.7 shows the normalized influence coefficients obtained from the model
as the length of the panel increases. It appears that, as the panel length increases, the
model results converge to a specific shape curve which is similar to Salamon's analytical
solution for an infinitely long panel. However, the model results apparently slightly over
shoot Sa;amon's result. This difference is believed to come from three sources: (1) the
difference between the plain strain condition for Salamon's model and the three
dimensions condition for MULSIM/NL model. The effect of the boundary of the limited
length panel for the three dimension model may affect the result; (2) MULSIM/NL's
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inherent treatment of the urcoupled boundary stresses is liable to overestimate the
displacement (Sinha, 1979}, \3) the numerical error arising from the discretizing the secam
plane and the approximate iteration scheme of MULSIM/NL.

(—0—— L/D=1.1

— U L/D=222

5

(33

=

8

0

g ————— -

S L/D=3.3

-

E 0 L/D=4.4

T 09}

s &= L/D=6.6

E

2 0.7 e Theony
0.5 . . L S —

Pillar column number

Figure 4.7

Comparison of the modified MUi SIM/NL's results with analytical soi stions.

Nevertheless, figure 4.7 still shows that the program gives reasonable convergence to
the solution with the increase of the panel length. The legitimacy of the program is fi:ther
demonstrated by the longwall simulation exercises in the next chapter.

4.6 Conclusion

The Starfield's perturbation concept was used to determine the local mine stiffness.
The numerical method proposed by Ozbey (1989) was tested against the theoretical
solution derived from a five strip pillar model proposed by Salamon (1970). The results
show that very good agrcement with Salamon's results was obtained by the perturbation
method. The perturbaticri method was implemented into the MULSIM/NL program. The
application of the program to Salamon's two-dimensional model show a reasonable
rigreement and convergence, while a slight overshooting of displacement discrepancy was
also noticed.



Chapter 5

EXAMINATION OF LOCAL MINE STIFFNESS

5.1 Introduction

It is expected that the change of the longwall layout will affect the incal mine
stiffness. To investigate the significance of the effect of the longwall layout, an elastic
model is set up in which the strata, pillar and gob material are all assumed to be elastic.
Assuming elastic properties wi!l eliminate the effects of the other factors such as pillar
strain softening and gob hardening on the local mine stiffness.

The effect of the elastic moduli of the strata and the seam, softening behavior of coal,
location in the panel, overburden and pillar configuration will be further examined by
building non-elastic models with different pillar configurations and different overburdens.

5.2 Elastic model
Pillar and entry zones Entry  Pillar
/\\ = v
= 1 . y o -
5 =74
- PR D’_F_ac_e position 4
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'g ls
2 L:
; [PgneIZ. Panel 3 | - oal D Face position 6
7 . —l
™ Coarsé mesh zone Fine mesh zone

Figure 5.1

Test:uyp clastic longwall panel layout and mining sequence.

The modified program has been further tested by application to a simplified longwall
model shown in figure 5.1. The model is totally elastic. The surrounding rock, coal seam
and gob are all assumed to be linear elastic with an overburden of 500 ft (150 m). The
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Young's modulus and Poisson's ratio for strata are 900000 psi (6205.5 MPa) and 0.25.
The elastic properties for the in seam materials are shown in table 5.1. The more detailed
input parameters, mesh configurations and output are included in appendix B.1

The coarse mesh (50x50 ft (15x15 m) block size) covered four longwall panels, one
of which is already mined out and filled with linear elastic gob material. The thickness of
the seam is specified as 6 ft. The panel width and length are 500 fi (150 m) and 2500 fi
(750 m) respectively. The fine mesh zone (10x10 ft (3x3 n.) element size) covered 800 fi
by 800 ft (240 m by 240 m) area of the coarse mesh zone with one row of chain pillars in
the middle. The pillar has square shape with a width of 80 ft (24 m).
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Figure 5.2

Linear relation of the perturbation displacement magnitude and resulting stress.

The local mine stiffness at pillar C is first checked to ensure the accuracy of the
program. It is expected that with the linear property of the strata and seam, the local mine
stiness value at the pillar location should not be affected by the perturbation magnitude,
i.e., the relation of the perturbation displacement to the resulting st:.:ss in the pillar should
be linear, no matter what magnitude of the perturbation displacement is used.

Figure 5.2 demonstrated that a linear relation exists between the perturbation
displacement and the resulting stress in the pillar. This further verified that the
implemented local stiffuess calculation works correctly.
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Table 5.1 Material parameters array EPROP for elastic model.

Model 1 2 3 4 5 6 10 Comment
1 Linear | 500000 | 217000 0 Seam (A)
elasticcoal | (psi) | (psi)
6 Linear 5000 | 1790 1 0 Gob (B)
elastic gob | (psi) (psi) ’
1 linear 275000 | 119000 0 Pillar and entry
elastic coal | (psi) (psi) zone (C)
] Linear | 500000 | 217000 1 LMS element
elastic coal | (psi) (psi) (E)
2 3 4 5 6 7
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(A) Averaged stress-strain relation. (B) Local mine stiffness vs mining step
number.
Figure 5.3

Local mine stiffaess change with the advance of longwall face.

“"ie change of local mine stiffness at the middle pillar locations U, C and D is
calculated through the seven mining steps and represeni~z in figure 5.3. The recovery of
two panels adjacent to the chain pillars is simulated by seven consecutive mining steps.
The changes of normal stress and closure with the face advance e presented in the

appendix D (figure D.1 and D.2).
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It is obvious from figure 5.3 that the local mine stiffness decreases with the advance
of the longwall face. The greatest change of the local stiffness coincides with the position
where the face is close to or in the line with the test pillar location during the mining of
the first and the second panels. This indicates that the critical condition for pillars to
bump occurs when face is very close or in the line with the pillar. Because this model
remains elastic through the mining simulation, the change in local mine stiffness
represents the effect of geometry change, i.e., ioingwall face advance.

5.3 Non-elastic models

A more detailed study has been carried out to determine if other factors, i.e. the ratio
of the surrounding rock modulus to the coal modulus, the non-linear behavior of the coal,
the location in the panel and the configuration of the chain pillars, will affect the changes
in the local mine stiffness.
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Figure 5.4

Non-elastic model with equal size of chain pillars.

A model with four entries and three columns of chain pillars was setup. The coarse
mesh is similar to the elastic model, but the fine mesh is varied to represent different
pillar configurations. The fine mesh configuration of the non-elastic model is presented in
figure 5.4, which has three rows of chain pillars with equal size of 80x80 ft (24x24 m).
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The detailed fine and coarse meshes, input parameters and output for the model is
shown in the appendix B.2. The rock and gob remain elastic with Young's modulus
14500C psi (999.8 MPa) and 2900 psi (20 MPa) and Poisson's ratio 0.25 and 0.3
respectively. The coal in the coarse mesh is also assumed to be elastic. However, the coal
in the fine mesh area is specified as strain-softening material. The in seam material

parameters are presented in table 5.2.

Table 5.2 Material parameters array EPROP for strain softening coal.

Model 1 2 3 4 5 6 (10 Comment
2 Strain 2900 | 0.01 | 1450]0.015] 0.3 | O | Seam and pillar
softening coal | (psi) in fine mesh (A)
6 Linear elastic | 2900 | 1160 1 0 Gob (B)
gob (psi) | (psi)
2 Strain 1800 | 0.01 | 899 {0.015] 0.32 | 0 | Pillar and entry
softening coal | (psi) (psi) zone (C)
1 Linear elastic | 290000116000 0 | Seam in coarse
coal (psi) | (psi) mesh (D)
2 Strain 2900 | 0.01 | 1450(0.015{ 0.3 | 1 |LMS element (E)
softening coal | (psi) (psi)

The residual stress is varied, while the residual strain is maintained, to simulate
different posi-failure coal stiffness. The overburden is varied to investigate the change of
the local mine stiffness with different failure stages. 'jiie pillar configuration is also
varied to investigate the effect of pillar configuration on the local mine stiffness. The
uctailed mesh configuration and input parameters are included in appendix B.3. For all
models, the mining is simulated in 13 consecutive mining steps as shown in figure 5.4.
The stress and closure changes with the face advance are included in appendix D, which
clearly show that the stress ‘nitially builds up around the boundary of the pillars and
gradually migrates into the core part of the coal until the pillars have totally yielded.



5.3.1 Effect of pillar location

The local mine stiffness at nine locations in figure 5.4 were monitored throughout 13
mining steps. These locations are labeled by two characters. The first character I, m or r
represents column position (left, middle and right) of chain pillars, and the second letter
u, ¢ or d represents position within the same pillar column (up, centrai and down) as
labeled in figure 5.4. For example, pillar position Ic represents the pillar position in the
center of the left pillar column. These positions are chosen to investigate if the local mine
stiffness is affected by the location in the panel. Within the fine mesh, the face advances
200 ft (60 m) for every mining step.

(1) Within pillar columns

It was expected that because of the great length of the longwall panels and the
similarity of the loading history of the pillars alc~g the chain pillar direction, the local
mine stiffness should not be affected by the location along the chain pillars in the panel,
except those locations which were very close to the two ends of the panel.
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(A) Averaged stress-strain relation. (B) Local mines stiffness vs mining
step number.
Figure 5.5
Changes of stress  ‘rain and local mine stiffness with the face advance w' - pi:.ar
columns.

The change of stress, strain of the nine pillars and the change of the local mine
stiffness of the nine pillar locations with the face advance a-z presented in figures C.1 to



64

C.10 of appendix C. Figure 5.5 shows the reaction of the three pillars within the left pillar
coluiinn with 750 ft (225 m) overburden. The change of the stress, strain and local mine
stiffness tor pillar lu, Ic and Id are very similar, except that the change of strain, stress and
the local mine stiffness took place ahead of each other for about one mining step. When
the face is in the line with the pillars, the strain jumps and stress curve takes a dive into
the residual stress range, which indicates total yielding of the pillars. The local mine
stiffness decreases (absolute value) with the face advance for all pillar locations. The
initial and final local mine stiffness for the three pillars are the same, i.e. from 91295 psi
to -76795 psi ( -629.5 MPa to -529.5 MPa).

Based on figure 5.5 and similar figures in Appendix C, it can be concluded that the
locations along the entry direction really do not affect the behavior of the pillars, because
all rows of the three pillars show the same strain, stress and local mine stiffness change
pattern. Take the left pillar col:xmn for example, the only difference for pillar Im and 1d is
that the reaction of the pillar Im is ahead of pillar Id by one mining step, because the face
approaches pillar Im one mining stp ahead of pillar 1d. This is significant because it
eliminates the need to check every pillar within the same pillar column in the panel to
evaluate the stability of the pillars. It is also because of this, that the following discussion
only deals with the one row of three pillars in the middle of the panel.

(2) Cross pillar rows

The locations across the chain pillars might have some effect on the local mine
stiffness because the tailgate pillar, the headgate pillar and the pillar in between have
different loading patterns. The stress on the headgate pillar is mainly affected by the first
lonzwall face passing. The tailgate pillar is affected by both the first and the second
longwall face passing. Th-zefore, the stress and displacement on the tailgate pillar and
headgate pillar are usuall 1 uniform across the pillar. However, because of the support
of the tailgate and headgate pillars, the middle pillar experiences relatively more uniform
Inading and displacement. The significance of the effect of the passing of the first
longwall face and the second longwall face on these pillars is investigated.

Figure 5.6 shows the change of stress, strain and local mine stiffness for pillar Ic, mc
and rc with 750 ft (225 m) overburden. The local mine stiffness remains almost constant
until the first face is very close. Then, it decreases (absolute value) abruptly as the face
passes by. After the face moves away from the pillars, the local mine stiffness becomes
relatively stable again.
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Changes of stress, strain and local mine stiffness with the face advance cross pillar rows.

It is shown that headgate pillar (pillar Ic) is only affected by the first panel mining,
because the arrival of the second face in the line with the pillar does not cause a jump of
the strain and the change of the local mine stiffness. But apparently, the tailgate pillar
(pillar rc) is affected by both the first panel mining and second panel mining because of
the two jumps in the strain curves and the continuous decreasc in the local mine stiffness
which coincides with the positions when the first and second faces are in the line with or
have just passed away from the pillar. The reaction of pillar mc is something between that
of pillars Ic and rc. Howewer, the final local mine stiffness for the center pillar position is
the lowest (absolute value) v'ith value of -72112 psi (497.2 MPa), compared with that of
the tailgate and headgate pillar positions (-74164 psi (511.4 MPz) and -76793 psi (529.5
MPa) respectively). Head gate pillar (Ic) has the least reduction of the local minc stiffness
after the second pancl is excavated. This indicates that the headgate pillar will have least
bump potential and the center pillar will have biggest bump potential, if all pillars have

the same shape and size.

(3) Effect of overburden

The thickness of the overburden will determine the final stress level of pillars in
longwall mining. Because the local mine stiffness is found to decrease with the mining
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advance which is closely associated with the stress change in the pillars, the significance
of the overburden on the local mine stiffness is examined in the studies.

Figure 5.7 (B) shows the local mine stiffness change at pillar rc position with the
three different overburdens conditions: 500 ft (150 m), 750 ft {225 m) and 1000 ft (300
m). The mining step numbers 4 and 10 correspond to the positions when first face and the
second face are in the line with the pillar rc, respectively. The similar figur =+ ofer
specified pillar locations are included in figures C.1 to C.3 of appendix C.
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Change of local mine stiffness with overburden (pillar rc position).

Figure 57 (B) shows that the drop (absolute value) of the local mine stiffness for
1000 ft overburden is significantly greater than that of 500 ft and 750 overburdens. The
stress-strain relation in figure 5.7 (A) indicates that for 1000 ft overburden case, pillar
went into the post-failure region after . ining step 3. The drop of the local mine stiffness
also started after mining step 3; for 500 ft and 750 ft cases, the drop of the local mine
stiffness only started after the second face passed the pillar. This clearly shows that the
overburden has significant effect on the magnitude of the final local mine stiffness.
because the overburden is the main factor influencing when the pillar v - into post-
failure region and the change of the local mine stiffness is closely associated with the
post-failure behavior of pillars. It is also clear that because the passage of the longwall
face creates a substantial change in the support system around the pillar, the coincidence
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of the passage of the face and the change of the pillar behavior should not be a surprise.
For the same reason, the coincidence of the passage of the face and the drop of the local
mine stiffness is also understandable.

5.3.2 Effect of the modulus ratio of strata to coal

Zipf's results showed that modulus of the surrounding strata dominates the magnitude
of the local mine stiffness for an element (size of 3 m). The ratio of the tocal mine
stiffness to rock modulus always remains about 0.7, no matter what the modulus ratio of
strata to seam.

To investigate the effect of the strata stiffness on the magnitude of the local mine
stiffness for pillars, the local mine stiffness at lucations Ic, me and rc in the non-clastic
model is calculated through 13 mining steps. The modulus of the in seam material is kept
constant as 290000 psi (2000 MPa). The modulus of the strata is varied as 145000 psi
(1000 MPa) , 290000 psi (2000 MPa} sad 725000 psi (5000 MPa) respectively. The
corresponding modulus ratio of strata and coal will be 0.5, 1 and 2.5 respectively.
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Figure 5.8

Relation between local mine stiffness and rock/coal mudulus ratio.

Figu. 5.8 shows the averaged local mine stiffness of the pillar locations with an
overburden 750 ft (225 m). It is seen from figure 5.8 that the calculated values of the local
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mine stiffness for a pillar is almost linearly proportional to the rock/coal elastic modulus
ratio, which indicates that the rock elastic modulus is still the dominant factor for the
local mine stiffness even for a pillar of size of 80 ft (24 m). However, the value of the
local mine stiffness is significantly less than the value of the rock elastic modulus. The
ratio of the local mine stiffness to the rock modulus is about 0.05 which is one order less
than Zipf's result for elements. Figure 5.8 also shows that after the two panels were
extracted, the local mine stiffness dropped 20 percent with respect to the three different
rock/coal elastic modulus ratios. This indicates that the longwall face advance does have
the significant effect on the local mine stiffness.

5.3.3 Effect of the strain softening of coal

The effect of the strain-softening of coal on the local mine stiffness is also examined
by varying the residual stress so as to vary the post-failure slope of the strain-stress curve
of the coal model . The three different strain softening models are shown in figure 5.9.
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Figure 5.9

Three different strain softening models.

The strain softening model (will be referred to as the "brittle” model in following
discussion) used in previous analysis, i.e. the model used in the analysis of effects of
pillar location, overburden and strata stiffness, is modified by changing the residual stress
from 1450 psi (10 MPa) to a higher residual stress 2538 psi (17.5 MPa) and to a lower
residual stress 725 psi (5 MPa) respectively, while maintaining the residual strain as
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0.015 in/in. As shown in figure 5.9, this process leads to a "soft" seam model, a "brittle"
scam model and a "more brittle" model, which represent the material with different post-

failure behaviors.

Figure 5.10 (B) shows that when coal gets more brittle (with lower residual stress),
the changes of the local mine stiffness become more abrupt or steeper. Because the abrupt
change of the local mine stiffness always occurs when the face is close to the pillar, the
steeper local mine stiffness change implies that the possible bump area is closer to the

face for this coal.

The relation of the strain softening with the local mine stiffness is closely associated
with the different pillar strengths due to the different strain softening behaviors. The
"soft" model corresponds the higher residual stress, which will lead a delayed pillar
failure than the "more brittle" model as shown in figure 5.10 (A). As a result, the local
mine stiffness of the three models at the same mining step is different.
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Figure 5.10

Effect of the softening behavior of coal on the local mine stiffness.

5.3.4 Summary

All the results show that for a pillar in the panel, a sudden drop of the local mine
stiffness always occurs when face is very close to the pillar site. The drop of the local
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mine stiffness also corresponds to the abrupt change of the stress and strain of the pillar.
Therefore, the change of the local mine stiffness might be used as an index which
indicates the critical state of the pillar behavior under the specific roof and floor
conditions.

For chain pillars in a longwall mine the pillar location in a chain pillar column has no
effect on the local mine stiffness. However, the pillar location in a chain pillar row has
some effect on the local mine stiffness. In a pillar row, the headgate pillar location has the
least local mine stiffness reduction, and the middle pillar has the biggest reduction in
local mine stiffness reduction, after the second panel is mined out. This may help to
decide the location of the abutment pillar in the pillar row.

The effect of the overburden on the magnitude of the local mine stiffness change is
obvious. The thicker the overburden, the greater the change of the local mine stiffness.
This is consistent with the field observation that frequency of pillar pumps increases with
the thickness of the overburden.

The modulus of the surrounding strata dominates the magnitude of the local mine
stiffness, but the panel mining may significantly reduce the local mine stiffness.
Therefore, the effect of the mining on the local mine stiffness cannot be neglected.

The strain-softening behavior of a seam has a significant effect on the local mine
stiffness. The more brittle, the more abrupt change in the local mine stiffness is expected.
The determination of strain-softening behavior of pillars before the start of mining would
help to estimate the pillar bump potential.

5.3.5 Comparison of different chain pillar configurations

It was reported that a specific chain pillar configuration may improve or worsen the
pillar bumps in longwall panels (Campoli, 1987, Carr, 1982, and Peng, 1984). A typical
four entry longwall mining system consists of three columns of chain pillars, onc of
which is the abutment pillar and the other two are yield pillars.

Based on the structural analysis and field instrumentation results, Peng indicated that
a design with the abutment pillars close to the tailgate side is better than that with the
abutment pillar close to the headgate side for three entry (two chain pillar columns)
system. He stated that because the headgate side abutment pillar will lead to a cleaner
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caving line along the tail entry which will reduce the pressure imposed on the head entry
of the next panel. For four entry longwall system he pointed out that there are no
guidelines for the abutment pillar position except the local preference based on
operational experiences. Experience in the Pocahontas No 3 Coalbed showed that
leaving abutment pillar row in the middle of the pillar system provided a better solution
for the pillar bump problem (Campoli, 1989). However, the result of the equal size of
pillars in the previous section indicated that the middle pillar position is the worst,
compared to the tail entry and head entry abutment pillar positions.
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Fine meshes of the three chain pillar configurations.

To examine the effectiveness of the local mine stiffness as a guide to pillar design,
three different chain pillar configurations. as shown in figure 3.11, are studied. The three
chain pillar configurations have everything exactly the same, except the location of the
abutment pillars. In the three pillar configurations the abutment pillar is placed at the
headgate position, middle position and tailgate position of a pillar row respectively. The
abutment pillars have a size of 120x120 ft (36x36 m). The yield pillars have a size of 30x
50 ft (12x15 m). The entries have a width of 20 ft (6 m). It is expected that the local mine
stiffness difference for the different pillar configurations may provide insights for the
location of the abutment pillar in pillar design. The typical mesh configuration, input
parameters and output are included in appendix B.3 (AYY configuration).

The central abutment pillar (location A in figure 5.11) of the three configurations
have been monitored throughout the mining of the two adjacent panels. The average
stresses, strains and local mine stiffness are shown in figure 5.12. The typical normal



stress and closure distribution for the fine mesh zones are included in figures D.9 to D.12.
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Local mine stiffness change for three pillar configurations.

It is seen from figure 5.12 that the stress increases aimost uniformly with the face
advance. The strain first increases uniformly until the second face arrives (mining step
10), then the strain jumps, indicating yielding of the pillars. However, the local minc
stiffness remains stable through all the other mining steps but takes two dives after the
mining steps 4 and 10 which are the steps when the face is in line with the pillar. This
suggests that the passing of the longwall face has a significant affect on the local minc

stiffness.

Similar to the observations from the equal size chain pillars studies given in previous
sections, tigure 5.12 shows that after mining, the center abutment pillar has the greatest
local mine stiffness reduction and the headgate abutment pillar has the least local minc
stiffness reduction. However, the similarity in deformation and loading behavior for the
three pillar configurations indicated that the yield pillars have almost no affect on the
behavior of the abutment pillars. The difference in the local mine stiffness is mainly
because of the location of the abutment pillars. Therefore, the headgate abutment pillar
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has the least bump danger and the center abutment pillar has the biggest bump danger

among the three pillar configurations.

5.4 Pillar post-failure stiffness determination

In longwall mining, there is a trend to increase the dirension of the abutment pillars
to avuid pillar bumps because the wider pillars have lower post-failure stiffness. The
literature review in chapter 3 indicated tiiat most data of the post-failure stiff~css came
from the pillars with a width/height less than 3. For the pillars with wic  height ratios
beyond 9, there are no reliable post-foilme stiffness data availabl  Hence the
determination of post-failure stiffness of wide pillars need w0 beadc sse .

In chapter 3, the available field and laboratory data tor coal were nermalize  with the
initial Young's modulus and were presented in figure 3.5 against the piliar /height
ratio. Although the data are very scatt.wed. the trend of stiffness decrer . with the

increasing width/height ratio is still clear.

Attempts were made to fit this type of the data into a linear relation (Brady, 1¢ . anu
Ozbay, 1989). Based on the linear relation, Ozbay concluded that a pillar with width-
height ratio greater than 5 could not bump because from tl. relation, the post-failure
stiffness would be zero. However, it has been reported that even the pillars with a width-
height ratio greater than 8 have experienced bump failures (Babcock, 1984 and Campoli,
1990).

Laboratory data from Das (1989) and Crouch (1972) indicated that the post-failure
stiffness cannot be considered to be zero even after the width/height ratio passed 8. The
post-failure stiffness data estimated by the field measurements (Wang, 1976 and
lannacd hione, 1990) also showed that even for the pillars with a 13.4 width/height ratio,
the post-failure stiffness is still close to the original elastic modulus of the pillar. The
whole compilation of the collected post-failure stiffness data is attached in the back of the

thesis as appendix E.

Therefore, it appears that any kind of interpolation of the data may be misleading.
Instead of trying to fit all data with a specific relation, a curved upper boundary of the
scattered data can be identified as shown in figure 5.13. Only the upper boundary data
are used in curve fitting in figure 5.13. The numbers above the circles points in figure
5.13 represent the values of the upper boundary data points. The power function, log
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function, exponential function and polynomial relations were considered to fit the
boundary.
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Upper boundary fitting of the field and laboratory data of the pillar post-failure stiffness.

Figure 5.13 shows that the log, exponential and quadratic polynomial relations fit the
boundary data very well in the range of the available data. If the width/height ( W/H) ratio
is beyond the range (W/H = 0.5 to 9), the power function apparently fails; the log
function has a cut off at the W/H = 11; the exponential function aiso has a cutoff at about
W/H = 15. Compared to the log, exponential and quadratic polynomial functions, the
power function has the poorest fit to the available data range. However, the power
function is the only curve which can give reasonable post-failurc pillar stiffness
estimation until W/H = 20, considering the fact that the wider pillars with W/H = 13.7
and 20 also bumped (Campoli, 1990), which means these pillars may have non-zero post-
failure stiffness, unless other mechanisms were involved in the bumps. Therefore, it is
recommended that within the range of W/H = 9, all relations discussed can be used to
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give the upper boundary of the post-failure stiffness, although the post-failure stiffness
estimation by power function will be the worst. Beyond W/H = 9, only the power
function is recommended for the upper boundary estimation of the post-failure stiffness.
The power function derived from the data along the upper boundary of the data area

follows as:

E
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11976
= 5.98243(-1”-)
H

m
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where E, and E, are the Young's modulus and the post-failure stiffness of a pillar
respectively; W and H are the width and the height of the pillar. Although the derivation
of the equation (4.7) is crude, because the post-failure stiffness data of wide pillars are
few and are hard to obtain, it still provides a tool to estimate the post-failure stiffness for
these pillars. Obviously, these relations will provide the maximum possible post failure
stiffness, which can only lead to a conservative pillar design. Based on the above
considerations, it seems that power equation (5.1) might be used to give an uppe: bound
of the pillar post-failure stiffness estimation over the range of the data. Any extrapolation

beyond the data range should be carried out cautiously.

5.5 Conclusions

MULSIM/NL program has been successfully modified to include the local mine
stiffness calculation for pillars within the regular numerical simulation of the longwall
mining. The local mine stiffness is defined as the ratio of the unit perturbation
displacement over the average load difference cross the pillars. A parametric study of the
local mine stiffness has been performed. The parameters studied include longwall face
advance, elastic modulus of the strata and the seam, softening behavior of coal, location
in the panel, overburden and pillar configuration. Based on the results obtained in the
previous sections, the following tentative conclusions are drawn:

(1) Local mine stiffness decreases with the advance of longwall face for both elastic

model and non-elastic models;

(2) The greatest drop of the local mine stiffness occurs when face is clcse to the pillar

location or when the pillar starts yielding;
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(3) The overburden has significant effect on the final magnitude of the local mine
stiffness; the thicker the overburden, the greater drop of the local mine stiffness will
be expected;

(4) Brittle coal has greater local mine stiffness drop than the soft coal after pancl
excavation;

(5) The modulus of the surrounding strata dominates the magnitude of the local mine
stiffness but the longwall face advance also has a significant effect;

(6) The pillars along the panel entry behave similarly, as far as strain, stress and local
mine stitffness are concerned;

(7) The pillar across panel entries may behave differently. The headgate pillars have the
least bump potential and the center pillars have the biggest bump potential, if they
have the same size; in combination system of yield pillars and abutment pitlars, the
headgate abutment pillar design is the best for it has the least local mine stiffness
reduction after the excavation of the second panel.

5.6 Pillar design methodology

Based on the results presented above, a chain pillar design approach similar to that
proposed by Gill (1993) for the hard rock underground mine can bc constructed. This
should be especially suitable for the deep and bump-prone coal mines.

The core of the design approach is to include the stability evaluation in the longwall
mining design. Therefore, the numerical model is first built according to the initial design
and the results of site investigation and testing. The model is fine-tuned by fitting the
calculated stress and deformation to the measured stress and deformation. The calculated
stress and deformation should agree with the measured stress and deformation throughout
the panel extraction, or agree with the estimated results from the experience if the

measured results are not available.

Then, the local mine stiffness at the sites of interest are calculated through all the
mining steps. Because the study showed that the critical stages occur when the longwall
face is close or in the line with the pillars, therefore, the interested sites should be the
pillar positions near the face. It is also seen that each pillar in a column parallel to the
face advance direction behaves in a similar manner, whereas each pillar in the row
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perpendicular to the face advance direction behaves differently. Therefore, only one row
of pillars across the section of the entries nveds to be considered.

Finally, the calculated local mine stiffness of a specific pillar is compared to the
estimated post-failure stiffness of the pillar. To avoid pillar bumps, the local stiffness
should be higher than the estimated post-failure stiffness through the panel excavation.
Dimensions of the pillars and configurations of the pillars in the panel can be varied to
control the time when the local mipe stiffiiess approaches the post-failure stiffness, thus
the time and place of the pillar bumps can be controlled in case the bumps cannot be
avoided. It is also clear that, with the longwall face advancing, a design in which the
changes of the local mine stiffness are slow and smooth is better than a design in which
the changes are fast and abrupt, from the point of view of pillar bump potential.



Chapter 6

FIELD STUDY

6.1 Introduction

The U.S. Bureau of Mines initiated coal mine burap research in 1987 because of a
scries of coal bump-related fatalities and injuries in the Southern Appalachian Basin. As
a part of the research, a comprehensive site monitoring program was carried out in the VP
No. 3 mine, Virginia. Two different longwall gates were instrumented by hydraulic
pressure cells, extensometers and convergence station arrays. Differential roof-sag
indicators were used to monitor bedding separation in the immediate roof. The vertical
pressure change in the pillars, the dilation of the pillar periphery and the closure of the
entries were monitored throughout the recovery of the panels at both sides of the gates.
The results of the monitoring program were reported by Campoli (1990). An up-date of
the program was also published recently (Campoli, 1993). These results not only provided
insights into the design of the longwall chain pillar design, but also provided a base for
the back analysis by numerical modeling. In this chapter, the geological features of the
mine are described, and the US Bureau of Mines' monitoring program and its results will
be presented, followed by a geotechnical interpretation of the ficld results. Thesc results
will be used as case history for the application of the displacement discontinuity model.
Chapter 7 will describe the model application to these field results.

6.2 Geology of the VP No. 3 mine

The VP No. 3 mine is located in the center of Virginia, USA. The mine extracts the
Pocahontas No. 3 Coalbed, which has average thickness of 5.5 ft (1.65 m) and is in the
Pocahontas Formation. The roof and floor consist of the very competent siltstonc strata
and are also in the Pocahontas Formation. The seam is under 1200 to 2200 ft (360 to 660
m) overburden and dips very gently (less than 3 degrees) from east to west. The average
density of the overburden is 158 Ibs/ft* which could be translated into the original vertical
stress of 1.1 psi/ft (24.9 kPa/m). A total of 13 longwall panels have been mined in the
mine prior to this study, among which 8 panels were mined on the north side of the
barrier pillars, and 5 panel at the south side of the barrier pillars, as shown in figure 6.1.
The instrumented sites are in the development entries between the south panel S-6, S-7
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and S-8 as shown by the shaded areas in the figure. The two areas (labeled as study area 1
and study arca 2 in figurc 6.1) were monitored throughout the mining of panel S-6, panel
S-7 and panel S-8, and are referred as development 7 and development 8 in the following

sections.
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Figure 6.1

Mine map of No. 3 mine (after Campoli, 1990).

The immediate roof in the south side of the mine consists of a widely jointed
siltstone overlain by a massive quartz arenite sandstone as the main roof. The floor
consists of a combination of very competent siltstone and sandstone. Underground
observation in the study area I and study area 2 (lannacchione, 1988) revealed that there
is a persistent absence of prominent roof and floor fractures or joints and the main roof is
exceedingly difficult to break. A generalized stratigraphic column for the study area is
shown in figure 6.2.
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Table 6.1 Physical properties of the roof, coal and floor of study arcas (specimen testing).

Rock type | Uniaxial compressive Young's modulus Poisson's ratio
strength, psi 10¢ psi
Roof 12460-24230 3.8-7.7 0.24-0.34
Coal 1813 0.25-0.73 0.16-0.91
Floor 10620-25250 6.9 0.35

The physical properties of the strata are presented in table 6.1. Clearly, the roof and
floor are very similar. The uniaxial compressive strength and Young's modulus for coal
are about one tenth of that of the roof and floor.

Lower quartz arenite

. member
Lee Formation

Siltstone member

Pocahontas
Formation Pocahontas No. 3
Coalbed

Siltstone member

Figure 6.2

Generalized stratigraphic column for study area (after lannacchionc, 1988).

6.3 Site monitoring program

The mine used to have a 218 ft (65.4 m) wide yield-yield-abutment (YYA) pillar
configuration with the yield pillars on 50 ft {15 m) centers on the tailgate side, the
abutment pillars on 100 ft (30 m) centers, and all crosscuts on 100 ft (30 m) centers. T he
large 80 by 80 ft (24 by 24 m) abutment pillars in the tailgate side often bumped when
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face was approaching. To improve the situation, the mine management decided to switch
to yield-abutment-yield (YAY) pillar configuration as shown in figure 6.3. The modified
design did not eliminate the abutment pillar bumps, but the side yield pillars successfully
shielded the tail entry from the bumps of the middle abutment; this improved the safety of
the personnel and equipment. However, when the mining progressed into panels S-6 and
S-7, the tailgate abutment pillars began progressively bumping 500 ft (150 m) in advance
of the longwall face. The continuous pillar bumps also led to a series of face bumps

occurring at the tailgate side face corner.

In an attempt to better control ventilation between previous and active gobs, and to
improve tailgate entry stability, the mine modified the yield-abutment-yield pillar design
for the development 8 between panel S-7 and panel S-8. The modified design increased
the abutment pillar dimension to 120 by 180 ft (36 by 54 m), but decreased yield pillar
width to 20 ft (6 m). Between yield pillars, the crosscuts were driven at 60°, whereas
between abutment pillars, the crosscuts were still driven at 90°, as shown in figure 6.4.

Because the geological conditions in development 7 and development 8 are very
similar, the shift from the old pillar configuration (figure 6.3) to the new configuration
(figure 6.4) provided an excellent opportunity to evaluate the different pillar designs. In
cooperation with the mine, the US bureau of Mines started a comprehensive monitoring
program which included the instrumentation in the two different pillar configurations at

development 7 and development 8 respectively.

The instrument configurations of the two study areas are also shown in figure 6.3 and
figure 6.4 respectively. There were 116 stainless steel borehole platened flatjacks (BPF)
installed for measurement of the vertical stress change in the pillars ; there were 133
convergence stations setup throughout the two study areas for closure measurement of the
roof and floor; there were 8 coal extensometers for measuring pillar dilation and some
instruments for the indication of possible roof separation and floor heave.

In development 7, the vertical stress changes and closure across the section A-A
(figure 6.3), which included three entries, two yield pillars and one abutment pillar, were
monitored through the BPF instrument line and convergence station lines along A-A. The
lateral dilation of the abutment pillar was measured by the three extensometers
respectively installed in three sides of the pillar. The horizontal stress change of the
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abutment pillar was monitored through the three BPFs. The cross seciion B-B was also

instrumented in a similar manner.

The instrumentation in development 8 (figure 6.4) is very similar to that in
development 7. However, the edges of panel 7 and panel 8 close to the development 8
were also instrumented to examine the transfer of the stress from the failed pillars to the

panel edges.
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Figure 6.5

Correlation of the absolute longwall face position to time.

The mining of panel S-6, panel S-7 and panel S-8 (note the label "S" will be omitted
when panels are referred in the following sections) took about 2 years. The readings of
the instrument arrays were taken as long as conditions allowed. A graph of the absolute
face position (the distance to the start-up room at the east end of panels) versus the time
is given in figure 6.6. The absolute distance of the monitoring line A-A at development 7
and development 8 to the start-up room is 4800 ft (1440 m) and 4700 ft (1410 m)
respectively. The relative distance of the face to the line A-A can be decided from figure
6.6. Because the face advanced almost uniformly at 20 ft/day (6 m/day) throughout the
mining of the three panels, the relation of the face position and time was linearized for
convenience. To be concise, the following terms "the first face" and " the second face"
were used in the following sections. "The first face" means the longwall face at the
headgate side panel (or the first panel) and "the second face” means the longwall face at
the tailgate side panel (or the second panel). The terms "inby" (or minus sign in distance)
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and "outby" (or positive distance) were also used to describe whether the longwall face is
approaching the pillar or passing away from the pillar, respectively.

6.4 Interpretation of the field data

The vertical stress and the horizontal stress change in the pillars with face advance
was measured. The entry convergence and pillar dilation were also recorded. The
following is an analysis and geotechnical interpretation of the field data.

6.4.1 Vertical stress change
(1) Development 7

Figure 6.6 (A) and (B) present the change of the vertical stress in the abutment pillar
at line A-A of development 7 with the face advance. The vertical stress changes at 5 ft
(1.5 m), 15 ft (4.5 m), 24 ft (7.2 m) and 35 ft (10.5 m) into the headgate side, and at 8 ft
(2.4 m, 13 ft (3.9 m), 18 ft (5.4 m) and 33 ft (9.9 m) into the tailgate side of the abutment
pillar are included in the figures. The term "2nd face zero" in the figures means that the
second face just comes in the line with the monitoring line A-A.

The sharp rise and fall of the stress change were observed throughout the panel
mining, which suggested a violent failure process was occurring in the pillars. Generally,
the vertical stress change was minimal before the first face was 800 ft (240 m) inby. The
change accelerated during the face advancing from inby 400 ft (120 m) to outby 600 ft
(180 m). The peak of the vertical stress change first occurred at the periphery (5 ft at
headgate side and 8 ft at tailgate side), and then migrated into the pillar core (35 ft at head
gate side and 33 ft at tailgate side) with the face advance. The maximum stress change is
12000 psi (82.7 MPa) occurring at the 15 ft (4.5 m) into the abutment piliar at the
headgate side, and 13000 psi (89.6 MPa) occurring at 13 ft (3.9 m) into the pillar at the
tailgate side. The stress change in the periphery decreased after the fizst face passed, but
the stress change in the core (35 ft and 33 ft) remained high until the second face was
3000 ft (900 m) inby, then it fell gradually. This indicated the earlier yielding of the
periphery than the pillar core. The abutment pillar bumped when the second face was 500
ft (150 m) inby the pillar.

Figure 6.7 (A) provides the cross section view of the vertical stress change at the A-
A monitoring line of deveiopment 7, with respect to different face locations.
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Figure 6.7 (A) shows that the stress change in headgate yield pillar fell just after the
first face passed, also showing yielding of the pillar. The stress change in tail gate yield
pillar fell after the first face was outby 490 ft (147 m).

The vertical stress across line A-A was averaged and presented in figure 6.7 (B). The
maximum average stress change is about 6200 psi (42.8 MPa) for the abutment pillar,
4200 psi (29 MPa) for the head gate yield pillar, and 2900 psi (20 MPa) for tailgate yield
pillar. The average stress change also indicated that the headgate yield pillar failed first
and apparently only retained its residual strength after the first face passed the pillar; the
tailgate pillar failed after the first face was 490 ft (147 m) outby. The exact time of the
abutment pillar failure can hardly be estimated from the average stress change because of
the very non-uniform stress distribution for the wide pillar. However, the continuous
decrease of the average vertical stress change after the first panel was 500 ft (150 m)
outby did suggest that the failure process of the abutment pillar started at least after the
first face was 500 ft (150 m) away from the pillar, although the final disintegration of the
abutment pillar took place apparently during the mining of the second panel.

(2) Development 8

The vertical stress change at development 8 was more consistent and smooth than
that at development 7, though the general trend was similar. Figure 6.8 (A) and (B)
provided the typical change pattern of the vertical stress occurring for the abutment pillar

at line A-A of development 8.

The vertical stress change accelerated when the first face traveled from 700 ft (210
m) inby to 500 ft (150 m) outby position. The migration of the peak of the vertical stress
change from the pillar periphery into the pillar core was also clear at the headgate side.
The vertical stress change in the 0-30 ft (0-9 m) headgate periphery zone of the abutment
pillar started declining after the first face passed. This is the evidence that the 0-30 ft zone
of the abutment pillar at the headgate side failed after the first face passed the pillar; the
range of the vertical stress change in the zone was 3000-4000 psi (20.7-27.6 MPa).

However, the vertical stress change at the core and the tailgate side of the abutment
pillar (except the 4-10 ft or 1.2-3 m periphery) remained high (5000-9000 psi or 34.5-62.1
MPa) after the first face passed, and even accelerated again when the second face was 500
ft (150 m) inby. This illustrated that, although the headgate periphery of the abutment
pillar failed when the first face arrived, the core and the tailgate side of the abutment
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pillar retained its integrity even after the second face passed. This is further clarified by
the acceleration of the vertical stress change of the part of the pillar with the passage of
the second face. The field observation indicated that 120x180 ft (36x54 m) abutment
pillars did not bump until the second face was at least 500 ft outby (Campoli, 1990).

Figure 6.9 (A) is the cross section view of the vertical stress change at line A-A of
development 8. The failure of the headgate side of the abutment pillar is also clear in the
figure. The vertical stress change in the edge of the panel S-8 showed that the vertical
stress change first accelerated with the arrival of the first face (shown in the figure) and
accelerated again with the approaching of the second face (not shown in the figure),
which revealed that load transfer started when the edge of the panel 7 was mined and that
the edge of panel 8 remained stable until the second face was close.

Figure 6.9 (B) illustrates the average vertical stress change cross line A-A at
development 8. Apparently, the average vertical stress change for yield pillars at
development 8 was almost reverse of that at development 7 (figure 6.7 (B)). The
maximum average vertical stress change was 3900 psi (26.9 MPa) for the abutment pillar,
900 psi (6.2 MPa) for headgate yield pillar, and 4500 psi (31 MPa) for the tailgate yield
pillar.

The insignificant vertical stress change in the headgate yield pillars suggested that the
headgate yield pillars may yield long before the first face arrived. The tailgate side yield
pillars showed that the tailgate yield pillar failed immediately after the passage of the first
face and only retained its residual strength thereafter. The average vertical stress change
of the abutment pillar also confirmed that vertical stress of the abutment pillar remained
high during the mining of the second panel (panel 8), and even increased when the second

face arrived.
(3) Analysis

The vertical stress change at development 8 is much more uniform and smooth,
compared with that at development 7, implying a more smooth failure process for
abutment pillars in development 8 . The stress decreasing zone formed earlier around the
abutment pillar indicated yielding of the pillar periphery when face was approaching. The
yielding zone was about 10 ft (3 m) for both the development 7 and development 8

pillars.
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For abutment pillars in development 7, the drop of the vertical stress change at the
core occurred when the second face was 3000 ft (900 m) inby, indicating the beginning of
the whole pillar failure. The pillar bump which occurred ahead of the second face 500 ft
(150 m) further verified that the abutment pillar failed before the second face arrived.

The headgate side (about 30 ft or 9 m) of development 8 abutment pillar failed when
the first face was in line with the pillar. However, the development 8 abutment pillars did
not fully fail until the second face passed the pillars. The second increase of the average
vertical stress of the abutment pillar with the arrival of the second face also indicated that
the abutment pillar was not fully failed at that time. The pillar bump, observed when the
second face was 500 ft (150 m) outby, provided further evidence that the abutment pillar
did not fail until after the passage of the second face..

The 30 ft (12 m) headgate yield pillars of development 7 failed quickly just after the
first face passed the pillars. The 30 ft (12 m) tailgate yield pillars yield at least after the
first face was 490 ft (147 m) outby. The 20 ft (6 m) yield pillars in development 8
possibly yielded very early to the development load, but the 20 ft (6 m) tailgate yield
pillar yield shortly after the first face passed.

During the panel excavation, the recorded maximum average vertical stress change at
development 7 and development 8 was 3900 to 6200 psi (26.9 to 42.7 MPa) for abutment
pillars, and 4200 psi to 4500 psi (29 to 31 MPa) for yield pillars. If we assume the
average original stress of 2000 psi (13.8 MPa) with an overburden of 1800 ft {540 m)
which has the unit weight of 1.1 psi/ft (24.88 KPa/m), the absolute average stress would
be 5900 to 8200 psi (40.7 to 56.5 MPa) for abu ment pillars and 6200 to 6500 psi (42.7 to
44.8 MPu) for yield pillars.

6.4.2 Vertical closure
(1) Development 7

Very consistent closure was recorded throughout the study area. The closure across
section A-A is shown in figure 6.10 (A). The closure started when the first face was about
200 ft (60 m) inby. The closure accelerated during the passage of the first face, and
remained stable after the face was 500 ft (150 m) outby. The closure accelerated again
when the second face was 500 ft (150 m) inby.
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Figure 6.10 (B) shows that after the passage of the first face the tailgate entry, the
smoke free entry, the abutment pillar, and the track entry experienced 1, 2, 2.5, and 4 in
(2.5,5.1, 6.4 and 10.2 cm) closure respectively; the headgate entry experienced 6 to 8 in
(15.2 to 20.3 cm) closure. This suggested that the entry roof inclined toward the gob. It
appeared that the all closures accelerated again when the second face was in the line with
the monitoring line. This second acceleration of the closures coincided with the observed
abutment pillar bump, indicating the final disintegration of the abutment pillar.

(2) Development 8

The closure pattern at development 8 is similar to that at development 7 cxcept the
different magnitude of the closure. Figure 6.11 (A) presents the closure across A-A linc of
development 8. Figure 6.11 (B) compared the different magnitudes of the closure
occurring in the track entry and the tailgate entry of development 8. The two figures
showed that the first closure acceleration occurred when the first face was in the line with
the convergence station array; the tailgate, smoke free entry and the tailgate side of the
abutment pillar experienced 1 in (2.5 cm) uniform closure during the fur: face passage
and virtually remained unchanged until the second face arrived. During th:e same period
the track entry experienced 10 in (25.4 cm) closure; the closure gradually increased to 16
in (40.6 cm) when the second face was close. The closure at all entries started
accelerating again when the second face was in the linc with the convergence array. The
data indicates that the closure went beyond the 25 in (63.5 ¢cm) range after the second face
passed. This is strong evidence that the abutment pillar might be totally f.:led after the

second face passed the pillar.
(3) Analysis

The start of the closure acceleration lagged behind the start of the vertical stress
change acceleration, which was probably because that the stress meters are more sensitive
than the convergence meters. Actually, because the complexity of the calibration process
of the stress meters (BPF), the measured magr iude of the vertical stress change is
relatively less reliable than that of the closure change. Therefore, the obtained change
pattern of the vertical stress is believed to be more meaningful than its absolute valuc.
Both developments experienced closure of 1 in (2.5 cm) at the tailgatc entries. However,
track entries at development 7 and development 8 experienced significant closure of 4 in
(10.2 cm) and 10 in (25.4 cm) during the first face passage, respectively. The closure data
indicated that the roof at development 7 tilted towards the gob when the first face arrived
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and collapsed when the second face was 500 ft (150 m) inby. The tailgate side of the roof
at development 8 showed the uniform closure of 1 in (2.54 cm) and remained relatively
stable until the second face approached very close; then it sank with the gob when the
second face passed. This provided the indirect confirmation that development 7 abutment
pillars failed before the second face arrived, but the abutment pillars at development 8
failed after the second face passed. The significant closure in track entry of development
8 also confirmed the earlier yielding of the headgate yield pillars at development 8.

6.4.3 Pillar dilation
(1) Development 7

The lateral expansion or dilation of ine abutment pillars is also uniform and very
smooth. As shown in figure 6.12, the abutment pillar periphery expanded laterally when
the first face was 200 ft (60 m) inby. The lateral strain increased rapidly during the
passage of the longwall face. The magnitude of the lateral strain increase decreased from
the edge to the center of the abutment pillar, illustrating that the pillar edge experienced

more lateral expansion than the pillar core.

The expansion zone (which has lateral strain over 0.05) was defined by the
significant dilation at 17 ft (5.1 m) of the headgate side, 6 ft (1.8 m) of the crosscut side
and 6 ft (1.8 m) of the tailgate side of the abutment pillar, which also indicated that the
abutment pillar expanded to all directions, with the headgate side expanding most. The
abutment pillar experienced average lateral strain of 0.15 in/in at 2 ft into the pillar and
0.7 in/in at 6 ft into the pillar. Because the lateral strain at 15 ft into the tailgate side and
crosscut side of the abutment pillar have no significant change, the expansion zone or
yield zone can be identified as about 10 ft (3 m) at the both sides of the pillar for the first
face passage. For the similar reason, a 20 ft (6 m) yield zone at the headgate side of the

abutment can also be identified.

If the previous vertical stress analysis first indicated the existence of the expansion
zone around the abutment pillar by the vertical stress decrease zone, then the results of
the lateral strain analysis directly identified its existence and thickness. The rapid increase
of the pillar lateral deformation stopped when the face was 800 ft (180 m) outby. Then,
the lateral deformation remained almost stable at least until the second face was 1000 ft
(300 m) inby (not presented in the figure 6.12) and after that it was unavailable because
of the deteriorated condition at the instrument line. The lateral strain at a depth of 15 ft
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into the crosscut side of the abutment pillar (figure 6.12. (C)) did show an increase after
the first face was 500 ft (150 m) outby, signifying the initiation of the edge failure
extending into the pillar core.

Less dilation was found at the taiigate side than the other sides of the abutment pillar,
which is consistent with the intuition that the abutment pillar would expand more to the
gob (headgate side) than to the intact panel (tailgate side).

(2) Development 8

The lateral deformation pattern of the abutment pillar at the development 8 is also
very similar to that at development 7. As shown in figurc 6.13 (A) and (B), the lateral
deformation at the tailgate side and crosscut side of the abutment pillar increased rapidly
after the first face was about 200 ft (60 1) inby, then remained stable until the second
face was 200 ft (60 m) inby. After that, the lateral deformation accelerated again. The
lateral strain at the headgate side (figure 6.13 (C)) accelerated to infinity during the
passage of the first face, this also confirmed the earlier failure of the headgate side of the
abutment pillar at development 8. A 10 ft (3 m) expansion zone can also be identificd

around the abutment pillar at development 8.

The abutment pillar experienced lateral strain 0.1 in/in at 2 ft (0.3 m) into the pillar
and 0.05 in/in at 6 ft (1.8 m) into the pillar at both the crosscut side and tailgate side.
However, the lateral strain at 15 ft (4.5 m) into the crosscut side and tailgate side of the
abutment pillar remained minimal until the second face was 200 ft (60 m) inby. This
indicated that the tailgate side of the development remained in relatively good condition

at least until the second face was very close.

The extensometer at the headgate side of the abutment pillar only recorded the first
dilation acceleration which appeared to be going to infinity. The extensometers at the
tailgate side and crosscut side both picked up the first and the second acceleration of the
lateral deformation. The pick up of the second acceleration occurring when the second
face was 200 ft (60 m) inby was apparently because of the improved situation at the

tailgate side of the development 8.
(3) Analysis

The results showed that longwall face did not affect the pillar dilation until the face
was very close. The abutment pillars expanded in all directions with the headgate side
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experiencing the biggest dilation when the faces were approaching. A 10 ft yield zone
was identified for the abutment pillars at both developments. The abutment pillar at
development 8 dilated less than that at development 7. The tailgate side expansion zone
of the abutment pillar in development 8 remained below 15 ft even when the second face
was very close. Therefore, compared with the development 7, the tailgate of development

8 was in better condition.

6.4.4 Horizontal stress change

The horizontal stress change was only measured at the tailgate side of the abutment

pillars for both developments,
(1) Development 7

Figure 6.14 (A) shows that the horizontal stress change started accelerating when the
first face was 300 ft (90 m) inby. The horizontal stress at 8 ft into the abutment pillar
reached peak 5500 psi (37.9 MPa) when the first face was 500 ft outby and then
decreased and remained at 4000 psi (27.6 MPa) until the second face was 1000 ft inby.
The horizontal stress change at 28 ft into the abutment pillar reached peak when the first
face was 1000 ft (300 m) outby and then declined when the second face was 1000 ft inby.

(2) Development 8

Figure 6.14 (B) is the horizontal stress change of the tailgate side of the abutment
pillar at development 8. The horizontal stress change first accelerated when the first face
was 700 ft (210 m) inby. The horizontal stress change at 7.5 ft into the abutment pillar
peaked at 4500 psi (31 MPa) when the first face was 700 ft (210 m) outby and remained
at 4000 psi (27.6 MPa) until the second face was 1000 ft inby. After that it decreased.
However, the horizontal stress change at 30 ft into the abutment pillar accelerated to 3000
psi (20.7 MPa) and remained constant until the second face was 1000 ft inby. It
accelerated again until the second face passed.

(3) Analysis

The acceleration of the horizontal stress is the indication that the vertical stress was
still not beyond the ultimate strength of the material. Therefore, the decrease of the
horizontal stress which occurred at the abutment pillar core of development 7, when the
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second face was 3000 ft inby, suggested that the failure of the abutment pillar started
before the arrival of the second face. Whereas, the second acceleration of the horizontal
stress change at the abutment pillar core of development 8 revealed that the abutment
pillar was still not totally failed when the second face was passing. This is consistent with
the closure data and vertical stress change data discussed in previous sections.

6.5 Summary of the analysis

The advance of the longwall face only affects the behavior of the specific sections of
the entries and pillars when the face is within a very close range of the sections. Out cf
this range, the change of the stress and deformation of the section was minimal. For VP
No. 3 Mine discussed above, the range is about 800 ft (240 m) inby and outby the specific
monitoring section. The stress was felt earlier than the deformation which suggested a
delayed plastic deformation of the pillars, The averaged vertical stress change is in the
range of 3900 to 6200 psi (26.9 to 42.7 MPa) for abutment pillars, and 4200 to 4500 psi
(29 to 31 MPa) for yield pillars.

For development 7, when the first face came into the range, the vertical stress of the
abutment pillar increased rapidly. The tailgate entry, smoke free entry, abutment and track
entry experienced closure of 1 to 4 in (2.5 to 10.2 cm), and headgate entry experienced 8
in (20.3 cm) closure, showing that the roof tilted to the coming gob. The headgate yield
pillar and the 10 ft (3 m) periphery zone of the abutment pillar yielded when the first face
was in the line with the pillars, indicated by the earlier decline of the vertical stress and
horizontal stress, and the significant dilation. The stress increase in the core of the
abutment pillar continued until the first face was 500 ft (150 m) outby, but the closure
increase continued until the first face was 1000 ft (300 m) outby. After that, the vertical
stress in the abutment pillar fluctuated with the sharp change in magnitude, showing the
fracture failure in the pillar. However, the entry convergence and pillar dilation did not
change until the second face was 500 ft (150 m) inby, suggesting the abutment pillar still
maintained its integrity until the second face was close. The final collapse of the abutment
pillar was further confirmed by the pillar bump when the second face was 500 ft (150 m)
inby.

For development 8, the behavior of the entries and pillars was similar to that at
development 7 when the first face came within range. The 10 ft (3 m) yield zone was also
observed with the arrival of the first face. However, the failure of the headgate side of the
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abutment pillar when the face was in the line with the pillar was clearly shown by the
different change patterns between the headgate side and tailgate side of the abutment
pillar. The vertical stress at the headgate side of the abutment pillar dropped after the first
face passed, accompanied by the acceleration of the dilation and the significant closure at
the track entry (10 in or 25.4 cm). However, the tailgate entry, smoke free entry and
abutment pillar only showed 1 in (2.5 cm) uniform closure. High vertical stress and low
convergence at the tailgate side of the abutment pillar continued until the second face was
very close, showing that the abutment pillar was still in good condition until that time.
The vertical stress change and horizontal stress change even accelerated during the
second face passage. This is a clear evidence that the final failure of the abutment pillar
did not occur until the second face passed, which improved the stability of the tailgate
entry significantly. Actually, the abutment pillar did not bump until the second face was
500 ft outby, which directly confirmed that the final collapse of the abutment occurred
after the second face passage. The vertical stress change in the headgate yield pillar
remained small suggesting that the yielding of the yicld headgate pillar may occur long
hefore the arrival of the first face.

Clearly, the chain pillar design at development 8 is much better than that at
development 7. The obtained data showed that the shift of the development 7 design to
the development 8 design improved the conditions in the tailgate side of the development
8. The stress change and deformation change were also more uniform and more
consistent in the development 8. The abutment pillars did not bump until the second face
was 500 ft (150 m) outby the pillars. The face bump problem was also climinated.



Chapter 7

FIELD SIMULATION

The field data and analysis indicated that the design of the chain pillars in
development 8 improved the entry and pillar stability. In this section, the mechanism of
the chain pillar behavior in both the developments was investigated by the numerical back
analysis in conjunction with the local mine stiffness concept. The numerical model was
built on the results of the geotechnical interpretation and analysis in chapter 6. The field
simulation also serves as a demonstration of evaluation of the chain pillar design by the
application of the local mine stiffness approach suggested in chapters 4 and 5.

7.1 Fitting criteria

The field conditions for the study areas are summarized as: the longwall mining
configurations as shown as study area 1 in figure 5.2, under 1900 ft (570 m) overburden,
and as shown as study area 2 in figure 5.3, under 2000 ft (600 m) overburden, with an
overburden stress of 1.1 psi/ft (24.9 kPa/m) for both areas; the Young's modulus for coal
is about one tenth that of the surrounding strata. The numerical model built for the mine
should perform as close as possible to the real material and generate the results which are
closc to the field measured results. To set up the numerical model, the results of the field

monitoring program were summarized and simplified as follows:
(1) For both developments 7 and 8:

a. A 10 ft yield zone existed around the peripheries of the pillars and the panels, in
which no significant stress change occurs;

b. The maximum vertical stress in the pillars and the panels is in the range of 6000
psi (41.4 MPa).

(2) For development 7:

a.  The convergence was 6 to 8 in (12.7 to 20.3 cm) at the headgate entry, 4 in (10.2
cm) at the track entry and 2 in (5.1 cm) at the tailgate entry;
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b. The abutment pillars fully failed after the second face was 1000 to 500 ft (300 to
150 m) in by;

c. The yield pillars in the headgate side yielded when the first face was in the line
with the pillars, and the yield pillars in the tailgate side yield when the face was
300 ft (90 m) outby.

(3) For development 8:

a. The convergence was 10 to 16 in (25.4 to 40.6 cm) at the track entry and | in
(2.5 cm) at the tailgate entry;

b. The abutment pillars failed after the second face was 500 ft outby;

c. The headgate vield pillars yielded to the development load.

7.2 Model setup

The building of the numerical model includes setting up the mine model mesh and
modifying the material parameters to fit the above criteria derived from the analysis
results of the field data.

7.2.1 Mine model mesh

The mining of panel 6, panel 7 and panel 8 are simulated in two cases. The first
simulation case is intended to fit the results from the study area | at development 7,
during mining of panel 6 and panel 7, with the overburden 1900 ft (570 m). The fine
mesh (10x10 ft element or 3x3 m) includes the study area of development 7 as shown in
figure 7.1, which covers the rectangular area of the length of 1000 ft (300 m) and the
width of 850 ft (255 m). The coarse mesh (50x50 ft element or 15x15 m) covers the
rectangular area of 2500x2000 ft (750600 m) which includes panel 6, panel 7 and the
parts of panel 5 and pane:! 8 as shown in figure 7.1, with the panel width of 600 ft (180 m)
and the simulated panel leng:h of 2000 ft ( 600 m). Panel 5 was assumed to be a mined-
out area and filled with gob material. The panel 8 remained unmined throughout the
mining of panel 6 and 7. The field analysis indicated that the range of the affected zone is
about 800 ft (240 m) to the specific pillar. Therefore, the boundary of the coarse mesh,
which is £1000 ft (300 m)to the pillar A in the middle of the mesh, assured that the whole
of the affected zone was included in the model.
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The mining was simulated in 13 mining steps as indicated in figure 7.1. The pillar-
entry system consists of the abutment pillars 80x80 ft (24x24 m) and the yield pillars 30
%80 ft (9x24 m) with the entry width fixed at 20 ft (6 m), which gives the total width of
220 ft (66 m) for the pillar-entry system. The configuration of the model is very close to
the pillar and entry configuration of development 7. The number of the coarse mesh
elements totaled 2000, from which 20x17 were further divided into 8500 fine mesh

elements.

The second case simulates the reaction of the study area 2 located in deveiopmcnl 8,
during mining of panel 7 and panel 8. The overburden was assumed to be 2000 ft (600
m). The coarse mesh has a pattern similar to that in case 1, figure 7.1, except that the
mesh was shiftcd to the south 1o include panel 6, panel 7, panel 8 and panel 9, as shown
in figure 7.2. The pillar-entry system in the fine mesh consists of 120x180 ft (36x54 m)
size abutment pillars, sided with the 20x80 ft (6x24 m) parallclogram shaped yicld
pillars, which is close to the configuration of the study area in development 8.

The detailed mesh configurations for both developments can be found in B.4 and B.5
of appendix B, respectively.

7.2.2 Model fitting and modification

Initially, the coal material model, which was originally derived by Heasley (1991)
from the Olga Mine, USA, was examined to find out if it was suitable (o the No. 3 Mine.
The Olga Mine is extracting Pocahontas No. 4 seam which was about 60 {t (18 m) above
the Poachontas No. 3 seam of VP No. 3 Mine. The geological conditions of the two
mines are almost identical except the overburden depth and seam thickness. Both mincs

had experienced coal bumps.

Heasley's material model consists of four strengths of coal which are correlated with
the location of the element in respect to a free surface, as shown in figure 7.3. The
surrounding strata was assumed to be elastic with 2 Young's modulus 750000 psi (5171.3
MPa) and Poisson's ratio 0.25. The coal has the initial elastic modulus of 60000 psi
(413.7 MPa) and the coal strength gradually falls to a residual strength after a specific
peak strength is reached. The "external” coal material is located on the edge of the pillar
and the peak and residual strength increases progressively toward the "core” material in

the center of the pillar as shown in figure 7.4 (A).
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Planc view of the fine mesh for a square pillar with different strength properties based on
the location of the element to a free surface.

The "external" coal has the lowest strength and behaves more like a brittle material
under the uniaxial compression, which drops its loading capacity immediately and only
maintained a limited residual strength after the ultimate strength of the "external" coal is
reached. This layer of coal is intended to simulate the periphery of the pillar which
showed considerable fracture and yielding after the pillar was formed. To simulate the
coal in the core of the pillar, the "core” coal is assigned the highest strength. The core coal
behaves more like a ductile material because of the obvious triaxial compressive stress
conditions. The "core” coal retains the most of its initial strength even after the ultimate
load, with considerable plastic deformation. The "interior" and "central” coals have the

strength in between the two extremes (exterior and core), as shown in figure 7.4 (A).

Assuming the surrounding siltstone strata kas Young's modulus 690000 psi (4757.6
MPa), which is still about 10 times of the elastic modulus for coal, and Poisson's ratio
0.25, the results obtained from the application of Heasley's model properties to VP No. 3
mine immediately showed that Heasley's model led to an excessive convergence in the
entries, and very weak abutment pillars which failed even before the first panel mining
started. It was thought that the strengths of Heasley's model were too low for the pillars in
VP No. 3 Mine.

Heasley's model properties were then modified extensively, and the results compared
with the field data from the VP No. 3 Mine. The parameters in Heasley's model were
adjusted until the model results corresponded as closely as possible to the observed
convergence and pillar behavior which were summarized in the simplified criteria given
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in the previous section. This process resulted in the modified model propertics presented
in figure 7.4 (B) and table 7.1.
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Figure 7.4

The comparison of the modified model with Heasley's model.

The estimation of the strength of the gob material needs some consideration because
there are fewer studies on the mechanical and physical behavior during gob consolidation.
Most researchers assume a linear elastic property for gob material in their numerica
modeling, with the Young's modulus of about one-hundredth to one-fifty-seventh of that
of the intact rock. (Maleki, 1990, Peng, 1984, Heasley, 1991 and Park, 1989). The
behavior of gob material will affect the magnitude of the load distribution to the pillars
and the deformation of the entry roof. Because of its loose and time-related consolidation
nature, the assumption of the linear elastic behavior for the gob material is clearly a
simplification due to the lack of the reliable studies. This may lead to eithicr an
underestimate of closure in the initial stage of gob material consolidation, o: an
overestimate of closure in the final stage of the consolidation.
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Table 7.1 The material parameters array EPROP of the modified model.

Mode ] 2 3 4 5 6 10 Comment
l
2 Strain 6300 | 0.105 | 6000 [ 0.155| 0.3 0 | Core coal(A)
softening coal | (psi) (psi)
2 Strain 6250 | 0.104 | 5400 | 0.143 ] 0.3 0 Central
softening coal | (psi) (psi) coal(B)
2 Strain 6200 { 0.103 | 4600 | 0.128 | 0.3 0 { Interior coal
softening coal | (psi) (psi) ©
2 Strain 3000 | 0.05 1300 | 0.06 | 0.3 0 | Exterior coal
softening coal | (psi) (psi) (D)
5 Strain 294 | 27000 | 2090 1 04 0 | Gob material
hardening (pst) (psi) | (psi) (E)
gob
2 Strain 2400 | 0.74 | 2000 | 0.165 | 0.3 0 Pillar and
softening coal | (psi) (psi) entry zone
(F)
2 Strain 6300 | 0.105 | 6000 | 0.155| 0.3 0 | Coarse mesh
softening coal | (psi) (psi) for coal (G)

Zipf (1992) developed an impressive strain hardening gob material model when he
was revising the MULSIM/NL program. The model was specified as type 5 strain
- hardening model in table 4.1, chapter 4. However, he did not specify a typical value for
the initial and final moduli, or a method to derive them. A recent laboratory and field
study (Mark, 1993) on the strain hardening behavior of shale, weak sandstone and strong
sundstone gob materials suggested a simple formula for determination of the tangent
modulus of gob materials. In the study approximate particle size gradations of gob
material was obtained by digitizing photographs of actual mine gob. The gradations were
scaled down to a laboratory scale. Uniaxial compression tests were performed on the
laboratory scale gob material. The obtained formula is an approximation of the laboratory

tests on the man-made gob materials and can be presented as:

E, =O.0018102+9.330'j|-294 (7.1)
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where E, is the tangent modulus and 6 is the the mean uniaxial applied stress on the
material, with the units of psi for both E, and o.

Equation (7.1) indicates that the modulus of the gob material increases with the stress
increase, due to the compacting and consolidation of the gob material with the roof
deforming and caving. It is generally accepted that the maximum load the gob material
can take is the overburden weight. Therefore, the modulus at ¢ = 0 and at ¢ =
overburden stress, will correspond to the initial or final value of the gob material
modulus. For the above reason, the formula (equation 7.1) was used to estimate the
required initial and final moduli for the Zipf's strain hardening model 5, which are
presented in table 7.1 as the gob material model labeled by E.

The model given in table 7.1 was applied to simulate the longwall mining in VP No.
3 mine and the local mine stiffness of the pillar A (refer to figure 7.1 and 7.2) was
calculated throughout the mining of the adjacent panels. The detailed input and output
data for the simulation are included in appendix B.4 and B5. The material parameters for
the local mine stiffness elements (labeled by H, I, J and K in the fine mesh of the model
outputs in appendix B.4 and B.5) in the model are not listed in the table 7.1 because they
are similar to those of the other pillars, except the 10th column of the material parameter
array for the elements has the assigned value 1, instead of the value 0. The strength of the
panel entry zone (labeled by F) in the model was reduced about 50% from the average
strength of the solid coal because of 50% extraction ratio of the zone.

The detailed input parameters and program outputs for both developments 7 and 8
can be found in B.4 and B.5 of appendix B. The vertical stress and closure for selected
mining steps of both developments are included in figures D.13 to D.16 of appendix D.

7.3 Comparison of the model with the observed results

The vertical stress in the abutment pillars and the closure of entries for both
development models are analyzed and compared with the fitting criteria given in section
7.1. Emphasis is on the timing of the yielding of the yield pillars and the failure of the

abutment pillars.
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7.3.1 Development 7

A typical vertical stress distributions of the vertical stress and closure for
development 7 model are presented in figure 7.5 (mining step 3). Similar figures for other
mining steps are included in appendix F (figure F.1 through F.6). Figure 7.5 shows there
is about 2000 psi (13.8 MPa) overburden pressure on the intact seam (figure 7.5 (A)) and
the maximum closure of more that 20 in (5.1 cm) occurred at the center of the gob area

(figure 7.5 (B)).
(1) Vertical stress

The vertical stress, at the cross section of pillar A in figure 7.5, with the face distance
to the pillars is plotted in figure 7.7. It is interesting to compare figure 7.6 with the
corresponding field result figure 6.9 (A). Because the field stress value was measured at
specific points, but the simulated stress value was the average of the 10x10 ft (3x3 m)
block, the fluctuation in figure 6.9 (A) is understandable. Note also that the measured
data are supposed to be the change of the vertical stress. It is clear that the absolute
magnitude of the measured vertical stress change is considerably higher than that of the
simulation. However, the fitting of the absolute magnitude of the vertical stress is not a
major concern because of doubts on BPF calibration of the field absolute stress data
(Campoli, 1993). The values of the measured vertical stress at some points are considered
too high for coal material. Therefore, the emphasis is placed on the simulation of the
trend of the vertical stress change and the pillar behavior. Only the vertical stress change

pattern was dealt with in the following discussion.

Figure 7.6 shows that the advance of the first longwall face from 1000 ft (300 m) in
by to 500 ft (150 m) in by the pillars did not affect the vertical stress of the pillars at cross
section A-A because the vertical stress distribution at 1000 ft (not in the figure) exactly
duplicated that at 500 ft; the abutment pillar is still in good shape when the first face was
in the line with the pillar (see also figure 7.5); the vertical stress built up around the
abutment pillar edge when the first face was passing the pillars, and the core part of the
pillar gradually failed as the face passed away from the outby 500 ft position. This
behavior is very comparable to the field result (refer to figure 5.7 (A) and (B)).

(2) Closure

The entry closures of the simulated results at cross section of pillar A are presented
in figure 7.7. Note that mining steps 3 and 9 correspond to the first face and the second
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3D vertical stress and closure for development 7 model at mining step 3.
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face being in the line with the monitoring pillar line, respectively. Agzin, similar to figure
6.10 (A) and (B), the effect of the first face advance on the abutment pillar occurred when
the face was in the 500 ft (150 m, mining step 2) range from the abutment pillar; the tilt
of the entry roof strata to the gob is also obvious. The magnitude (2 to 12 in or 5.1 to 30.5
cm from tailgate to headgate) of the closure in the panel entries is also in the range of the
measured data range (2 to 8 in or 5.1 to 20.3 cm from tailgate to headgate).

(3) Failure of pillars

The failure of the yield pillars and abutment pillar are also consistent with the field
results. Figures 7.6 and 7.7 show that the edges of pillars apparently yield to the
development load in the simulation. The result in figure 6.6 indicates that the headgate
yield pillar fell to iis residual strength whe1 the first face was in the line with the pillar
(also compare figures F.1 and F.2 in appendix F); the tailgate yield pillar yielded when
the first face was 500 ft (150 m) outby the pillar; the failure of the abutment pillar started
when the first face was 500 ft outby (refer to figures F.2 and F.3 in appendix F); the
abutment pillar only retained its residual strength after the second face was 500 ft in by
(mining step 6, also compare figures F.4 and F.5 in appendix F).

7.3.2 Development 8

A typical three dimensional presentation of the vertical stress and the closure in
development 8 is shown in figure 7.8 (mining step 9). Figure F.8 through I.15 in
appendix F show the similar figures for selected mining steps.

(1) Vertical stress

Figure 7.9 shows the cross section vicw of the simulated vertical stress at line A-A of
development 8. This figure also compares well with the field data in figure 6.9 (A). The
stress first peaked around the boundary of the abutment pillar. With the failure of the
highly stressed part of the pillar, the peak migrated into the pillar core. The abutment
pillar and the edge of the second panel sustained the substantial loads even after the
second face came very close, which protected the tailgate and smoke free entries from

excessive closure.
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(A) 3D vertical stress distribution at mining step 9
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3D vertical stress and closure for development 8 model at mining step 9.
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Cross section view of vertical stress at line A-A of the development 8 model.
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Closure of entries at cross section A-A of the development 8 model.
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(2) Closure

As shown in figure 7.10, the closure of 9 in (22.9 cm) and 12 in (30.5 cm) in the
track and headgate of development 8 is very similar to that of development 7, which is
also very comparable to the field measured result of 10 in (25.4 cm) in track entry. The
closure in the smoke free and tailgate entries remained at 2 in (5.1 cm) level through the
passage of the first face and until the second face was very close (100 ft or 30 m in by,
mining step 8). The closure accelerations and their timing are also consistent with the

field measured data.
(3) Failure of pillars

As shown by figure 7.9, the headgate and tailgate yield pillars both yield very early to
the development load. Figure 7.8 also shows that the abutment pillar was still in good
shape when the second face was in the line with the pillar (also refer to figure 7.10), and
did not fail until the second face was 500 ft (150 m) outby (compare figure F.9 through
F.13 in appendix F). These are also consistent with the geotechnical interpretation of the

field result in the previous chapter.

7.3.3 Summary

The patterns of the change in the measured vertical stress were demonstrated by the
simulated model. The simulated closures in the headgate, track, smoke free and tailgate
entries are comparable with the field data for both developments. The timing of the
simulated yield and abutment pillars in both developments are also consistent with the
geotechnical interpretation of the field measured results.

7.4 Local mine stiffness analysis

The comparison of the simulated results with the simplified field results suggested
that the field reaction of the panel entries and pillars in development 7 and development 8
can be simulated reasonably well by the model developed in the previous sections.
Therefore, this model can be used for the further stability study based on the stress-strain
analysis and the local mine stiffness concept.



7.4.1 Development 7
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The relation between the average stress, average strain and local mine stiffness of the

abutment pillar in development 7 to the advance of the longwall face (represented by the

mining step number) is presented in figure 7.11.
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Figure 7.11

Simulation result for development 7 model.

Although the three dimensional presentation of the vertical stress and closure of the
development 7 clearly showed that the vertical stress and vertical deformation of the
abutment pillars are non-uniform across the pillars, it is still surprising to find from figure
7.7 that how well the averaged vertical stress and strain across the pillars can represent
the whole picture of the loading and deformation process of the abutment pillars.
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It is seen from figure 7.11 that the deformation and loading of the abutment pillar is
smooth except at mining steps 3, 4 and 9. Mining steps 3 and 9 correspond to the first
face and the second face being in the line with the pillar, respectively. Mining step 4 is
the position where the first face was 500 ft (150 m) outby the pillar. Clearly, the face
being in the line with the pillar affected the behavior of the pillar significantly. The effect
was represented by the jump of the deformation and vertical stress. The abutment pillar
remained elastic during the first three mining steps, then the signs of failure of the
abutment pillar emerged. The pillar apparently failed (decrease of the vertical stress) after
mining step 4 and the failure process continued until mining step 7. After that, the pillar
only retained its residual strength and deformed without any further loss of its loading

capacity.

It will be noticed that although the arrival of the first face (mining step 3) caused the
most significant load change in the pillar, the biggest local mine stiffness drop (absolute
value) occurred at mining step 4. Because the pillar was still in an elastic condition at
mining step 3 and obviously reached its ultimate strength at mining step 4 when the pillar
entered its post-failure region, the greatest change in the local mine stiffness at mining
step 4 implies that the failure of the pillar affected the local mine stiffness significantly in
this case. This phenomena was also observed in the local mine stiffness analysis in
chapter 4. Note that although the determination of the local mine stiffness for a specific
pillar or:ly depends on the other pillars around the pillar, not on the pillar itself, the effect
of the specific pillar on its local mine stiffness appeared because the pillars that were
close to the specific pillar also had the same shape, the same material property and a very
similar loading and deformation status as the specific pillar, i.e., the adjacent pillars may
have failed at the same time as the specific pillar, which may lead to the coincidence of
the pillar failure and its minimum local mine stiffness.

Figure 7.11 (D) shows that after reaching its minimum (absolute value) at mining
step 4, the local mine stiffness gradually rebounded with further mining. The rebound of
the local mine stiffness after the piliar totally yielded is believed to be related to the
readjustment of the roof because of the failure of the pillar.

Because the least values (absolute value) of the local stiffness occurred at mining
steps 4 ( 31463 psi), 5 (31861 psi) and 6 (32004 psi), a logical prediction for the pillar
bumps would be also correspond to the three mining steps. The post-failure stiffness of
the abutment pillar was estimated by the power function approximation presented by
equation (4.7) in chapter 4. With an initial elastic Young's modulus 60000 psi (413.7
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MPa) and the width/height ratio 13.7, the estimated post-failure pillar stiffness would be
15620 psi (107.7 MPa). Because the local mine stiffness was greater than the estimated
post-failure pillar stiffness (absolute value), a pillar bump was excluded theoretically.
However, the extreme value of the local mine stiffness does suggest that if there were any
unusual conditions (such as the irregularity in geology or in composition of the pillar
leading to underestimation of the post-failure stiffness of the pillar), the most likely time
for the pillar to bump would be between mining step 4 and mining step 6. The pillar
actually bumped when the second face was 500 ft in by the pillar, which corresponds to
mining step 6 in the simulation. On the other hand, some field data (appendix E.6 and
E.7) indicated that for very wide pillars (W/H > 9), the post-failure stiffness is still close
to its initial elastic modulus. This will put the post-failure stiffness of the abutment pillar
in development 7 in the range of the local mine stiffness. Therefore, the pillar bump in
development 7 can not be excluded.

7.4.2 " ‘evelopment 8

As shown in figure 7.12, the stress and strain of the abutment pillars in development 8 are
much smoother than that in development 7. The average stress and strain increased with
mining step number. The pillar reached its ultimate strength after the mining step 12
when the second face was 500 ft (150 m) outby. The mining steps 3 and 4 had most

significant stress increases.

The local mine stiffness change is shown in figure 7.12 (D). The accuracy of the obtained
local mine stiffness was checked by increasing the perturbation displacement from
previous 0.1 in (0.254 cm) to 1 in (2.54 cm), while maintaining the stress convergence
level at 0.01 psi (69 Pa). The increased perturbation result shows a small improvement of
the local mine stiffness, which confirmed that the convergence error is not significant.
However, the discussion below is still based on the 1 in perturbation result.

The local mine stiffness showed that the first significant decrease (absolute valuc)
corresponded to the passage of the first face (mining step 3). The second significant
change of the local mine stiffness occurred after mining step 6, which is the position
when the second face was 500 ft in by. The local mine stiffness continued to decrease and
reached its minimum 19866 psi (137 MPa) at mining step 9 when the second face was in
the line with the pillar. After that, the local mine stiffness value had a small rebound from
the minimum and remained at the lower level (20200 psi or 139.3 MPa) there after. It is
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evident that a possible pillar bump could occur at mining step 9 and its following mining
steps, if only the role of the local mine stiffness is considered. However, because the
pillar entered its post-failure region after mining step 12, the most likely timing for the
abutment pillar to bump would be mining step 12, when the second face was 500 ft (150
m) outby the pillar, and its following mining steps. This conclusion coincides with the
field observed result that the abutment pillars in development 8 continued to bump after

the second face was 500 ft outby.
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Simulation result of development 8 model.

It is worthwhile noting that, unlike the abutment pillar in development 7, the timing
when the local mine stiffness reached its minimum did not correspond to the time when
the pillar entered its post-failure region in development 8. The reason for this is that the
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local mine stiffness depends on the behavior of other pillars in the panel. Although the
pillar may still be in its pre-failure region, the other pillars ncar by may have already
entered their post-failure region, which may lead to the lowest value of the local mine
stiffness for the non-failed pillar. This partially illustrates the fact that a pillar bump does
not necessarily occur at the time when the local mine stiffness reaches its minimum,
because the pillar may be still in its pre-failure region at that time.

7.4.3 Comparison of the two developments

The necessary condition for a pillar to bump is that the pillar must be in its post-
failure region. This condition combined with the second condition that the post-failurc
stiffness must be equal or greater than the local mine stiffness, makes the necessary and
sufficient conditions for a pillar to bump.

Surprisingly, the local mine stiffness of development 8 is smaller than that of
development 7. This gave the first impression that the abutment pillars in development 8
are more prone to pillar bumps than that in development 7. However, because in
development 8, the abutment pillars entered their post-failure region later and the post-
failure pillar stiffness is also smaller compared to that in development 7, the difference of
the magnitude of the local mine stiffness may not as significant as the difference in the
post-failure pillar stiffness and of the time of entering the post-failure period.

The simulation results showed that the abutment pillars in development 7 are prone
to bump during mining steps 4, 5 and 6. However, the abuiment pillars in development 8
are not going to bump until mining step 12 when the second face was 500 ft (156 m)
outby the pillars. Although the change of the pillar configuration in development 8
reduced the absolute magnitude of the local mine stiffness, it also reduced the post-failure
pillar stiffness according to figure 5.13 and equation (5.1). The improvement of the
condition of the abutment pillars in development 8 is obvious because of the strength
improvement due to the increased pillar dimension.

7.5 Conclusions

The simulation results showed that the numerical model developed in this chapter
simulated the field result reasonably well. Based on the model, the mechanism of the
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pillar bumps which occurred in developments 7 and 8 is demonstrated by the stress-strain

analysis and the local mine stiffness evaluation.

Clearly, the timing for abutment pillars in development 7 to bump is between mining
steps 4 and 6, during which the pillar is in its post filure region and its local mine
stiffness is at its Jowest level; the timing for the abutment pillar in development § to

bump is at or after mining step 12 for the same reason.

The most efficient way to eliminate pillar bumps during face passage is to increase
the pillar dimension. Although the local mine stiffness evaluation will give the most
likely pillar bump timing. the exact bump prediction is still not possible because of the
difficulty in determination of the post-failure stiffness of pillars in the field.



Chapter 8

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
RESEARCH

8.1 Summary and conclusions

The local mine stiffness for chain pillars is defined by the given uniform
displacement perturbation across the mid-pillar section and its associated average load
difference. The defined local mine stiffness concept was implemented into the
MULSIM/NL displacement discontinuity boundary element program to evaluate the
stability of the chain pillars in longwall panels under the bump-prone conditions. The
computer program was verified by comparing an available analytical solution and
modeling results based on an clastic model. A series of parametric numerical studies were
performed to examine the significance of the geological and geometric change of the

seam. strata and longwall panel on the local mine stiffness defined above.

In particular. the following contributions are made to stability evaluation in longwall
chain pillar design:

(1)  This is the first implementation of the whole pillar perturbation concept into a
three dimensional  displacement discontinuity  boundary program for the

determination of the local mine stiffness.

(2) This is the first comprehensive examination of the effect of the pillar
configuration. strata stiffness. pillar strain softening behavior and longwall face

advance on the local mine stiffness defined in the thesis.

(3) This is also the first case study and three dimensional model simulation
incorporated with the local mine stiffness estimation to evaluate the stability of
a longwall mine with different pillar configurations which experienced serious
pillar bumps problems, and to demonstrate the application of the local mine
stiffness evaluation process developed in the thesis.

The following conclusions were drawn from the examination on the local mine

stiffness:
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For a pillar location in the elastic model:

(1) The local mine stiffness decreases with the face advance and the biggest
decrease of the local mine stiffness occurs when the face is close to or in the

line with the pillar.

(2) The magnitude of the local mine stiffness drops because of the passage of the
longwall face is significantly lower than that of the strain-softening model.

For a pillar location in a strain-softening coal model:

(1) The magnitude of the local mine stiffness drop increases with the increase of

the overburden.

(2) The local mine stiffness decreases with the face advance and the significant
decrease of the local mine stiffness occurs when the face is close to or in line
with the pillar; the biggest local stiffness drop occurs when the pillar has failed

or is close to failure.

(3) The modulus of the surrounding strata dominates the magnitude of the local
mine stiffness but the longwall face advance also has a significant effect; the
brittle coal has greater local mine stiffness drop than the soft coal because of
the earlier failure and lower residual strength of the brittle coal.

(4)  The pillars along the panel entry behave similarly, but the pillars across panel
entries may behave differently, as far as strain, stress and local mine stiffness
are concerned. This suggests that only the stability of one row of pillars (i.e. a
headgate pillar, a tailgate pillar and the pillar in between) needs to be evaluated
instead of all the pillars in the longwall panels.

(5) The headgate pillars have the least bump potential and the center pillars have
the biggest bump potential, if they have the same size; in a combination system
of yield pillars and abutment pillars, the headgate abutment pillar design is the
best because it experiences the least local mine stiffness reduction after the
excavation of the second panel.

The available post-failure pillar stiffness data from field and laboratory tests were
collected and analyzed, from which an approximate power function relationship for the
post-failure pillar stiffness and the pillar width/height ratio was derived. This power
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function defines the upper boundary of the post-failure pillar stiffness in the range of the
available data. Beyond this range of the data, the post-failure pillar stiffness can also be
estimated crudely by the function. However, the estimation beyond the data range may
not necessarily be the upper boundary of the post-failure pillar stiffness.

Based on the results of the parametric studies on the local mine stiffness and analysis
of the post-failure pillar stiffness, a methodology of the chain pillar design in the bump
prone coal beds was proposed as follows:

(1) The numerical model is first built according to the initial design and the results
of site investigation and testing. The model is fine-tuned by fitting the
calculated stress and deformation to the measured stress and deformation. The
calculated stress and deformation should agree with the measured stress and
deformation throughout the panel extraction, or agree with the estimated results
from the experience if the measured results are not available.

(2) Then, the local mine stiffness at the sites of interest (which should be the sites
close to the face) are calculated through all the mining steps. Only one row of
pillars across the section of the entries needs to be considered.

(3) Finally, the calculated local mine stiffness of a specific pillar is compared to
the estimated post-failure stiffness of the pillar. To avoid pillar bumps, the
local stiffness should be higher than the estimated post-failure stiffness through
the panel excavation. Dimensions of the pillars and configurations of the pillars
in the panel can be varied to control the time when the local mine stiffness
approaches the post-failure stiffness, thus the time and place of the pillar
bumps can be controlled in case the bumps cannot be avoided.

The application of the local mines stiffness evaluation and pillar design methodology
were demonstrated by a numerical back analysis. To set up the numerical model for the
back analysis, the field data of VP No. 3 mine collected by the US Bureau of Mines were
subjected to a geomechanical interpretation and analysis, which resulted in a guideline for
the setting up of the numerical displacement discontinuity boundary element model.

The behavior of the two different longwall developments during the excavation of
the adjacent panels, were simulated by the numerical model. The pillar behavior and the
pillar bump mechanism in the two developments was well demonstrated by the stress-
strain analysis and the local mine stiffness evaluation based on the derived numerical
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model. The following conclusions were drawn from the model simulation and the local

mine stiffness evaluation;

(1)  The behavior of chain pillars in longwall panels can be simulated reasonably
well by the numerical model which is based on the field measurement or

estimate;

(2) The timing and location of the potential pillar bumps can be predicted by the
numerical stress-strain analysis and the local mine stiffriess evaluation.

(3) The pillar bumps in longwall mining may be unavoidable because of the close
gap between the local mine stiffness and the post-failure pillar stiffness;
However, the timing of the potential pillar bumps can be delayed and the bump
location can be isolated by increasing the pillar dimension.

8.2 Recommendations for further research

The simulation of the field mining and the calculation of the local mine stiffness for a
longwall panel ofter. involves great numbers of fine mesh elements (in the 100x100
order) and coarse mesh elements (in the 50x50 order). With the Gauss-Seidel iteration,
there is no problem with the solution convergence speed ‘when there are only the elastic
elements or when the nonlinear elements are still in the elastic range in the model. When
the nonlinear behavior occurs (strain-softening for coal or strain-hardening for gob), the
solution convergence slows down considerably. The solution for one mining step at
yielding stage may take more than 30 hours CPU time for a IBM RS/6000-220
workstation or a Sun Sparc workstation (IPX), or 10 hours for a IBM RS/6000-550. It is
especially painful when the model is still in the modification stage, because the frequent
adjustments of the input parameters and frequent checks of the results are essential at this
stage. The time constraints of the computer CPU is also the main reason that prevented
author from a more detailed study of the post-failure pillar stiffness and from "best
fitting" the field results. Therefore, it is recommended here that a faster workstaion will
be more practical for future numerical simulations of the longwall mining and
calculations of the local mine stiffness.

It is also clear that more studies are needed to derive or to measure the post-failure
pillar stiffness, especially for the wide or squat pillars with width/height ratio beyond 9. It
is felt that there are some available field data which need close examination for the
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possibility of deriving the post-failure stiffness for wide pillars. On the other hand., it is
possible for the numerical model to give an estimate of the average post-failure pillar
stiffness at a specific mining step by specifying another small mining step (advancing the
longwall face a very short distance). However, this process will complicate the input file
and will double the computing time and input work. The examinaiion of the significance
of the small mining step on the post-failure pillar stiffness is also needed before the
implementation can be made.

To compensate for the effect of lack of latera! confinement between elements in the
displacement discontinuity model, the input strength parameters for the elements of a
pillar are changed according to the distance of the elements from the free surface. This
not only makes the input more complex but leads to a greater difficulty in model fitting; it
also delays the solution convergence significantly. The results from fitting the model to
the field data indicated that specifing a strength increase with the distance to the free
surface may not be necessary because, if this is not done, the final results showed little
difference. Therefore, it is thought that the material model might be further simplified by
using fewer material types without changing the overall conclusions.

Although the MULSIM/NL and its modified local mine stiffness version can handle
the seams with different inclinations, all studies and the conclusions drawn in this thesis
concern only the horizontal or very flat strata. The shear behavior of the inclined seams
on the local mine stiffness is not examined in the thesis. The effect of the original
horizontal stress and the angle of the inclination of the strata on the local mine stiffness
have to be studied before the local mine stiffness concept defined in the thesis, and the
proposed pillar design methodology, can be applied to the inclined seams.
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Appendix A

CONCEPT OF DISPLACEMENT DISCONTINUITY THEORY

A.1 Assumptions

(1)  For relatively deep mining, the inelastic behavior is confined to the immediate
vicinity of the excavation and the mass rock beyond the vicinity behaves

elastically;

(2) Workings are sufficiently deep, that the influence of irregular surface can be

neglected;

(3) Compared to the transverse dimensions, the scam has negligible thickness t, so

that it can be treated as a plane.

A.2 Definitions

The origin of local coordinate system is located in the seam as shown by figure A.1.
The bottom of the plane is defined by z = 0_ and the top of the plane is defined by z = 0,.

Let u. v and w be the displacements along x, y and z axes. The displacements will be
continuous elsewhere, except across the plane z = 0. The relative displacements between

z=0_and z= 0, are defined as:

S, =u_-u,
S, =v_-v, (A1)

S, =w_—-w,

Horizontal relative movements S, and S, are called rides. The vertical relative

movement S, is called closure.
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Figure A.1

Coordinate axes of the seam.

A.3 Boundary conditions
The mining area is defined by domain A, which can be further specified as:

(1) Unmined area

<
ol,=E;;‘ c =G_-t¢ . =C

(A2)

where E, - compression modulus of the seam:
G, - shear modulus ¢f the seam;
t - thickness of the seam.
(2) Mined-out area

It there is no contact between the roof and the floor, the induced forces on the roof
and the floor will balance the primitive forces. Therefore, the resultant forces are zero on

the planes, i.e.

c,=-P o, =-P c =-P (A.3)

12 24 Az xz ¥z ¥z

where P,,, P, and P, are primitive stresses relative to the seam plane.
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A.4 Mathematical solution

The solution of this problem can be expressed in the terms of three harmonic
functions ¢,, ¢, and ¢, (Salamon, 1963, 1964), i.e.

u=2(l—p.)a¢' 2“‘) a¢1 @_

oz az
v=2(1~ u) ¢ —(1- 2;1)8‘1)1 Bd) (A4)
dy ay
&)cj)1 dad, 9o, o0
1 —_— Yy O
w=2(1- il)a +( 211)(a +ay) 23
where
_30, 30, 30, ;
¢—8 8y dz (A-3)

and [ is Poisson's ratio for the rock mass.

If G is the shear modulus for rock mass, then acce:xding to Hook's law the stresses
corresponding to these displacements are

am 2 90, 00, 90, _ 9%
= +2 2
O ZG[ E)xaz oM dydz ta-25s dy’ “ox i
a ¢1 5 9%, 3’9, 2’0, '
= -2
O 2G[ 8 0z T2 0x0z tU-2m5s ox? ayﬁl
a 0, 9’
=26(%% -
O ( 0z° 9z’

o, =261 0, 2 20 % 00

* 0z’ dy dy ox axazl
2 2

a ay o ayaz]

d a¢| 34)2 azq)a _ azq)
o, =2G[(1- u)a (a += ) (1- l»l)a oy axa]

(A.6)
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The problem is to find the three harmonic functions ¢,, ¢, and ¢, which satisfy the
boundary conditions (A.2) and (A.3). Salamon (1963, 1964) has provided the three

harmonic functions as

U \Y w
b=—— by=—— Oy=—— (A.7)

r r r
where, U, V and W are constants which are defined later and r is the distance from
point (§ , 1, 0) in the seam where displacement discontinuities S, S, and S, occur to any
other point (x ,y ,z) in the seam or in the surrounding rock mass where displacements and

stresses are sought.

r=y(x=E +(y-n)' +2

Solutions ¢,, ¢, and ¢, satisfy the following conditions:

[[s.dxdy = j [8,dxdy = [[s.dxdy =0 (A.8)
A A A

When point (X, y, z) in domain A does not include point (§ , 1, 0),i.e. x 2 &, y %1 or
zz20in A;

and

[['8.dxdy = ~8ru(1-p)

A

[[3,dxdy = -8mv(1-p) (A.9)

A

[[8.dxdy = ~8nW(1 -p)

A

when point (x, y, z) in domain A does include point (£ ,m, 0),i.e. x =&, y=m and z
=0inA.
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A.S Discretizing the seam

ki-th square

th 56 2a
midpoint (é.n-O)/,\///x/ 777 2a
Y, L7
seam
ij-th square
midpoint /x,y,0)
Figure A.2

Discretizing the seam plane.,

Divide the seam plane z=0 into a large numbers of squares in such way that the ij-th
square is the ith along y-axis and the jth along the x-axis, as shown in figie A2, Let (S,
);» (S,);~ and (8,), be the average rides and closure components over the ij-th squarc which
has width of 2a; let (5,,); , (0,,), and (C,); are average stress components over the ij-th
square. For ki-th square on the seam plane z=0, the three harmonic functions are:

q)l— az(sx)kl - az(sy)kl

—_ az(sz)kl
Coar(l-wr 7 2m(l-p)r & (A.10)

*Toan(l-pr

where, U, V and W have been substituted by equations from (A.9) as

HASdi_ S,(2a)) S’
sn(l-p)  8m(l-p)  2m(1—p)
S.a’
“2n(i—p)

S,a’
“2n(i—pn)

(A.11)

where (€ , 1, 0) is the midpoint of the kl-th square and (x, y, 0) is the midpoint of ij-
th square. Substitute (A.10) into equations (A.5) and (A.6), the average stresses over the
ij-th square are (from equation (A.6)):
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(czz )u = aljkl (Sz )kl
(0,.),; = (@4 — Kby (S —udy (S, )y (A.12)
(0,,); =@y —Meu XS, )y —1d, (S,)y

where a,,,, by, ¢, and d,;, are derivatives of the harmonic functions according to
equation (A.6). Therefore, they also are the functions of midpoint coordinates of ij-th
square and kl-th square and elastic properties of surround rock mass.

If rides and closure take place at all the squares (such as k from 1 to n, and 1 from 1
to m) in seam, then the stresses at ij-th square will be the summation of the contribution

from all the squares, i.e.

(0.0, = 2 23S,
k=1 I=I
(0,); = z (2 — Mbyy XS, ) — l-lz z i (S (A.13)
k=i I=] k=1 1=1
(6,,),= (2 = MCy )(Sy )y — uz z A (S
k=1 1=1 k=1 1=1
Equations (13) can be written in a matrix form as
C, = k,jk,Skl (A.14)
k=1 =1
where
(0,,), a0~ Heyy _udijkl 0 (S, )i
GU = (G)'I)Ij kl_lkl = —udijkl aijkl _!“lbijkl 0 Su = (S))u (A°15)
(0,.), 0 0 A (8,);
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It is obvious that there are 3xmxn equations in (A.14), in which there are 6xmxn

unknowns. Another 3xmxn equations are needed to solve the whole problem. These
equations come from boundary conditions (A.2) and (A.3).

A.6 Application of boundary conditions

Substitute equations (A.2) and (A.3) into equation (A.14), there will be only 3xmxn
equations and 3xmxn unknowns, which is as follows:

(1) ij-th square is mined:

Py = Zkijklskl (A.16)
k=l 1=l
where
—(sz)lj
P, =1 -(P,), (A.17)
-(P.),

are the primitive stresses. [he equation (A.16) is the application of equation (A.3).

(2) ij-th square is unmined:

Dijsu = kuklskl (A.18)
k=1 I=!
where
D"j =[Ei 9.5. _G_S:I (A.I())
t t t

The equation (A.18) is simply the application of equation (A.2).

The method of Gauss-Seidel successive over-relaxation is applicd to equations
(A.16) and (A.18) o solve for the displacement discontinuities over squares.



Appendix B
PROGRAM INPUT PARAMETERS AND OUTPUT FOR THE MODELS

The format of the input file for the modified MULSIM/NL program for local mine
stiffness calculation is same as the original input format for MULSIM/NL (refer to Zipf
(1992b and 1992c) for detailed input format), except the magnitude of the perturbation
displacement should be given immediately following the first input record (Young's
modulus and Poisson's ratio for strata and the number of seams). The letter "A" through
"K" in the fine and coarse output meshes of the following sections represent one of the
six types of materials provided by MULSIM/NL program. The number "1" in the fine
meshes represents the excavated elements and "0" in coarse meshes represents the fine

mesh zone.

B.1 Test clastic model

Two entries with one row of pillars (80x80 ft)

IN THE FOLLOWING X,Y,Z REFER TO GLOBAL AXES OR COORDINATES
AND X1,X2,X3 OR 1,2,3 REFER TO LOCAL AXES OR COORDINATES.

ROCK MASS PROPERTIES

POISSONS RATIOQ -- 0.25
MODULUS OF ELASTICITY -- 900000.00
NO. OF SEAMS .- i

NO. OF MATERIALS -- 5
PERTURBATION DSPL == 0.0100

IN-SEAM MATERIAL PROPERTIES
VALID MATERIAL PROPERTY CODES ARE:
01 2ABCDEFGHIJKLMNOPQRSTUVWXY?Z

MATERIAL NUMBER 1 (A)

LINEAR ELASTIC COAL 1.0
YOUNGS MODULUS 0.50000E+06
SHEAR MODULUS 0.21700E+06
MATERIAL NUMBER 2 (B)

LINEAR ELASTIC GOB 6,0
YOUNGS MODULUS 0.50000E+04
SHEAR MODULUS 0.17900E+04
GOB HEIGHT FACTOR 0.10000E+01
MATERIAL NUMBER 3 (C)

LINEAR ELASTIC COAL 1.0
YOUNGS MODULUS 0.27500E+06
SHEAR MODULUS 0.11900E+06
MATERIAL NUMBER 4 (D)

ELASTIC PLASTIC CCAL 3.00000
PEAK STRESS 0.50000E+03

PEAK STRAIN 0.25000E-02



PLASTIC MODULUS 0.00000E+00
POISSONS RATIO 0.30000E+00
MATERIAL NUMBER 5 (E)

LINEAR ELASTIC COAL 1.0
YOUNGS MODULUS 0.50000E+06
SHEAR MODULUS 0.21700E+06

PRIMITIVE STRESS PARAMETERS

PRIMITIVE STRESSES ARE GIVEN AS
PXX = 0.0000 0.0458 * 2
PXY = 0.0000 0.0000 * 2
PXZ = 0.0000 0.0000 * 2
PYY = 0.0000 0.0458 * 2
PYZ = 0.0000 0.0000 * 2
P2Z = 0.0000 0.0917 *z
MOLEL CONTROL AND MODEL DATA
NO. OF PARALLEL SEAMS

WIDTH OF BLOCKS

NO. OF BLOCKXS ALONG X AXIS
NO. OF BLOCKS ALONG Y AXIS

NUMBER OF OFF-SEAM PLANES SELECTED
STARTING BLOCK X-AXIS

FINE
FINE
FINE

MESH
MESH ENDING
MESH

FINE MESH ENDING

GLOBAL COORDINATES OF LOCAL ORIGINS AND SEAM THICKNESSES
2 THICKNESS
-6000.00 72.00

SEAM

DIRECTION COSINES OF LOCAL SEAM AXES WITH RESPECT TO THE GLOBAL AXES

NO.

1 0.00

BLOCK X-AXIS

STARTING BLOCK Y-AXIS

BLOCK Y-AXIS

Y
0.00

-- 1
-- 600.00
-- 50
-- 32
-- 0
-- 16
- 31
-- ]
-- 24

EN(1,¥) = 1.00000 EN(2,X) = 0.00000 EN(3,X)
EN(1l,Y) = 0.00000 EN(2,Y) = 1.00000 EN(3,Y)
EN(1,2) = 0.00000 EN(2,2) = 0.00000 EN(3,2)
PROGRAM FLOW CONTROL PARAMETERS

OVER RELAXATION FACTOR 1.35

MAXIMUYM NO, OF ITERATIONS SPECIFIED 200
STRESS CONVERGENCE CRITERION 0.10000E-02

STARTING MINING STEP NUMBER 1

NUMBER OF NEW STEPS 7

PRIMITIVE STRESSES AT LOCAL SEAM ORIGINS

SEAM

1

STRES
PXDX
PYDX
PZDZ
PXDY
PYDY
PZDY

TIME

TIME

MINING STEP NUMBER

# ps?

PSY

Psz

0.0000E+00 0.0000E+00 0.5502E+03

S GRADIENTS

| U I O 1

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

LI ]

TO READ, CALCULATE AND PRINT BASIC PARAMETERS =

TO CALCULATE INFLUENCE COEFFICIENTS =

= 1 FINE MESH SEAM NUMBER = 1

0 SECONDS

0.00000
0.00000
1.00000

0 SECOHND3
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ARAARAARARRAPARARAARARAARRARARANAAL 1 ARARAAAAL 1 ARRAARRAARARARAARARRARAARAAARARARA

ARAANAAARAAAAAAARRAAAAAAAAAAAAARAAL 1111111111 1AARARAARRARAAAAARARAARAARRAAAAAAAA

AARARAAARAARAARRRARARARAARAAAARAAA] 1 ARAAARAA 1 | ARARARAARAARRARRARRARARAARAALARRAR

MINING STEP NUMBER = 1 COARSE MESH SEAM NUMBER = 1

BRHBBRBBRRBBAAAAAAAAAACCCARAARAARAARCCCAAARARAAAAAA
HBRBBHBHRRBBAAAAAAAAAACCCAAARARAARAACC hARAAAAAAAAA
AAAAAAAAAACCCAARAAAARAACCCARAAAARRAAAR
BREBRBBBBRRBAAAAARAAAACCCAAAAAAAAAACCCARRANARRARAL
AAAAAAAAAACCCARARARAARAACCCAAARAARAARAA
BREBBBBHBBRBAAAAAAAAARCCCAARAAARAARCCCANAAAAALAAAR
BBBBBBBBBABBAAAAAAAAAACCCAARAAAAAAACTCAAAARRARAAAR
BHBBHBBBRBRBAAAAAAARAATCCARAAAARARACCC
RRBBBBBBRBBRAAARCO0000000000000AARACCCAAAAARRAARAA
RBRRBEBRBRBHRAARCCICO0COU00 0000 UAAAACCCAARAAARRARAS
RBRBABRBBBBRAAACOUOUC Q00 0000000AAAA TCCAAAARAAARAAR
BRBUERBRBBRBARADO00000000000000AAAACCCARAARAAARAAA
BRBBBRBRARRBAAACODIOCODO0CGD0000AARACCCARRAAAAARRAR
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BBBBBBBBBBBBAAA0OODOOGC000000000AAAACCCAAAARAAAARRA
BBBBBRBBBBBBAAAD000000000000000AAAACCCAAARAAAAAANA
BBBBBBBBBBBBAAAOOO00J0000000000AAAACCCARAAAAAAARAA
BBBBBRBBBBBBAAAOOOG000C00000000AAARCCCAAARARARARAA
BBSBBBBEBBBBBBAAAC0O0000000000000AAAACCCARARAAAAAANA
BBBBBRBBBBBBAAA00C0000000000000AAARCCCARARAAARARAA
BBBBBBBBBBBBAAA0000000000000000ARAACCCAAAAARAAARAR
BBBBBBBBBEBBAAA00OO0C0000000000AAAACCCAAAAAAAAALAR
BBBBBBBBBBBBAAA0000000000000000AAAACCCAAAAAAAARRAA
BBBBBBBBBBBBAAA0000000000000000ARAACCCAAARAAARAAAS,
BBBBRBBBBBBBAAA0000000000000000AAAACCCAAAAAAAAAANA
BBBBBBBBBBBBAAAAAAAAAACCCAAAAARAAAACCCAAAAAANAAARA
BBBBBBRBBBBBAAAAAAAAAACCCAAAAAAAAARACCCARAARARAAAAA
BBBBBBBBBBBBAAAAAAAAAACCCAAAAAAARARCCCARAARAARAAAAR
BBBBBBBBBBBBAAAAAAAAAACCCAAAAAAARARCCCAAAAAAAAARAAR
BBBBBBBBBBBBAAAAAAAAARCCCAAAAARAAAACCCAAAARARARAAR
BBBBBBBBBRBBAAAAAAAAAACCCAAAAAAARAACCCAARAAAAAAAAR
BBBDBBBBBBBBAAAARAAAAACCCAAARAAARAACCCAAAARARAAAAA
BBBBBBBBBBBBAAAARAAAAACCCAAARAAAARACCCAAAAARAAAAAA

TIME TO READ, PRINT AND CONVERT MATERIAL PROPERTIES

FOR THIS MINING STEP = 0 SECONDS

SOLUTION PROGRESS FOR MINING STEP NUMBER =

iteration number = 1 ermaxb =
iteration number = 2 ermaxb =
iteration number = 3 ermaxb =
iteration number = 4 ermaxb =
iteration number = 5 ermaxb =
iteration number = 6 ermaxb =
iteration number = 7 ermaxb =
iteration number = 8 ermaxb =
iteration number = 9 ermaxb =
iteration number = 10 ermaxb =
iteration number = Il ermaxb =
iteration number = 12 ermaxb =
iteration number = 13 ermaxb =
iteration number = 14 ermaxb =
itcration number = 15 ermaxb =
itecation number = 16 ermaxb =

0.1676E+01
0.8452E+00
0.4203E+00
0.1995E+00
0.8934E-01
0.3713E-01
0.1383E-01
0.4723E-02
0.1350E-02
0.3894E-03
0.1416E-03
0.4940E-04
0.2179E-04
0.9596E-05
0.4148E-05
0.1814E-05

ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe

TIME TO SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINING

MINING STEP NUMBER = 1
NUMBER OF ITERATIONS TO SOLVE = 16

MAXIMUM ERROR IN THE BLOCK DISPLACEMENTS = 0.181E-05

MAXIMUM ERROR IN THE ELEMENTS DISPLAC

EMENTS =

0.272E-06

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINIKNG

TIME TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS
ON OFF-SEAM PLANES DURING THIS MINING STEP =

iteration number = 1 ermaxb =
iteration number = 2 ermarb =
iteration number = 3 ermazb =
iteration number = 4 ermazxb =
iteration number = 5 ermaxb =
iteration number = € ermaxb =
iteration number = 7 ermaxb =
iteration number = 8 ermarb =
iteration number = 9 ermaxb =
iteration number = 10 ermaxb =
iteration number = 11 ermaxb =

0.9850E-06
0.3738E-05
0.1613E-05
0.6761E-06
0.2994E-06
0.1335E-06
0.574€E-07
0.2291E-07
0.8114E~08
0.2473E-08
0.6952E-09

0 SECONDS

ermare
ermaxe
ermare
ermare
ermaxe
ermaxe
ermaze
ermare
ermaxre
ermare
ermaxze

TIME TO SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINING

MINING STEP NUMBER = 1
NUMBER OF ITERATIONS TO SOLVE = 11

MAXIMUM ERROPR IN THE BLOCK DISPLACEMENTS =

0.€95E-09

0.3446E+00
0.1659E+00
0.4966E-01
0.1335E-01
0.7398E-02
0.2065E-02
0.8891E-03
0.3349E 03
0..292E-03
0.5531E-04
0.2184E-04
0.9082E-05
0.3545E-05
0.1315E-05
0.5905E-06
0.2719E-06

a0 n R8N

STEP = 0 SECONDS

ECOND

%]

STEP = 0

(

0.4273E-02
0.1566E-02
0.3766E-03
0.1138E-03
0.6152E-04
0.1687E-04
0.922%E-09
0.3081E-05
0.1386E-05
0.5123E-06
0.2120E-0€

LS S U I T T )

STEP = 0 SECONDS3
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MAZIMUM ERROP. IN THE ELEMENTS DISPLACEMENTS = 0.212E-06

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING STEP

TIME TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS
ON OFF-~SEAM PLANES DURING THIS MINING STEP = 0 SECONDS

MINING STEP NUMBER = 2 FINE MESH SEAM NUMBER = 1

BBBAK 8BBBHEB BBBI 1AAAAARAAL 1 AAAAAARAAAAAAARAARAARARAARAAARAARA
1AARAAAAAL | AAAARAAAAAAAARARAAAAARARAPRARAARAR
UBBHBHBBBBMHHBBBBHBBBBBBBBBBDBBBBBI 1ARAAAAAAL 1 AAAAAAAAAAAAAAARAAAARAARARAARARARR
11AAAAAAAA] IAAARAARAAAAAAARAARAARARAARARARAARA
BBBBBB111111111111AAAAAAAARRAARAAARAARAARAARARAAARRRA
BBHBRBBBBBRRBBBBBBBBBBBEBBBBBBBRBEB111111111111ARARAAAAAAAAAAAAAARARAARARARAARAAR
BBBHBBBBERBBUBBBRBBUNBRBRBBBEBERBB] | AAAAAAAA] L ARAAAARAAAAARAARAAAARAARAAARAARAARA
BB BB11AAAAARAA] I AARAAAAARRAARARARAARARARARAAAARAAR
BLBBHRBBBBBBBABRBBBBBBBBBBBBBBBBBBBE1 1 AAAAAAAAL 1 AAAAAAARARAAAAARAAAAAARRARARAARARA
BRBBRBBBBBPRBBERBABBEBBBBBBBRRBBEE] 1AAAAAAAA] 1 AAAAAAAAAAPAAAARARAARAARARAAAAARAA
BH BB BBBBBBBB] 1 AAAAAAAAL 1 AAAAAAAAAAAAARAARRARARAAARARAAAAAR
BHPBBBBHBBBEBBBBBBBBBBBBBBBEEBBBBB1 1AAAAAAAAL 1 ARARAAAAAAAAAAAAAARARARARARRARARARA
BBBBRBBBRBEBBBAPBBUBBBBBBBBBBBBBBAB] 1AAARAAAA]  ANAAAAAAARAARAAAAARAARAAAARARAAAAR
BHBBBBBRBBNBHBRRBABBBBBBBEBBBREBBB ] 1 AAAAAAAAL 1 ARRAAAARARARAAAAAAAAARARAARARAARAAR
REBBABBBRBBPBEBBBRBRYEBRBBBBEBBRBB111111111111AAAAAAARARARAARARAAAARAAARARAARARA
Bl BB111111111111AAAARARARARARRARAARRARRAARRAAARAAAR
BBBBBB11AAARAAAAL I AAAAAAAAARAAAAAAAAAAARRRARARARAARA
liBlllleDBBBBBBBBBBBBBBBBBBBBBBBBBBBl 1AARAARAR] 1 ARARAAAAAAAAAAARAARAARAAARAAARRARRA
1

t BBBBB1 1AAAAAAAA] 1 AAAAAAARAAARAAAAAAAANARRARRRARARAL

1AAAAARAAL
BBUHEB 111111111111AAARAARRRRAARRARAAAAAAARARARARARAA
BBBBBRAB 111111111111A/AAARARARAARAAARARARAARAARARARAAR

1
BBBUBBBHBBBBBBEBBBRBRBBBBABBBBBBBB] 1 AAAAARAAL | AAAARAAARAAARAAARARAARARAARAARAAARR
BBRBRRBBBBRRBBRPBREBBBEBRBBBBBBBBBB 1 | ARAAAAAR] 1 AAARAAAAAARAAARARAAAARARARAAARARAR
BBBHHEB 11AAAAAARAL 1 ARAARAARARRARAAARAAAARRAARRAARAARAR
BBBBBBBBE1 1 ANAAAAARL 1 AAARAAARRARAAAARARAAARARARARRRAARAR
BBBBBBBABBBBEBBBRBBBBBBBREBBPBBBBBB11AAARAALA] 1 AAAAAAARAARAAARARAAARARAARAAARARAR
BREBPRNBBLBRBBBBBEBBBEBEBBBBEBBBEB1 1 AAAAAAAAL 1 AAAARAARARAARAARAARARRARAAAAARARAR

BY BBBBBPB11AAAAAAAAL 1 AARARARAAAARAARAARAAARARAAARRAAAAR
BI BBBBBB111111111111AARAARAF ARARAARARARARAARRAAARRARAA
BBBBBB111111111111AAAAAARAARAARAARARRAAAAAARRARAAARA

PBEHBURR f 11EEEEEEEE ] 1AAAARAAAAARARRAARARRAAARRAARAARARRA
B BBBBBBBE1 1EEEEEEEE] l ARARARRAAAAAAARARAAARARARRAARRRIAR

BBHBBBRBBEBBBHBBBBBRBBEBBBBBBBBBBB] 1 EEEEEEEE 1 1 AAARAAARAARAAAAARAAARAARARAAARARNA
BHAE 11EEEEEEEE 11 AAARAARARRAAARAARAAAAAAAAARARRRRAAR
ARARAAAARAARAARARARAAAAAARAARAAAAAZL 1EEEEEEEE ] 1AAARAAARARARARRAARAAAAAARARARRRRAS
AAARAARAARAAAANARAAARAAAAAAARAAARA L L EEEEEEEE ] LAAAAARRAAARAARARAARRAARARRAARRAARR
ARAAAARAAAAAAAAAAANARARAARAAARAARA] | EEEEEEEE] 1 AAAARAARRRAARAAARARRRARAAAARAALALR
ARAARRMARRARANABARAARAARRAAARARAAA ] 1 LEEEEELE ] | AAMMAARARARRRARAIARAARARRARRAAAIILA
ARAAARRAARAARRAMAAAAAAAAAAAARAARALL 1111111111 1ARAARARAARARARRARARARRARRARRARIARAL

AAARAARARAAAT 11ARARAAAAL 1 ARARAARAARAAARARARARAARARRARARARAA
AAAAARAARAARAA] 1AAAAARAAL 1ARAARAAAAAAARAARARAAARAARAAARAARAA
ARARMAARARMAARAAARAARAAANAARAAAAAAAL 111111111 1 JAAAAAARARARARAAAAARARRAAAARAAAARLA
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MINING STEP NUMBER = 2 COARSE MESH SEAM NUMBER = 1

BBBBBBBRBBBBRBBBBBEBBBC CCAAAAARAAAACCCARAAAAAAAARA
BBBBRBBBBBBRBBBBBBEBBBCCCAAAAAAAAAACCCARAARAAAAAAAA
BBBBRBBRBBBBBBBRBRRBRBCCCAAAAARAARACCCAAAARARARAAA

BB CCAAAAAAAAARCCCAAARAAARAARR
BBBBBRBBBBBRBRBBBBBRBBCCCAAAAAAAAAACCCAAAAAAAAAAAR
BBBBBBRBBRBBBBBBBBBBRBCCCAAAAAAAAARCCCARAARAAAANAA
BBBEBBPBBBBBBRBBBBBBBBBCCCAAAAAAAAAACCCARAAAARRS ARA
BBBBEBBBBBBBBBBBBBBBBBCCCAAARAARAAACCCAAAAAAAANARA
BBBBBBABBBBBBBB0O000000000000000AAAACCCARAAARAL AAAR
BBEBBBBBBBBBBBB0000000000000000AARACCCAAAAAAN \AAAA
BBBBBBBBBBBBBBB0000000000000000AAARACCCAAAALAAARAAR
BBBBBREBBBBRBEBBR0000000000000000AAAACCCARAARARARAAA
BBBBBBBBBBBBBBB0000000000000000AAAACCCARAAAAARRAAR
BBBBBBEBBBBBBBB0000009000000000AAAACCCAAAAAAAAARAR
BBBBBBBBBBBBBBB0000000000C00000AAAACCCAAAAAARAAAAAA
BBBBBBBBBBBBBBB0O000000000000000AAAACCCAAAAAARRAAAAR
BBBBBBBBBBBBAAAOOCO000000000000AAAACCCARARAARAAARA
BBBBBBBBBBBBAAA0000000000000000AAAACCCAAARAAAAAAAA
BBBBBBBRBBBBBAAA0000CO0000000000AAAACCCARAAARARAARA
BBBBBBBBBBBBAAA00OC000000000000AAAACCCAAAAAAAARAAR
BBBBBBBBBBBBAAAGO00000000000000ARAACCCARAAAAAAAAAR
BBBBBBEBBBBBBAAA0000000000000000ARAACCCARARAARARAAAR
BBBBBBBBBBBBAAA0000000000000000AAAACCCAARAAARRAARA
BBBBBBBBEBBBAAAO0O0D00000000000AAAACCCARAAAAARRARA
BBRBBBBBBBBBAAAAAAAAAACCCAAAAAAAAAACCCAAARAAARAAAA
BBHUBBBBBBBBBAAAAAAARAACCCAARAAAAAAACCCAAAARAAAANAR
BBBBBBBBBBBBAAAAAAAAAACCCAAAAAARAAACCCAARAAAAAAAAR
BBBBBBBBBRBEBAAAAAAAAAACCCAAARAAAAAACCCAAAAAARAAAAR
BBBBBBP“PBBBAAAAAAAAAA"«"AAAAAAAAAACCCAAAAAAAAAAAA

BBBBBBQBBBBBAAAAAAAAAAC CAAAAARAAAACCCAAARAAANAARA

TIME TO READ, PRINT AND CONVERT MATERIAL PROPERTIES

FOR THIS MINING STEP = 0 SECONDS

SOLUTION PROGRESS FOR MINING STEP NUMBER =

iteration number = 1 ermaxb =
iteration number = 2 ermaxb =
iteration number = 3 ermaxb =
iteration number = 4q ermaxb =
iteration number = 5 ermaxb =
itera*’ ion number = 6 ermaxb =
itroration number = 7 ermaxb =
iterstion nunber = 8 ermaxb =
iteration number = 9 ermaxb =
iteration number = 10 ermazb =
iteration number = 11 ermaxb =
iteration number = 12 ermarb =
iteration number = 13 ermazb =
iteration number = 14 ermaxb =
iteration number = 15 ermaxzxb =
iteration number = 16 ermaxb =
iteration number = 17 ermaxb =
iteration number = 18 ermaxb =
iteration number = 19 ermaxb =
iteration number = 20 ermaxb =
iteraticn numbe: - 21 ermaxb =
iteration numb:: ¥ 72 ermazb =
iteration nume¥ = 23 ermaxb =
iteration anr s 2 ermaxb =
steration nu bav 25 ermaxb =
iteraticn uae .. 2 26 ermaxb =
iteraticn rumber = 27 ermaxb =
iteration number = 28 ermaxb =
1teration number = 29 ermaxb =
iteration number = 30 ermazb =
iteration number = 31 ermaxb =
iteration number = 32 ermarxb =
iteration number = 33 ermarxb =
iteration number = 34 ermaxb =
iteration number = 35 ermaxh =
iteration number = 36 ermaxb =
iteration number = 37 ermazb =
iteration number = 38 ermarb =
iteration number = 39 ermarzb =
iteration number = 40 ermaxb =
iteration number = 41 ermarxb =
iteration number = 2 ermaxb =

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
.7245E-02
0.
0.
0.
.241%E-02
0.
0.
.104%E-02

0

0

0

0.
c.
.4538E-03

0

0.
0.
.1961E-03
0.
0.
.B459E-04
G.
0.
0.
.2753E-04
.2079E-04
0.
0.
0.
0.
.5104E-05

0

0

0
0

0

1773E+01
9345E+00
4612E+00
2238E+00
1526E+00
1113E+00
8325E~01
6236E-01
4753E-01
3640E-01
2787E-01
2133E-01
1631E-01
1246E-01
9508E-02

5514E-02
4191E-02
3183E-02

1830E-02
1386E-02

7937E-03
©9003E-03

3430E-03
2594E-03

1482E-03
1120E-03

6390E-04
4827E-04
3645E-04

1570E-04
118€E-04
8952E-05
€760E-05

ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermare
ermaxe
ermaxe
ermare
ermaxe
ermare
ermare
ermaxe
ermaze
ermaxe
ermaxe
ermare
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaze
ermaze
ermaxe
ermare
ermare
ermarxe
ermar.e
ermare
ermaxe
ermazZe
ermarze
ermaze
ermaze
ermaze

(LA L S | N N T2 I '}

rouon

[T A I O 1}

WenouoR o onon

naononorR B #N N

LI ]

0.1287E401
0.1144E+01
0.6345E+00
0.4051E+00
0,3018BE+00
2256E+00
.1759E+00
L1353E+00
.1053E+00
.B8147E-01
255E-01
.4781E-01
.3642E-01
L2779E-01
.212BE-01
1624E-01
.1237E-01
.9403E-02
LT137E-02
.5411E-02
.4099E-02
.3102E-02
.2347E-02
.1775E-02
.1341E-02
.1014E-02
.7€60E-03
.5787E-03
4371E-03
.3301E-03
.2493E-07%
.1883E-03
.1422E-03
0.1074E-0%
0.8108E-04
0.6122E~04
0.4€23E-04
0.3490E-04
0.2635E~04
0.1990E-04
0.1502E-04
0.1134E-04

[=lejoRajejeNelooloNolofooNolololaNaloNoloNaNeNoNolleNel
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Mining step 3 through 7

.

iteration number = 43 ermaxb = 0.3854E-05 ermaxe
iteration number = 44 ermazbh = 0.2910E-05 ermaxe
iteration number = 45 ermaxb = 0.2197E-05 ermaxe
iteration number =« 46 ermaxb = 0.1659E-05 ermaxe
iteration number = 47 ermaxb = 0.1253E-05 ermaxe
iteration number = 48 ermaxb = 0.9458E-06 ermaxe
iteration number = 49 ermaxb = 0.7141E-06€ ermare
iteration number = 50 ermaxb = 0.53%1E-06 ermaxe

TIME TO SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINING

MINING STEP NUMBER = 2

NUMBER OF ITERATIONS TO SOLVE = 50
MAXIMUM ERROR IN THE BLOCK DISPLACEMENTS = 0.539E-06
MAXIMUM ERROR IN THE ELEMENTS DISPLACEMENTS = 0.120E-05

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING

TIME TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS

ON OFF-SEAM PLANE3 DURING THIS MINING STEP = 0 SECONDS

iteration number = 1 ermaxb = 0.1010E-05 ermaxe
iteration number = 2 ermaxb = 0.9605E-05 ermaxe
iteration number = 3 ermaxb = 0.4536E-05 ermaxe
iteration number = 4 ermaxb = 0.3194E-05 ermaxe
iteration number = 5 ermaxb = 0.2532E-05 ermaxe
iteration number = € ermaxb = 0.2187E-05 ermaxe
iteration number = 7 ermaxb = 0.1877E-05 ermaxe
iteration number = 8 ermaxb = 0.1600E-05 ermaxe
iteration number = 9 ermaxb = 0.1352E-05 ermaxe
iteration number = 10 ermaxb = 0.1132E-05 ermaxe
iteration number = 11 ermarb = 0.9378BE-06 ermaxe
iteration number = 12 ermaxb = 0.7695E-06 ermaxe
itera ion number = 13 ermaxb = 0.6253E-06 ermaxe
iter.iion number = 14 ermaxb = 0.5034E-06 ermaxe
iteration number = 15 exrmaxb = 0.4016E-06 ermaxe

TIME TO SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINING

MINING STHP NUMBER = 2

NUMEER OF ITERATION3 TO SOLVE = 15

MAXIMUM ERROR IN THE BLOCK DISPLACEMENTS = 0.402E-06
MAXIMUM ERROR IN THE ELEMENTS DISPLACEMENTS = 0.115E-05

“IME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING

TIME TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS
ON OFF-SEAM PLANES DURING THIS MINING STEP = 0 SECONDS

were omitted

Local mine stiffness result:

Step No, Ptd dspl Rsd stress Plr modulus LMS Plr dspl
1 0.01000 810.827 500000.000 0.000
1 0.01¢0¢ 805.422 500000.C00 -53316.15¢
2 0.01000C 1034.401 500000.000 0.000
2 0.01000 1027.119 500000.000 -52434.176

0.8565E-0¢
0.6467E-05
0.4883E-05
0.3687E-05
0.2784E-05
0.2102E-05
0.1587E-05
0.1198E-05

W uwnnana

STEP = 0 SECONDS

STEP = 0 SECONDS

0.4275E-02
0.1734E-02
0.5983E-03
0.2044E-03
0.8428E-04
0.4180E-04
0.2271E-04
0.1337E-04
0.8750E-05
0.5866E~0S
0.4102E-05
0.2918E-05
0.2090E-0C
0.1525E-05
0.1148E-05

STEP = 0 SECONDS

STEP =

No. of elmts
0.11€67¢ €4
0.12676 64
0.14895 64
0.15895 64

0 SECONDS

149



3 0.01000 1476.833 500000.000 0.000 0.21266 64
3 0.01000 1769.747 500000.000 -51018,642 0.22206 64
q 0.01000 14,39.C63 500000.000 0.000 0.21731 64
4 0.01000 1501.978 500000.000 -51015.920 0.22731 64
5 0.01000 1750.286 500000.000 0.000 0.25204 64
5 0.01000 1743.331 500000.000 -50075,718 0.26204 64
6 0.01000 2153.807 500000.000 0.000 0.31015 64
6 0.01000 2147.061 500000.000 -48572.175 0.32015 64
7 0.01000 2262,.542 500000.000 0.000 0.32581 64
7 0.01000 2255.798 500000.000 -48555.276 0.33581 64

Summary of the result:

Strain Stress LMS
0.16217E~02 0.81083E+03-~0.53316E+05
0.20688E-02 0.10344E+04-0.52434E+405
0.29537E-02 0.14768E+04-0.51019E+05
0.30181E-02 0.15091E+04-0.51016E+05
0.35006E-02 0,17503E+04~0.50076E+05
0.43076E-02 0.2153BE+04-0.48572E+05
0.45251E-02 0,22625E+04~-0.48555E+05

-4

NoUas w0

End of output for elastic model
2 ok ok ok ok ok ok oK ok ok ok Ak %k sk ok ok ok ok 3k ok ok e ok 2k ok ok ok b sk sk sk ok ok 3k ok ok ok ok ok dk sk ok sk ok ok ok k 3Kk ok ok ok ok ok ok ok
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B.2 Modecl with four entrics and three rows of equal size of pillars

Overburden 750 ft (9000 in)

IN THE FOLLOWING X,Y,2 REFER TO GLOBAL AXES OR CO0ORDINATES
AU Z1,7%2,43 Ok 1,2,3 REFER TO LOCAL AZES OF COORDINATES.

KOCK MASS PROPERTIES

I'O15S0NS RATIO - .25
MODULUS OF ELASTICITY -- 145000.00
NO. QF SEAMS -- 1

NO. OF MATERIALS - 5
PERTURBATION DSPL - .0010

IN-SEAM MATERIAL PFRXPERTIES
VALID MATERIAL PROI.ATY CODES ARE:
01 2Ah8CDEFGHIJKLMNOPQRSTUVWXY?Z

MATERIAL NUMBER 1 (A)

STRAIN SOFTENING COAL 2.00000
PELK STRESS .29000F+04
PEAF STRAIN .10000E-01
RESI['!AL STRESS .14500E+04
RESIDUAL STRAIN .15000E-01
POISSONS RATIO .30000E+00
MATERIMAL NUMBER 2 (B)

LINEAR ELASTIC GOB 6.0
YOUNGS MODULUS .29000E+04
SHEAR MODULUS .11600E+04
GOB HEIGHT FACTOR .10000E+01
MATERIAL NUMBER 3 (C)

STRAIN SOFTENING COAL 2.00000
PEAF STRESS .18000E+04
PEAFK STRAIN .10000E-01
RESIDUAL STRES3S .89900E+03
RESIDUAL STRAIN .15000E~01
POIGSONS RATIO .32000E+00
MATERIAL NUMBER 4 (D)

LINEAR ELASTIC COAL 1.0
YOUNGS MoDULU:R .29000E+0¢
SHEAFR MODULUS .11600E+0€
MATERIAL NUMBER 5 (E)

STRAIN SOFTENING COAL 2.00000
FEAK STRESS .29000E+04
PEAK STRAIN .10000E-01
RESIDUAL STRESS .14500E+04
RESINDUAL STRAIN .15000E-01
FOISSONS RATIQ .30000E+00

PRIMITIVE STRESS PARAMETERS

PRIMITIVE STRESSES ARE GIVEN AS
PXY = .0000 .0458 2
PNY = .0000 .0000 2
FNT = .0000 .0000 2
PYY = L0000 (458 -
PYZ = L0000 .0o00 -
Pl = L0000 L0917 *z

MOUED CONTROL AND MODEL DATA

-

NO. OF PARALLEL SEAMS --



WIDTH OF BLOCKS - £0C.00
NO. OF BLOCKS ALONG N AXIS - 49
NO. OF BLOCKS ALONG Y AXIS - 40
NUMBER OF OFF~SEAM PLANES SELECTED - 0
FINE MESH STARTING BLOCK X-AXIS - 17
FINE MESH ENDING BLOCK X-AXIS -- 32
FINE MESH STARTING BLOCK Y-AXIS -- 13
FINE MESH ENDING BLOCK Y-AXIS - 28

GLOBAL COORDINATES OF LOCAL ORIGINS AND SEAM THICKNESSES
SEAM NO. X Y 2 THICKNESS
1 L0 .00 -9000.00 72.00

DIRECTICN COSINES OF LOCAL SEAM AXES WITH RESPECT TO THE GLOBAL AXES

EN(1,X) = 1.00000 EN(2,X) = .00000 EN{3,X) =

EN(1,Y) = .00000 EN(2,Y) = 1.00000 EN(3,Y) =

EN(1,2) = .00000 EN(2,2) = .00C0C EN(3,2) = 1

PROGRAM FLOW CONTROL PARAMETERS

OVER RELAXATION FACTOR 1.35

MAXIMUM NO. OF ITERATIONS SPECIFIED 400

STRESS CONVERGENCE CRITERION .10000E~-03

STARTING MINING STEP NUMBET. 1

NUMBER OF NEW STEPS 13

PRIMITIVE STRESSES AT LOCAL SEAM ORIGING

SEAN # PSi PSY PS2

1 .0000E+D0 .0000E+QD .B253E+03

STRESS GRADIENTS

PXDX = .0000E+00

PYDX = .0000E+00

PZDY = .0000E+00

PADY = .0000E+20

PYDY = .0000E+00

PZDY = .000CE+DC

TIME TC REAL, CALCULATE AND PRINT BASIC PARAMETERS -+ 0

TIME TO CALCULATE INFLUENCE COEFFICIENTS = 0 SECONDS

MINING STEP HWUMBER = 1 FINE MESH SEAM NUMBEF = 1
AM-\F.F«.:MGJ\W RARFE) L ARARALAL LRARRARAL 1AARAARAL L ARARRRERRARARRRRIRARARRRAT &

""""" SARARRA LARARAARL TAAARAAR L LAARARRAL L ARARARARARAARARRRAIARIAA
ARBEARAAAARARRRARAAFSAIAR L L RBARRAL L LARARAS BL VARARRRA L L AARARRARRARAARARRRANAAARA

MAWM#:\:\.‘LW .t‘lzzzn'111.11111111111111wmmmmmmuw1
RRARRG P SMARSFRARRRASALL LEAAARAR ] LARARARAL TRRREARA] L RAARRRARARFARRARARARAARAAT.
ARARRRARAARRARAARAAARARAR] LARRARAA . L RRAARALL LRARRARAL L ARRARF ARARARARRARARAR RIS
AWWMJ\.‘:M‘ REARMARD TRAARARAY L ARRRRAR L L ARRAANRARRAARAAARARARAARAT.

L LARAAARAART LRARARRR L L AARRAAR] LRARRRAARARAAARRRRARRRARES A
WNWMW}\M'\AI YARARAARL TRARRAN ° " RARRARAL L AARAARRRRAIIPARARIRAS DRI G
ARARRARAARARARRIARAS RRAER] LRAARARAY LARRARAA . | BRARAARY VAARAARIARRALAARRRRARARIS .
FRARSEARARAFARARRARAAESAAL L ARARARRY I ARAARRE L L ARRARAA L L ARRRRRFRREFAAIFARRE WRARRET.
BRARAARARAARAPAARBARAAARRL L ARARAAL] IRRARARAT 1 AARARAR] L RRARARRRARARARAARARRRARRIG.
FM‘MWM 11111311300 nnnnlulluwwmuwmwm

WMMM] 1AAAF.AI—.F\‘. LRARARAR L LARARARAL L ARAARARAARAPARRARPPARRANAS.

h’ll‘ 1 VARARARRRF PR ARERIES RAIRFT
RAERFIAL LRERARFRIFFFREFERE GRS
L LRAFARRSAL L RRRFARAL L REARBRRARRAF AR RF DN

.00000
.00000
.00000

SECORLO



ARNANARRINRBRAIARRAARRIAR . L RRAAARRAL L BEARARAAL LAAAANRAL L AARARAAAAALAAAARARARARRARA
AARMAARNARIIABAIIWARIBARE AL L RRABAAA L L ARRRRAR] L RARARRAL )

RRAAIBAIIAIFFASIIIIARAIAE L ) ARRRIAAR T LARARRARL TARARAALL 1 AAARAARAARRAAKL * GARARAARAA
AAARANAANS 11AAAAAAAT L AATAAAAL 1 AARAAAAL 1 AARARRAAAAAAAAAANRARARARAA

ARAARNWFAANBARAARAARARAAAAL1111211111311211123111111111ARAARARARAARARAARAAARRARAR
ARAAAAAARANKAARRAAAAAAAAAT1111311111112011131111111111AAARAANARARARARAARARAAARAR
AARARRMAAAAAMBARARRAARA L L FEEEEEE 1 LARARARAL 1 AAARRAR ] 1APARR ARRAAARAARRAARRARRRAAA
ARAANRARARAARARARARAARARA ) | EEEEEEE) L ARAAAAAL 1 ARARRAAAL 1 AAAAAAAARAARAARRAAARARAAAAR
INARRARARARWARRABAAS BAARIA L L EREEEEE | 1AAAAAAAL L ARAAAARL | RARARARRAAARAAARRARARAARRAA
AAAANRAAAAAARAIAANAAARAAL ) | EEEEEEE ] JARAAAAR]L 1AAARAAAL 1 ARAAARARAARARARRAAAARAAARA
MABRRARAANAARMAIAARAAAAGA ] | EEEEEEE ] JAAARARAY 1ARAAARAL I AARARARARAARAARAARARRAAAAA
ARAARAARARAARARARRRARARAAY 1 EEEEEEE] | AAAAAAAL 1ARAAAAAAR ] 1 ARAJ AARAAAARAARRAAARARARAARR
ANAANARRAAARNAAAARAARAAAA ) | EEEEEEE L 1AAARARAL L ARAAAAA] 1 AAARAAAAARAAARAAAARAARAAARR
ARAARRARARARRAAAAANAAAAALL L EEEEEEE] 1ARAAAAA] L AAARAAAL 1 ARAARAAAARAAAAAAARARAAARAR
ANAAARARARARAARIAAAAAARAAI1111111131111113131111111111AAAARAAARAAARAARRAARARARAA
ARAAAAARAAARARAMAAAAAAARAI1111111111111111111311111111AAARARAAAARAARAARARAAARAAR
AARANNAAARARAAARIARARAAAR

MAAANAAAARAAANARARRAAAAANAL | AAARAAAL L ARANARAL L ARAAAAA | | AAAAAAAAAAARARRRAARARARARR
ARRARARAARAARARALRARRARAR T I RAARRAAT LARANR AL JARAARAAT 1 AAARARAAARARAAAAARRARARARR
AAAPARARARKRAART, iASANARAL LAAARAAAL LARAIG 1\ ] I ARAAAAA] 1 ARAARRAARRARAARRARARARARRA
ARAAAAARRAAAARAARGARASLARRT11111111113213131111121111 1 JAARARAAAAAARARAAAAAAAARAAR
AAARRRARRFRAIIAIARAAG AAPATTIT111111111110131111111111 11 AAAAAAAARRAAARAAAAAARARARR

RAARANAAARRRRARMWAARRAANAIAL | AARAAAAL L ARRAAAA T 1 AAAAAAA) 1 ARARAAARAARAAAAAARRARANARA
ARRARAAARAARRAARAAAARAARR] L ARAAAAAL 1 ARAAAAAL 1 ARRAAAR] 1 AAAARAARRAARARAANAAARNRARR
ANMKAARRARRARAAAARARAAAAAA] I ARAAARA] 1 AAARRAAL 1 RAARRAA] 1 AAARAARAARARAAPAARARANRARA
ARRAAAARARARARAARAARAAAAA] 1 ARAARRA L TAAAARAA] LAAARAAA] 1 AAAARARARAARARARAAAARRRAAR
IARRRAARAAAARARRRARARARR T ) ARARARAT | AAAAAAAL 1ARRAAAR] | ARARAAARARRAARRAAARAARLAAR,
ARARAAARAAARRAAARAARAAAAAL113111113111121111111111) 11 1ARARAARARARAAARARAAARARAAR
AAAAAS RARRARARRRAAS WARARRETTET311111112112111111111111AAARARARARAAARARRAARRAARAA
AARAR BAAANARAAAREARAARART I AARMAAAY LAAA AAAT 1AAARAAA]L 1AAAARAAAARARAARARAAARAAAAR
ARAARI AWIWBARRAWAARRAARARA L L RARRARAT LPARARAAL | ARRAAAARY 1 ARRAAAARAARRAARAAARARRRAAR
ARNABAAARANAARRARARAAARRAL | ARARARAL 1 AARAARAL 1 ARAAAART 1 AAAAARARARAAARRRARAARARAAR
AAAARANAAAAARRRT SARBAAAAR L L RARASAAL LARAAAAAL L ARAARRAL 1 ARARARARARAARAARRRARAAAARRR
ARARARAAAARAARARRARAAAAAR] LAARRAART 1AAARRAAL LAAAARAAL 1AAAARRAAAAAAAARAARRAARARRA
ARAAAARAAAAARARARRANARANAL LAAARARAT 1 ARAAAAAL 1 AAAARAA] 1 ARAAAAARRARARRARAAARAAARKAA
AAAARAARARARARAARAAAAAAAAL L AARAARAL 1ARARAAAL 1AAAAAAAL 1 AARARAAAARARAARRARAAARRAAARA
AARRARARAAAANAARAAAAAAAAAL 1AAAARAAL IAAAAAAAL 1 AAAARAAL 1 ARARRAAAARAARAARRAAARARAAR
AAARAAAAAARAAAARANARARAAAAI1111111211111111111111111111AARAAARARAARAARRAARRRRARAA

AAAAAAAATI111121121111111131111111111AAARARARAAARAAAAAARRARARAL

AARARARAAAAARRAAARARAANAAL L RAAAANAL 1 ARARRAAL | ARRAAAR] | ARRARARARAAARAARRARAAAARNA
MINING STEP NUMBLR = 1 COARSE MESH SEAM NUMBER = 1

HRBRBUBBCCCDOLLOBDDDDDCCCCTCLIDLDDDDDDCCCCCCLODLDD
RBRRBRARCCCLDDLLDDDDDCCCCCTDDDDDDRLDDCCCCCCDDDDLD
BHEBBRERCCCODDLDDDLDRCCCCCCHDDDBDDDDLCCCCCCDDLDI 0
BRUBRBUUCCCLDULDLDDDDCCCCCCOHDLDDDDDDLCCCCCCDLIDDD
BBURBRRBC DLpDDDDD cceppbiphDDLDCCCCCCDD DD
AHRRRBRET LDESLUSEHH WLhpLDDDHCCCCCCHRIN
BHUBHKRRCCDDDLDDDE CopPRLLLLDLDICCCCCCDDILID
BHRBRRBE-CCDOLDDDLDDDCCCCCCDDIDDLLDDDCCCCCCDDDLDD
HBRRABRBRT POPLDLLDDCCCTCCDDDDLDDDIDCCCCCChODDLD
BRBRBEHRCCCDDOLDDLDDLCCCZCCDRDODDLDDDCCCCCCOLDDDE
RARRBBRBCCCDLLBDDDDDDTCCCCCPDDUDDDDDICCCCCCDIDIDT
BBRRUBRRCCCODNDDDDLDIDCS CCCCLDLDDDDIDDCCCCCCDDDID
BBRBBBBRCCCDLLDDOROGLOO0CCA0040G0DDDDDCCCCCCDDDIDD
BURRBRERCCCDLDDDOGOCO00QO00U0 GOLDDLDCCCCCCRDDDNT.
BRERBBBRCCCLDLDDOONOGO00H0G00 0 dDDLDDCTCCCCDDDDID
« BRRARRBCCCDNNDICO00Q0Q000000,7 DDBDDCCCCCCLLDIDD
f < GHRMRRCCCDL DOV 00000000000 DDNLDCCCCCCDDLDIL.

AR HBRRBCCCDDDLDOUGANQA0000000( DDRDDCCCCECODDDD
PERRLRBCCCLDDEDOVOVO0000000000 000 0DDCCCCCCDLDDIT
Rt HRBBBTCCDDDDDOOV000000000000CDDLDDCCCCCCDDDDIL
BRBRBBRBYCCCIDDDDEOACONN0000000CODDDDLCCCCOTDDDDDI
HBHRRBRABRCCCDDDRDOLOC00GO00C000000DIDIDCCCE -~ LOLDDD
BRABHBBRCCCLDDDDOGA000C000000000DIDDDCCCLLCLDDDDD
BRBABBANCCCHDIDDUCOOO0G0000000000DIDDCCCCCCDDDDND
BREBBBBBRCCTDDLLIDA000U0000 000000 DDDDDCCCCCCDDDDID
BBRHBRBBHCCCDDDDODO0O0 Q00000000 000DDDDDTCCCCCDDDDDD
BRHRRBRRCCCPDIDDEOO0OCOMO00GO000DDDDICCCCCCDIDDIT:
BBRBBBRBRCCCDDDDIDOGOQGOCH000L100u0DDDDDCCCCCCLDIDDD
RBBRABRRKCTCLDODDDDODDCSCCTCIDODDDPDDDDCCCCCCUDDDD
BRRBBBRBRCCCDPDDDDIODDCCTCCCDDDIDLDDDCCCCCCDIDDDD
BRFRRRERZCCODDDDLDDDDICCTCIPONDNIDDRLTCCCCCODD O
BRBBABBRCCCPONDDDDDINCTCCCIDDDDN ODDDICCCCCTDDDDID
BRRRRBRBECCLODLDDDDDIDCCCCCL PDLDDINLDDCCLCCCDDIDDD
BBBBBRBRRCCCDODODLLDINCCCCCCDRDDODDDDDCCCCCCRDDDIL
BRABRBFRCCCIDRDDDL WCCTCeppbDDDrRDLTCCCCTDDDOD
BRRRBBRACCCDHDDIDDID I DCCCTCOPDDLDDDDDICCCECCDDDDDT
BUBBHBRBCCCDDDDLDDDLDDOCTCCCINDDDDEDIDCCCCCCDDNDDD
BHRRARBBCCORDDDDDDIDCCCTOCDRRDDDINDDCCCCCCIDLDIT
BUBRBBRIGCCCLITDDDDDIDS COONDDDNDDOCTCCCCDDINDI

SPDDLDDDDDOITEICCPRDTDIDRLDCCOCCTIDDD DT

RRBRERURTCC

TIME TO REAL, PRIRT AND CONVERT MATERIAL PROPERTIES
FOR THIS MINING STEP = 0 32CONDS
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SOLUTION PROGRESS FOR MINING STEP NUMBER = 1

iteration number = 1 ermaxb = .9912E+01 ermaxe = .3173E+01
iteration number = 2 ermaxb = .3415E+01 ermaxe = .1427E+01
iteration number = 3 ermaxb = .1081E+01 ermaxe = .3129E+00
iteration number = 4 ermaxb = .4020E+00 ermaxe = .115RE+00
iteration number = 5 ermaxb = .1332E+00 ermayc - +4325E-01
iteration number = 3 ermaxb = .5205E-01 ermaxe = .2148E-01
iteration number = K ermaxb = .1932E-01 ermaxe = .7576E-02
iteration number = B ermaxb = .7474E-02 ermaxe = .3015E-02
iteration number = 9 ermaxb = .3363E-02 ermaxe = .1037E-02
iteration number = 10 ermaxb = .1347E-02 ermaxe = .4992E-03
iteration number = 11 ermaxb = .5345E-03 ermaxe = .1839E-03
iteration number = 12 ermaxb = .22'75E-03 ermaxe = 7920E-04
iteration numwer = 13 o cmaxb = .8B37E-04 ermaxe = .2531E-04
iteration number = 14 ermasb = .4168E-04 ermaxe = .9896E~05
iteration number = 15 ermaxb = .1687E-04 ermaxe = .4950E-05
iteration number -« 16 ermaxb = .7739E-05 ermaxe = .1854E-05
iteration number = 17 ermaxb = .3239E-05 ermaxe = .1021E-05
iteration number = 18 ermaxb = .1411E-05 ermaxe = .3790E-06
iteration number = 19 ermaxb = .5836E-06 ermaxe = .1756E-06
iteration number = 20 ermaxb = .2718E-06 ermaxe = .6786E-07

TIME TO SOLVE FOR STRESSES AND DISPLACEMENTS IN TH1S MINING STEP = 4283 SECONDS

MINING STEP NUMBER = 1

NUMBER OF ITERATIONS TO SOLVE = 20

MAXIMUM ERROR IN THE BLOCK DISPLACEMENTS = .272E-06

MAXIMUM ERROR IN THE ELEMENTS DISPLACEMENTS = .679E-07

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING STEP = 0 SECONDS

TIME TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS

ON OFF-SEAM PLANES DURING THIS MINING STEP = 0 SECONDS

iteration number = 1 ermaxb = .1096E~06 ermaxe = .4206E-03
iteration number = 2 ermaxb = .1154E-06 ermaxe = .1480E~-03
iteration number = 3 ermaxb = .2936E-07 ermaxe = .3675F-04
iteration number = 4 erme . - .9819E-08 ermayxe = .1206E-04
iteration number = 5 errs - .3896E-08 ermaxe = L.8952E~-05
iteration number = 6 erma... = .1937E~08 ermaxe = .1-.4E-05%
iteration number = 7 ermaxb = .8433E-09 ermaxe = LY. 36E~00
iteration number = 8 ermaxb = .3784E-09 ermaxe = .2547E-06
iteration number = 9 ermaxb = .1639E-09 ermaxe = .13%8E-0C
iteration number = 10 ermaxb = .8001E-10 ermaxe = .4335E-07

TIME TO SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINING STEP = 2138 SECHNDO
MINING STEP NUMBER = 1

NUMBER OF ITERATIONS TO SOLVE = 10

MAXIMUM ERROR IN THE BLOCK DISPLACEMENTS = .800E-10

MAYIMUM ERROR IN THE ELEMENTS DISPLACEMENTS = .434E-07

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING ETEP = 0 SECOHDS

TIME TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS
ON OFF-SEAM PLANES DURING THIS MINING STEP = 0 SECOND3

MINING STEP NUMBER = 2 FINE MESH SEAM NUMBER = 1
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MINING STEP NUMBER = 2 COARSE MESH SEAM NUMBER = 1
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BRPRABBBRBRHBRBHRRBBICCCCCODDDDDDL LD CCTCDET
BHRKRRBRBRBB BRCTCCCCDLDDDDDDDDCCCCCCDDDDD "
BREHBPRBRRAL BHBCCCCCCLDDDDLDDDDCCCCITDDDDDD

BHHABRRBRBERRRRICCCCCHDLDRDDRDDCCCCCCDIDDD
BUBBBBBBBBDBBBBBBBRBB"CCCLCl'L‘Ds‘l"‘l'D[‘llCCCCCCDI' 0ol

BRCCCCCCLDDDDDDDDDCCCCCCDDLIDD
f BRCCCCCCDDDIDDDLDDCTCCCCRDLDDD
CCeCcpppnTuRLbCCCCCChpbDhE
CCCCCPpapiPDDICCCCCCDDDIDD
BRCCCCCTDLDDDDDDDDICCCCCCODDDDD
CCCCCoUnDDPLDDDDCCCCCCODDDID
RBRRBRBRUCCCDDPLDOGRCE00000000000DDPDDCCCCCCLILDDD
ABBARRBRSTCHDODNTOC *00CICL "NQOIDDDRCCCCCTPDLDDD
BHEBBL fo 003 0L 000DDPDRCCCTCCIDDIN D
RRERR LN GOAQCEOOPDDIDICCCCCD
HERERE R GO eReeaGaeDDDIPCCTCCCDINT
200U I0BODDIDDCCCCCThIDINL
BRARRABRCC . AL"W A00QQOO0ADDIDDCCCCCTDNDRDD
BRRABEREICCND Il' GEOOUGCURO0DUGOT DDDDCCTCCCDRIDDD
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BBBBBBBBCCCDRDDDO00G0V0000000000DIDDDCCCTCCIOODIN
BBEBBBABBCCCDRDDIC0000000000000000DDLDCCCCCCIDINDD
BBBBBBBBCCCDDDDDOC0000000000000¢ DDPDLDCCICCCODNDN
BBBBBBBBCCCDDDDD0O000I00000000000DDDDDCCCCCCDDDDDD
BBBBBRBBZCCDDLDNO000000000000000DDDDDCCCCCCODDDID
BBBBBRBBCCCDLDDD0000000000000000DDDLDCCCCCCODDDIL
BBBBBBBBCCCDDDLDDO00C0000000000000DDDINCCCCCCDDDDDD
BBBBBBBBCCCDDDDDO000G00000000000DDDDDCCCCCCDNDDDD

CCODDLDDDDDDCCCCCCODDIDDDDDDCCCCCCODODDD
BBBBBEBBCCCDDDDDDDNDDCCCCCCDDDDDDDDDDCCCCCCDDLDDD
BBBBEBBBBCCCDODDDDDDDICCCCCCDDDDDDDDDDCCTCCCDDRIND
BBBBBBBBCCCDDDDDDDDDDCCCCCCDDDLDIDDDDCCCCCCDDPDDDD
BBBRBBBBBCCCDULDDDDDODDCCCCCCODDDDDOLDDCCCCCCODDDID

CCDDDDDDDDDLCCCCCCLDDDDDDDDDCCCCCCPDDDID
BBBBBEBBCCCLDDDDDDDDDCCCCCCDDDDDODDDDCCCCCCODODDD
BBBBBBBBCCCDDDDDDDDDDCCCCCCDDDDDDDDLDCCCCCCDDDDIDD
BBB CCDDDDDDDDDLDCCCCCCDLDDODDUDDCCCCCCDDDDDD
BBBBEBBBBCCCDDDDDDDDDDCCCCCCODODDDDDDDCCCCCCDODDDD
BBBBBBBBCCCDDDDDDDDDDCCCCCCDLDDDDDDDICCCCCCDDLDID
F CCDDDDDDDDDDCCCCCCODIDDDDDDDCCCCCCHDDODD

TIME TO READ, PRINT AND CONVERT MATERIAL PROPERTIES

FOR THIS MINING STEP = 0 SECONDS

SOLUTION TROGRESS FOR MINING STEP NUMBER =

iteration number = 1 ermaxb =
iteration number = 2 ermaxb =
iteration number = 3 ermaxb =
iterat.on number = 4 ermaxkb =
iteration number = 5 ermaxb =
iteration number = 6 ermaxb =
iteration number = 7 ermazxb =
iteration number = 8 ermaxb =
iteration number = 9 ermaxb =
iteration number = 10 ermaxb =
iteraticvn number = 11 ermaxb =
iteration number = 12 ermavxb =
iteration number = 13 ermaxb =
iteration number = 14 ermaxb =
iteration number = 15 ermaxb =
iteration number = 16 ermaxb =
iteration number = 17 ermaxb =
iteration number = 1 ermaxb =
iteration number = 19 ermaxb =
iteratcacn number = 20 ermaxb =
iteration number = 21 ermaxb =
iteration number = 2 ermazb =
iteration number = 23 ermasxb =
iteration number = 24 ermaxb =
iteration number = 25 ermaxkt =

.9869E+01
.3848E+01
.1160E+01
.4248E+00
.1375E+00
.5574E-01
.2319E-01
.1176E-01
.8090E-02
.7919E-02
.4714E-02
.2347E-02
.9623E-03
.3357E-03
.1191E-03
.4091E~-04
.1412E-04
.4849E~-05
.1656E-05
.5646E-06
.1970E-06
.6830E-07
.2411E-07
.1014E-07
.4613E-0¢8

ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermar.e
ermaxe
ermaxe
ermaxe
ermaxe
ermaze
ermaxe

ermare -

ermaxe
ermaxe

I ¢ S I O T T | I

[EL T '}

L}

oo

won

ermaxe =

TINE TC SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINING

MINING STEP NUMBER = 2
NUMBER OF ITERATIONS TO SOLVE = 25
MAZIMUM ERROR IN THE BLOCK DISPLACEMENTS = .461E-08

MAXIMUM ERROR IN THE ELEMENTS DISPLACEMENTS =

.B78E-07

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING

TIME TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS
ON OFF-SEAM PLANES DURING THIS MINING STEP =

iteration number = 1 ermarb =
iteration number = 2 ermaxb =
iteration number = 3 ermaxb =
iteration number = 4 ermaxb =
iteration number = 5 ermarb =
iteration number = € ermarzb =
iteration number = 7 ermazb =
iteration number = ] ermarb =
iteration number = ¢ ermarzb =
iteration number = 10 ermarzb =

.2344E-07
.4€31E-0¢
.7963E-07
.2928E-07
.7627E-08
.3121E-08
.8837E-09
.349EE-0%
.1234E-09
.4319E-10

0 SECONDS

ermare
ermaxe
ermaxe
ermare
ermaxe
ermare
ermaze
ermay -
ermazs

STEF = 5353 SECONDS

STEFR

L A

&

ermaze =

.1115E+01
.4191E+00
.1401E+00
.2502E+400
.7547E+00
.B3E9E+00
.7376E+400
.5978E+00
.5418E400
.7946E+00
.6266E+00
L2739E+00
.8379E-01
.2340E-01
.6B858E-02
.2197E-02
.6929E-03
.2188E-03
.7010E-04
L2299E-04
.7513E-05
.2449E-0%
.B027E-0¢
.2660F-06
L.B784F-07

= 07

»

.420€E-03
.1480E-0%
.3€675E-04
.1206E-04
.5952E-05
.13€4E~0%
C9239E-06

<

156



157
TIME TO SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINING STEP = 2146 SECONDS

MINING STEP . "MBEPR = 2
NUMBER OF I7..#~TIONS TO SOLVE = 10

MAZI1MUM ERRGR IN THE BLOCK DISPLACEMENTS = .432E~10
MAZIMUM ERROR IN THE ELEMENTS DISPLACEMENTS = .433E-07
TIME TO PRINT OUT STRESSES ANWD DISPLACEMENTS IN THIS MINING STEP = 0 SECONDS

TIME TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS3
ON OFF-3EAM PLANES DURING THIS MINING STEP = 0 SECONDS

Mining step 3 through 13 were omitted

Local mine stiffness result:

Step No. Ptd dspl Rsd stress Plr modulus LMS Plr dspl No. of elmts

1 .00100 1270.632 290000.000 .000 .31547 56
1 .00100 1270.505 2%0000.000 -9129.399 .31647 56
2 .00100 1281.784 290000.000 .000 .31824 56
2 .00100 1281.658 290000.000 -9129.377 .31924 56
3 .00100 1301.€32 290000.000 .000 .3231¢ 56
3 .00100 1301.506 290000.000 -9128.849 .32416 56
1 .00100 1464.944 290000.000 .000 .36371 56
4 .00100 1464.818 228478.571 -9082.175 .36471 56
5 .00100 1686.627 280628.240 .000 .54107 56
Y .00100 1686.503 16€957.143 -896€.98¢ .54207 56
6 .00100 1730.542 280576.156 .000 .55948 56
6 .00100 1730.418 166957.143 -8965.954 .56048 5€
7 .00100 1738.579 271188.943 .000 .69127 56
7 .00100 1738.454 166957.143 -8956.623 . 69297 56
8 .00100 1746.142 271174.712 .000 .69596 56
8 .00100 1746.017 166€957.143 -8957.250 .6969¢ 5¢€
9 .00100 1755.603 271158.754 .000 .70073 56
9 .00100 1755.478 166957.143 -8956.353 .70173 5€
10 .00100 1776.338 271128.909 .000 .71051 5¢
10 .00100 177€.213 166957.143 -8956.902 .71151 56
11 .00100 1800.025 271096.24¢6 .000 .72152 56
11 L0010 1799.901 166957,143 ~8956.470 .72252 56
12 .00100 1761.604 242468.048 .000 1.17539 56
12 .00100 1761.481 166957.143 ~8913.478 1.1763¢% 5€
13 .00100 1771.934 242421.240 .000 1.18672 56
13 .00100 1771.810 166957.143 ~8913.350 1.18772 56

Summary of the result:

No. Strain Stress LMS
1 .43B15E-02 .12706E+04 -.91294E+04
2 .4419%E-02 .12818E+04 -.,91294E+04
3 .44884E-02 .13016E+D4 -,91288E+04
4q .50515E-02 .14649E+04 -.90822E+04
5 .75149E-02 .1€¢8€€E+04 ~-.89670E+04
< L77705E-02 L1V305E+04 -.89660E+04

L9€106E-02  L1738¢E+04d -.B956€E+04
L9€0E2E-02  .174¢1E+04 -.B89573E+04
.97324E-02  .1755C0E+04 -.89564E+04
.9B€B2E-02 .17763E+04 ~.89569E+04
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11 .10021E-01 .18000E+04 -.89565E+04
12 .16325E-01 .17616E+04 -.89135E+04
13 .16482E-01 .17719E+04 -.89134E+04

TIME TO COMPUTE AND PRINT ENERGIES, STRESSES AND
DISPLACEMENTS FOR ALL MINING STEPS = 153639 SECONDS

End of output for three rows of equal size pillar model
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B.3 Model with AYY pillar configuration

Headgate abutment pillars(120X120 ft); center and tailgace yield pillars(30X50 ft)
Overburden 750 ft (9000 in)

IN THE FOLLOWING ¥,Y,2 REFER TO GLOBAl 3AXES OR COORDINATES
AND ¥1,%2,%3 OR 1,2,3 REFER TO LOCCAL #XES OR COORDINATES.

ROCK MASS PROPERTIES

POISSONS RATIO -- .25
MODULUS OF ELASTICITY ~- 145000.00
NO. OF SEAMS - 1

NO. OF MATERIALS -- 5
PERTURBATION DSPL -- .0010

IN-SEAM MATERIAL PROPERTIES
VALID MATERIAL PROPERTY CODES ARE:
01 2ABCDEFGHIJKLMNOPQRSTUVWXYZ2

MATERIAL NUMBER 1 (n)

STRAIN SOFTENING COAL 2.00000
PEAK STRESS .29000E+04
PEAK STRAIN .10000E-01
RESIDUAL STRESS .14500E+04
RESIDUAL STRAIN .15000E-01
POISSONS RATIO .30000E+00
MATERIAL NUMBER 2 (B)

LINEAR ELASTIC GOB 6.0

YOUNGS MODULUS .29000E+04

SHEAR MODULUS .11600E+04

GOB HEIGHT FACTOR .10000E+01

MATERIAL NUMBER 3 (CQ)

STRAIN SOFTENING COAL 2.00000
PEAK STRESS .18000E+04
PEAK STRAIN .10000E-01
RESIDUAL STRESS .89200E+03
RESIDUAL STRAIN .15000E-01
POISSONS RATIC .32000E+00
MATERIAL NUMBER 4 (D)

LINEAR ELASTIC COAL 1.0

YOUNGS MODULUS .29000E+06

SHEAR MODULUS .11600E+06

MATERIAL NUMBER 5 (E)

STRAIN SOFTENING COAL 2.00000
PEAK STR:SS .29000E+04
PEAK STRAIN -10000E-01
RESIDUAL STRESS .14500E+04
RESTDUA'™ STRAIN .15000E-01
PO : TONS RATIC .30C00E+C’

PRIMITIVE STRESS PARAMETERS

PRIMITIVE STRESSES ARE GIVEN AS
PXX = .0000 .0458 * 2z
PXY = .0000 .0000 v 2
PXZ = .0000 .0000 * 2
PYY = L850 .0458 vz
PYZ = L0000 .0000 * oz
PIZ = U L0217 b

MODEL CONTROL ANL M 'EL DATA
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NO. OF PARALLEL SEAMS - 1
WIDTH OF BLOCKS - 600.00
NO. OF BLOCKS ALONG X AXIS - 49
NO. OF BLOCKS ALONG Y AXIS - 49
NUMBER OF OFF-SEAM PLANES SELECTED - 0
FINE MESH STARTING BLOCK X-AXIS -- 17
FINE MESH ENDING BLOCK X-AXIS - 32
FINE MESH STARTING BLOCK Y-AXIS - 13
FINE MESH ENDING BLOCK Y-AXIS - 28

GLOBAL COORDINATES OF LOCAL ORIGINS AND SEAM THICKNESSES
SEAM NO. X Y 2 THICKNLYS
1 .00 .00 ~-9000.00 72.00
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DIRECTION COSINES OF LOCAL SEAM AXES WITH RESPECT TO THE GLOBAL AXES

EN(1,¥%) = 1.00000 EN(2,X) = .00000 EN{(3,X) =
EN(1l,Y) = .00000 EN(2,Y) = 1.00000 EN(3,Y) =
EN(1,2) = .00000 EN(2,2) = .00000 EN(3,2) = 1.
PROGRAM FLOW CONTROL PARAMETERS
OVER RELAXATION FACTOR 1.35
MAXIMUM NO. OF ITERATIONS SPECIFIED 400
STRESS CONVERGENCE CRITERION .10000E-03
STARTING MINING STEP NUMBER 1
NUMBER OF NEW STEPS 13
PRIMITIVE STRESSES AT LOCAL SEAM ORIGINS
SEAM # PS2 PSY PS2
1 .0000E+00 .0000E+00 .8253E+03
STRESS GRADIENTS
PYXDY = .0000E+00
PYDA = .0000E+00
PZDX = .0000E+00
PADY = .0000E+00
PYDY = .0000E+00
PZDY = .000J0E+00
TIME TC READ, CALCULATE AND PRINT BASIC PARAMETERS = 0
TIME TO CALCULATE INFLUENCE COEFFICIENTS = 0 SECONDS
MINING STEP NUMBER = 1 FINE MESH SEAM NUMBER = 1

AMMAMMAM\AAMNMI 1ARAARAARAARAL 1AAAY 1 ARAL 1 AARAARRARARRARARARRAARAALAG

AAARARAARARRAARARAAARRRARAAL LARRARAARAAAAL 1ARA] 1 ARAL | AARAAARRARRRANARRRARARARRAR
AARRRRRRARAARRARRBARRARAAAALIL111111111111111111111111ARAARAARRRAAARARAARRARRRAAL
ARARARAARRARRARAEARARARARAAL111111111111111111121111 1AAAARAAARAAARRAARARRARIARAAA
RAAFARARAAPARRRRAAKARARARRAA L 1 ARRARRRRARLAL LARAL 1 ARA L LARRAARAAAARARAAARARRRIAIII
AARARARRARRAARAARAARARRARAR] 1 ARARAAARAAAAL L AAAL L AAR] 1ARAS ARARRARARARARRRRRARAAILA
AARAARRRRIAAAARARBARARAARRAAL 1| AARAARRAPAARAAL L AAAL 1 AKA] 1 ARAARRARAARAARRARRARRRRARI
ARAARRAARARRRARAAARARRRARAAL LARRARRARRAAAL 1 AAAL 1AAAL L ARAARRAARARARARARARRAARARAE.
ARARAARARARARAAARRARRARRARAAL L ARRARRARAAAAL L ARAL 1AAAL L ANARRARAARARARARARRRARAARRL
ARAARAARARARARRARAARARAARAAL L AAAARRAAAAAAL 111111111 1AARRARARRAARRAARRAARARRIAAL
ARRAARARAARARARARARAAARARAL D L ARARARARARAAAL 11111111111 ARAAARAARAARRARARARARARARAIG
ARARARARARRARARRAARAARAAARAAL IAARARRARRAAAKL 1ARAL 1ARAL L ARRARARARARRRARRARARRARRARA

WM}VMMAMAHIHH] 1111111111111111 11 1AARAAARRAARIRAARRARRAAR AL LT,
AR BRRARARARARARRRAAARRAARALLIL113151211310121131 1101 1 AAARRARAARARARARRRRAIRAII G,
AARARARRRARRARARARFAARARAAAL L AARARBRRRRAR] LARLL 1 RAR) L RARRRFIAIAIWRRIA RPN AT
RAARRRARARARARRARRRAARBARRA L L REARRIERAPRA] L RRRY LRARY L RRRARRRAG BRI PBF R RIFE IR ARG,
AARFARRRARARARFFERRAREAIEIA L V ARFARRRRABRAA) L ARAL 1 REARL L ARRARARF ARBARA AR RRARRRRAR
RREREARRARRRARARFARRRIFAFARAY L FRAREARARARAL LARAL LARAL | FARRRRPAARRRRIARRIRERREEL LY.
ARARARARRRAARRARRARRY  QARAAL 1 ARRAARRRRARRL 1AAR] L RRAL LARRRAARARRRARRARARRAILRAREA

.00000
.00000
00000
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RAANARIANAAIARIAARRARARAAAAL L ARRARARARRAAT 11111 01111 1AARAAARAARAAAAARARRARRARARAA
ARRANAISARANARIRRRARRARRARA) LI RRARRARRART 111111 1111 LAAAAAAAARRARARARAAARARRARRA
NAAARARRIRIARWRANRRIARNRIE L L RRRWRRRRAAAR LAAAY 1 AAAL 1 ARARARRARAAALARARAAAARAARAS
ARNANAA ARARARIAARARARAARAAL | ARAAAARAALRAA]L 1AAAL 1 AAAL 1 AARAAARARAARAARARAAAAARARNLL
AAAARAAARNAANAARARAARAARAIAY L AAAAAAAAAAAAT 1AAAL LAAA] L AAARAAAARAARARAAAAARARARAARR
AAANNAARSABRARIANRRAARARIAA L | ARAARRAAAARA ] 1ARAL 1 AARL 1 AAARR ARARRARAARRAARAAAAARTA
ARNRARARARNAARARRAARAAAAAAA L | ARAFAARARAAAL LAAAL 1 AAAL ) AAAAAAAARAAAAARARRAAARAAARR
ARANARANAAARNATARRARARARAAATL LY 0 111111111211111111111AARAAARAAAAARARARAARRARAALR
ARNAAAARAANARRARIFARAAAARAATT T 1111101112011110111101 1 AAARARAARARAAARAARARAARAAAR
ARAARAARANAAARARARARNARARARL] LEEEEEEEEEEER ] 1AAAL 1 AAAL 1 AAAAAAAAAARARWAAAAARAAARARA
AAARARRAPARAARAAARARAAARAKA L IEEEEEEEEEEEE ] 1AAAL 1AAAL 1 AAAARAAAAARARAAAAAAAAARRAARA
ARNWARAAAARAAAANAAAANAAARANY |EEEEEEEEEEEE] 1AAA] 1AAAL 1 AAAARARAAARRAARAAAAARAARAARA
AANAAARRARRARAARAAAAAAARAAA] | EEEEEEEEEFREE ] JAAAL 1AAAL 1 AAAAAAAAARARARAARAAAAAAARARA
AAAANAARARARARPAAAAAARAAKAA L | EEEEEEEEEEEE] 1AAA] 1AARL 1 AAAAAAARAAAAARARAAAAAAPAARAR
AARARAARARPAAAARAAARAARAAKAARL IEEEEEEEEEEEE]111111111111AAAARARAARAAAARAARAAAARARAR
NRAAAAAAAANAARAANANAAAAARAA L LEEEEEEEEEEEE] 1111111111 1AAAAAAARAARAAARPARAARARARARA
WEAAARAAAAARRAANARAAARARAAAL | EEEEEEEEEEEE ] 1AAAL 1AAAL LAAAAAAAARAARAAAAAAARAARAARAR
A ARAAAARAAAARARAARAAAARANAA ] IEEEEEEEEEEEE] 1AAA] 1AAA] 1 ARAARAAAAARAAARAANAAAARAAAR
AAARAAAAANAAAAAARAAAAAAAAAA L IEEEEEEEEEEEE] 1AAAL 1AAAL 1 AAAAARAAAAAAAAAARARARRARAARARL
ARANARARAIAAARAARAANAARAAAAA | IEEEEEEEEEEEE] 1AAAL 1AAAL L ARAAARAAAAAAAAAAAAAAAAAARAA
AALALAARARARAAAARAAARAAAAAA | EEEEEEEEEEEE] 1AAAL 1ARA L 1 AAAAAAAAARARAARAAAAARRAAAAR
ARSI RRANAAARIAARAAAAARAAAT11111111121112111111111111AAAAAAARAARAAARAARARARAAAAR
AN ARRARRAAAAAARAAAAAARAAATT]111111111111111181312113AAARARAAAAAAAAAAAARARARARARA
APMMAARAANAAARAARANAAAAAAAA ) | ANAAARAAAAAAL 1 AAAL 1 ARAL 1 AARARRARRARAAAARAARAARRARAR
AARRAAPAAMBARAAARAARARANARA 1 LARAAAARAAAAR] 1 AAR ] 1 AAAL 1 AAAAAARAARAAAAAARARARAARARRA
ARAAAAAAAANAAAAAAARAAAARARA 1 LAAAAARRARAAR ] 1AAAL 1 AAAL | AAAARAAAAFAAAAARAAARARAAARA
ARAAAAAAAAAAAARAAAAAARAAAAAL 1 ARAARARRARAAT 1AAA] 1AAA] 1 AARAAAAAAAAAAAARAAAARARAAAA
AAARMAAAAARAARAARARAARAAAAAL LARAAAARAARAAL 1 AARL 1ARA] | AAAAARARAARAARARAARARRAAARA
ARAAARAAAAAAAAAAARAAAAAAAAA 1AAAAARARAAAAL 11111111111 AAAAAAAAAAAAAAAARARARARAARA
AAAAAARAAANAARAAAAARANARARAL IAAAAAARAAAAAL 1111111111 1AAAAAARAAARAARAAARAAARAARARAR
AAAAAAAARANAAARARAAARANAAAR | 1ARAAAAAAARAAAL 1ARAL 1AAA] 1 ARARARRAARAAAARAARARAAAARAAR
ARMAANAAAAAAAAAAAAANAAAAAAA ] 1 AARAAAARAAARAL 1 AAA ] 1 AAAL 1 ARAAAAAAARAARAARAARAARAAAAA
AAAAAARAAAAANARAAAAAAAAAAAAL 1AAAAARAAARAA] 1AAA] 1 ARAL 1 ARAAAAAARARAAAARRAAAARAAARA
AAAAAAAAAARAAAARAAARAAAANAAL 1 AAAAAAAAAAARL L ARAT 1 AAA] 1 AAAARAAAAAAAAARARAAARAAAARA
RAAAAAARAAARARARAAAARAARAAA ] LARAAAARAAARAL 1AAA] 1AAA] 1 ARARAAARAAAAAAAAAARRARARRAAR
AARNAAAF ARAARAAARAAARARAAAILTLT1111113111111111111111AAAAARAAAAAAAAAARRRAARAAARA
AAAAAF AARARRAAAAAAARAAARATLILIT111111111111111111111 1AARAAAAAAARARARRARARAARAARR
AAAAAAAARAARARAARAAARAANANA L LWAARAAARAARA] 1 AAAL 1AAAL 1 ARARARARAAAAARAAARAAARRRARR
ARAAAARAAAAAAAAAARNAARARAAAT |AAARAAARARAAL 1 AAAL 1 AAA] | AAAARAARAAARARAARAAAARARAAR
AARANRAAARAAAAARRAAAANRAIAA L TAAAAAAAAANARL 1 AARL 1 AAAL | AAAAAAARAARARARARARAAAAALIA
ARAARARRRAAANAMAARRAARRAANAAL | ARAAARAAAAAAL 1 ARAL 1 AAR] L AAARAAAAARARARAARAARAARAARR
ARAAAANANAAAARAAARAARAARRAA L 1 ARAARAAANARAL LARAL 1 AAR]  AARARAARARARRAAAAAARARARARR
ARAARARAMANAARARMAARAAARAAA] JAAAARARAAARAA] 1111111111 1 AAAAAAARAARAARAARARARARAARA
PAAAAAAAAAARLAAAANRARANAAAAT L AAAARAARAAAAT 1111111111 1AAAARAAARARAAAAAAAARRARRARR
AMAAAAANANAAAAARAARAANAAAAL L ARAAARARAAAAL 1ARA] 1 ARAT 1 ARARARAARAAAARAARARARARNARA
ARAAAAARARANAAAAANARARARAAA L JAAAAAAARAARAAL 1AAA 1 ARAL 1 ARAARAAPARAAAAAAARARRARAARR
AMAAAAARARARMANAAAARAAANAAAAT IAARARARAAAAAL 1 ARAL 1AAR] 1 AAAAAAAAAARARAAARARAAAARARA
AARAAANRAARAARAARARANAAARAA L 1APAARARAAARAL 1 AAAL 1 AAAL 1 AAL ARAAARAARARRARAAARARARAR
AAAARAAAARARRAAARAAAARAAAAA ] 1AARARARARAARAL 1AAAL L AAAT 1 ARAAARKAAAAARAAAARRARARAARR
AAAARRAAAAANAAAAAAAAAAAAAAATIILL11111111111111111111)11AARAAAAAAARARAARRAARARARARA
ARNAAAAAAAAAAAAAARAAAARAAAAIILI11111111121111111121111AAAARAARARARAARARARARAAARAA
ARAARRARAAAARAAARAAAAAANARAL 1A - ¢ “ARAAAAAAL 1AAA] 1AAAR] 1 AAAAARAARRAAKAAARAAARARAARA
ARAAARARAAAANAARARARARAAAAL I Ai  AARARAAAAL LAAAT 1AAAL 1 ANAAAARAAAARARAARRARARARARS
AAAANAARAARAARAARAAARARRANAL JAAAARAARARAAL | RAAL 1 AAR] ) AARARARRAARARARRAARRRAAAARA
ARAAAAARAAAARARRAAAARARAARAL JAAAAAARARNARAL 1 ARR] TAARL 1 AAAAAAAARARARARAARAAAARRAAR

MINING STEP NUMBER = 1 CUARSE MESH SEAM NUMBER = 1

BERBABBRUCCCLLDIDDIDDDCCCCCCDDDDDDLDDDCCTCCCDDDDDD

CCCLDDLDDDHDDCCCCCCDDPDLDDDIDCCCCCCODDDID
CCChDLDLLDDLPLDCCCCCCDDDDDLIDDICCCCCCLLDDDD
CHLDDLLDDDDCCACCCDLDDDLDDLDLTTICCTDDLL LY
BREBRBBRCCCHDLLDDDDDLUCCCCCCDDLDDLDDDDDCCICCCDOIDLDT
RBRREHBBRCCCLDLDDDPDDLCCCCCCDDDRDDDIN-CCCCCCDDIDDD
BRBBBUBLRCCCODDLODLDDDCCCCCCDODLLLLDDDDCCCCCCLDLDDD

CCpLDDLDDPDOCCCCCCHDDDLDPDDRCCCCCCDDDDLD
BRUKBRBRCCCLLDODDDDDLCCCCCCDLDDDLDLDDCCCCCCDLDDDD
BBRBBRBRCCCODDRPDDLDDCCCCCCOLMDDDDDDCCCCCCLDDIND
BBRRBRARCCCLLULDDDDLICCCCCCDDDDDLDDDLCCCCCCDDDDD
BBBRBBRACCCLONDLDDDDNCCCCCCRDLDDDODRDCCCCCCDDNDID
BBBBBHBRCCCLBDDDOOVOOCOVO0000000NL LDDCCCCCCDDDLDDD
BREBRRARCCCODLDIOCU0G000QH000006H-DDDRCCCCCCDIDL DD
RBBEBRBRCCCHNDLHDOONOO00Q00000000DDL DDCCCCCCDIDNND
BBBRRBARICCLDLDN0O0000GO000000000DNIDLCICCCCDDIDIN
BRERBBBRCCCDDIONDOVOO000000000000DLDDICCCCCCDDDDUD
BREBBBRBRBCCCLDDPDDOOGINNOO0BD00000DDDDDCCCCCCDRDDDE
REBRRBBRICCHDODHOO000000000D0000DEDDDCCCCCCDDDDDD
CCCPLPDDOVOON0N0M00000000DDIDDCCCCCCDDDDID
BBRBRRBKCCCDEDDDOG00000000000000DDDDICCCCCCOIDDDD
BRREABRBOCCDDUDLOCOQUO0000000000DDIDDICCCCCTDLODLD
BRABBRRRCCCDDDODOOOOOC00D000000VDDNDDECCCCCDLDDDD
BRERBBRERICDDDODOOOCA0ODO00 00000 DDDDDCCCCCCDIDDDT

BRBBHBREBSCCTDDDDOUOOS 0L S00ODDDPPCCCCCCDLDDDL
HRRARBRBCCCDLDDLIUC000000 « HonpLRDDCCCCCTPRIDLD
BBRRBRELCICHDDRDODOOVOOC i 000DDIDDCCCCCCIIRDIT:

Uy COU0REDDDCCCCCCrDnI Dl
BBRBBBRBCCCDDIDDDIDTY s N ERD0DDDCCCCCCDDDIDE
BBBRBRUBICCDLDODLDDDIGC 00 PDDDDPDDCCCCCChDI DD
BHRBBALBCCCDDDDODLDDOC ™ - L LpbphDDLCCCCCCDDDIDD
ABBBBURRCCCODLDDDDLDIDC, - 0DDDRDDDDCCCCCCIDDLDD
RBREBBHBCCCIDOLODDDRDLDCC CCDDNDDPDDPDDTCCCCCDDIDDD
BRRRBRBBRCCCDDDDDDLDDDCCCCCCIDDDDDDRDDCCCCCCDDDDDT
BRURBRBRBCCCUDDODPDDDDCCCCCCDDDDIDRDDDCCTCCCDDIDDD
BRBBBRERBCCCLDDODODDDIC CCCCTDRDDLDIDDICTCCCCDDLDDDY
BRRBBEBBCCTODUDDDDINDCCCICTR NN RDIDDDCCCCCO DD
BRRBRBRUCCC RECL LA LOPDENCCCCICDPDDD
BEBRNRRE CODEDNDDSICIICUDITTD

BREERRBECCUDDDDDDUT DO RUiets 0Ll

BHBRBRBUCCCDDDDDO 0N

SUUPDULDDDTCCCCTLDI DLl

TIME TO READ, FRINT AND CONVERT MATERIAL PROPERTIES
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FOR THIS MINING STEP = 0 SECONDS

SOLUTION PROGRESS FOR MINING STEP NUMBER = 1

iteration number = 1 ermaxb - .9912E+01 ermaxe = ,3185E+01
iteration number = 2 ermaxb = .3415E+01 ermaxe = L1394E+ 01
iteration number = 3 ermaxb = .1081E+01 ermaxe = .3190E+00
iteration number = 4 ermaxb = .4021E+00 ermaxe = .1150E+00
iteration number = 5 ermaxb = .1332F+00 ermaxe = L4007E-01
iteration number = 6 ermaxb = .5205E-01 ermaxe = .2138E-01
iteration number = 7 errakb = .1932E-01 ermaxe = L,6211E~-02
iteration number = 8 ermaxb = .7474E-02 ermaxe = .2790E-02
iteration number = 9 ermaxb = .3363E-02 ermaxe = .1038E-02
iteration number = 10 ermaxb = .1347E-02 ermaxe = .5125E-03
iteration number = 11 ermaxb = .5345E-03 ermaxe = .1871E-03
iteration number = 12 ermaxb = .2275E-03 ermaxe = .B8162E-04
iteration number = 13 ermaxb = .8837E-04 ermaxe = ,2637E-04
iteration number = 14 ermaxb = .4168E-04 ermaxe = .1073E-04
iteration number = 15 ermaxb = .1687E-04 ermaxe = .5193E-05
iteration number = 16 ermaxb = .7739E-05 ermaxe = .1974E-05
iteration number = 17 ermaxb = .3239E-05 ermaxe = .9474E-06
iteration number = 18 ermaxb = .1411E-05 ermaxe = .3776E-06
iteration number = 19 ermaxb = .5836E-06 ermaxe = .1598BE-06

TIME TO SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINIMG STEP = 1614 SECONDS

MINING STEP NUMBER = 1

NUMBER OF ITERATIONS TO SOLVE = 19

MAXIMUM ERROR IN THE BLOCK DISPLACEMENTS = .584E-06

MAXIMUM ERROR IN THE ELEMENTS DISPLACEMENTS = .160E-06

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING STEP = 3 SECONDS

TIME TO COMPUTE AND PRINT STRESSES ANL DISPLACEMENTS

ON OFF-SEAM PLAIES DURING THIS MINING STEP = 0 SECONDS

iteration number = 1 ermaxb = .2718E-06 ermaxe = .4486E-03
iteration number = 2 ermaxb = .2236E-06 ermaxe = .1603F-073
iteration number = 3 ermarb = .6985E-07 ermaxe = .4849FE~-04
iteration number = 4 ermaxb = .2371E-07 ermaxe = L1454E-04
iteration nurker = 5 ermaxb .9730E-08 ermaxde = LHLBOE-0Y
iteration number = € ermaxp = .4220E-08 ermaxe = L1265E~0%
iteration number = 7 ermaxb = .1743E-08 ermaxe = LB1B2E-00C
iteration number = 8 ermaxb = .8241E-09 ermaxe = 270E~0¢6
iteretion number = 9 ermaxb = .3579E~-09 ermaze = .1284E-06
iteration number = 10 ermaxb = .1595E-09 ermaxe = .A438E-07

TIME TJ5 SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINING STEP = 849 SECONDG
MINING STEP NUMBER = 1

NUMBER OF ITERATIONS TO SOLVE = 10

MAYZIMUM ERROR IN THE BLOCK DISPLACEMENTS = .160E-09

MAZIMUM ERROR IN THR ELEMENTS DISPLACEMENTS = .444E-0G7

TIME TO PRINT OUT STRESSLS AND DISPLACEMENTS IN THIS MINTNG STEP = 3 SEOONLS

TIME TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS
ON OFF-SEAM PLANES DURING THIS MINING STEP = 0 SECOHLLS

Mining step 2 through 13 were omitted



Lucal mine stiffness result:

Step No. Ptd dspl Rsd stress Plr modulus
1 .00i00 1124.801 290000.000
1 .00100 1124.712 2%0000.000
2 .00100 1133.844 290000.000
2 .00100 1133.754 290000.000
3 ,00100 1149.861 290000.000
3 .00100 1149,772 290000.000
4 .00100 1256,301 2%0000.000
4 .00100 1256.213 278037.500
5 .00100 1398.337 286366.153
5 .00100 1398.250 266261.863
[3 .on100 1430.709 286342.393
6 .00100 1430.621 266241.521
7 .00100 1448.876 286332.722
7 .00100 1448.789 266234.972
8 .00100 1455.986 286330.206
8 .00100 1455,.899 266233.984
9 .00100 1465.878 284507.600
9 .00100 1465,791 266232.577
10 .00100 1541.190 282664.785
10 .00100 1541.104 264377.541
11 .00100 16€64.151 269791.422
11 .00100 1664.069 243154.536
12 .00100 1656.958 238151,537
12 .00100 1656.877 146467.322
13 .00100 1676.112 238033.295
13 .00100 1676.031 145858.440
Summary of the result:
No. Strain Stress LMS
1 .38786E-02 ,11248E+04 -.64258E+04
2 .3909BE-02 .1133BE+04 -.64257E+04
3 .39650E-02 .11499E+404 ~.64252E+04
4 .43321E-02 .12563E+04 -.63777E+04
5 .54€33E-02 .13983E+04 ~.62869E+04
6 .56197E-02 .14307E+04 -,6285€E+04
7 .57026E-02 .14489E+04 -.62854E+04
8 .57325E-02  .14560E+04 -.62B€1E+04
9 .61138E~02 .14€59E+04 ~.62B835E+04
10 L67626E-02 L 15412E+04 -.62120E+04
11 LYB315E-02  L16642E+04 ~.L9167E+04
2 .17081FE-01 .1€570QE+(C4 3667E+04
13 .17479E-01  .16761E+Q 334E+04

TIME TO COMPUTE AND P&

DISPLACEMENTS FOR ALL

LMS Plr dspl No.

.000
-6425.764
.000
-6425.727
.000
-6425.241
.000
-6377.740
.000
-6286.914
.000
-6285.602
.000
-6285.362
.000
-6286.140
.000
-6283.503
.000
-6211.967
.000
-5916.660
.000
-5866.742
.000
~5863.404

", STRESSES AND
85800 SECONDS

ryo=

.2792¢6
.28026
.28151
.28251
.28548
.28648
.31191
.31291
.39336
.39436
.40462
.40562
.41058
.41158
.41274
.41374
.44019
.44119
.48692
.48792
.70787
.70887
1.22983
1.23083
1.25852
1.25952

End of output tor headgate ab.. .ent pillar model ( - *"V)
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14

14

144
144
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B.4 Development 7 model

30X80 and 80X80 ft pillars & 20 fi entries, Pocahntas No.3 Coalbed
Overburden 1900 ft (22800 in)

IN THE FOLLOWING X,Y,Z REFER TO GLOBAL AXES OR COORDINATES
AND X1,X2,X3 OR 1,2,3 REFER TO LOCAL AXES OR COORDINATES.

ROCK MASS PROPERTIES

POISSONS RATIO - .25
MODULUS OF ELASTICITY -- 690000.00
NO. OF SEAMS -- 1

NO. OF MATERIALS - 11
PERTURBATION DSPL - .1000

IN-SEAM MATERIAL PROPERTIES
VALID MATERIAL PROPERTY CODES ARE:
012ABCDEFGHIJKLMNOPQRSTUVWXY?Z

MATERIAL NUMBER 1 (a)

STRAIN SOFTENING COAL 2.00000

PEAK STRESS .63000E+04

PEAK STRAIN .10500E+00
RESIDUAL STRESS .60000E+04

RESIDUAL STRAIN .15500E+00

POISSONS RATIO .30000E+00
MATERIAL NUMBER 2 (B)

STRAIN SOFTENING COAL 2.00000

PEAK STRESS .62500E+04

PEAK STRAIN .10400E+00
RESIDUAL STRESS .54000E+04

RESIDUAL STRAIN .14300E+00
POISSONS RATIO .30000E+00
MATERIAL NUMBER > (C)

STRAIN SOFTENING COARL 2.00¢

PEAK STRESS .62000E {4

PEAK STRAIN .10300E+Ly

RESIDUAL STRESS .46000E+{4

RESIDUAL STRAIN .12800E+00

POISSONS RATIO .30000£E+00
MATERIAL NUMBER 4 (D)

STRAIN SOFTENING CORL 2.00000

PEAK STRESS .30000E+04

PEAK STRAIN .50000E-0L
RESIDUAL STRESS .13000E+04
RESTDUAL STRAIN .6000VE-01

POISSONS RATIO .30000E+00
MATERIAL NUMBER 5 (E)

STRAIN HARDENING GOB 5.00000
INITIAL MODULUS AT ZERO STRESS .29400E+03
FINAL MODULUS AT PEAF STRESS .27000E+05
FEAK STRESS .20900E+04
GO08 HEIGHT FACTOR .10000E+01
FCISSONS RATIO .40000E+00
MATERIAL NUMBER 6 (F)

STRAIN SOFTENING COAL 2.00GC0

PEAF STERESS .2400CE+04

PERY STRAIN .74000E-0Q1
RESIDUAL STRESE .20000E- 04
FESIDUAL STRAIN .16500E+GC0

POISSONS RATIO .30000E+00



MATERIAL NUMBER 7o

STRAIN SOFTENING AL 2.00000
PEAK STRESS .3000E+04
PEAK STRAIN .10500E+00
RESIDUAL STRESS .60000E+04
RESIDUAL STRAIN .15500E+00
POISSONS RATIO .30000E+00
MATERIAL NUMBER 8 (H)

STRAIN SOFTENING COAL 2.00000
PEAK STRESS .63000E+04
PEAK STRAIN .10500E+00
RESIDUAL STRESS .60000E+04
RESIDUAL STRAIN .15500E+00
POISSONS RATIO .30000E+00
MATERIAL NUMBER 9 (I)

STRAIN SOFTENING COAL 2.00000
PEAK STRESS .62500E+04
PEAK STRAIN .10400E+00
RESIDUAL STRESS .94000E+04
RESIDUAL STRAIN .14300E+00
POISSONS RATIO .30000E+00
MATERIAL NUMBEF 10 (3

STRAIN SOFTENING COAL 2.00000
PEAK STRESS .62000E+04
PEAK STRAIN .10300E+00
RESIDUAL STRESS .46000E+04
RESIDUAL STRAIN .12800E+GO
POISSONS PRATIO .30000E+00
MATERIAL NUMBER 11 (K)

STRAIN SOFTENING COAL 2.00000
PEAK STRESS .30000E+04
PEAF STRAIN .L0000E-01L
RESIDUAL STRESS .13000E+04
RESIDUAL STRAIN .€0000E-01
POISSONS RATIC .30000E+C0

PRIMITIVE STFESS FARAMETEERS

PRIMITIVE STPESSES RRE GIVEN AS
PAN = .0C00 L1250 * 2
Y = .00G0 .0000 * 2z
= .0CC0 L0000 v 2

= L0000 .125¢C vz

= L0000 .0000 oz

= .0000 L0917 * oz

MODEL CONTROL AND MODEL DATA

NO. OF PARALLEL SEAMS --
WIDTH OF BLOCFKS --
NO. OF BLOCES ALONG ¥ AXIS --
NC. CF BLOCKS ALONG Y AXIS --
NUMBEF OF OFF-SEAM PLANES SELECTED -
FINE MESH STARTING BLOCK ¥-AXIS ==
PINE MESH ENDING BLOCKE ¥X-AXIS --
FINE MESH STARTING BLOCK Y-AXIS -
r'INE MESH ENDING BLOCE Y-AZIS --

GLOBAL COORLINATES OF LOTAL CRIGING RND
SERM NC, “

1 Hae .0

1
600.00
50

40

0

18

34

11

30

SEARM THICKFNESSED
Z

¢}

1
v

THICKNEDD
760,00

DIRECTION COSINES OF LOCRL SERIM AYES WITH RESPECT TCO T

HE GLOBAL AZED
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.00000 EN(3,X%) = .00000

"

EN(1,%4) = 1,00000 EN(Z,%)

EN(1,Y) = .00000 EN(2,Y) = 1,00000 EN(Z2,Y) = .00000
EN(1,2) = .00000 EN(2,2) = .00000 ENI(3,2) = 1.00000
PROGRAM FLOW CONTROL PARAMETEFRS
OVER RELAZARTION FACTOR 1.35
MAZIMUM NO. OF ITERATIONS SPECIFIED 300
STRELT CONVERGENCE CRITERION .10000E+09
STAFTING MINING STEP NUMBER 1
NUMEY - 7F NEW STEPS 1
PRIMITIVE STRESSES AT LOCAL SEAM ORIGINS
SEAM W PS4 PSY pPSs2
1 .0000E+00 .00GOE+00 .2091E+04
STRESS GRADIENTS
PADY = .0000E+00
PYDZ = .0000E+00
PZDY = .0000E+00
PZDY = .0000E+00
PYDY = .0000E+00
papy = .0000E+00
TIME TO READ, CALCULATE AND PRINT BASIC PARAMETERS = 0 SECONDS
TIME TO CALCULATE INFLUENCE COEFFICIENTS = 0 SECONDS
Mining step 1 through 2 were omi:ttea
MINING STEP NUMBER = 3 FINE MESH SEAM NUMBER = 1
H_HH?}'FH'FH : CEEEDCDI JICRARBTLY 11 TD1 1 DCBAARRRARAAAARAARRAARBARARASAA

3 1 DCBAAARAARRARSRAAARARAARIARARSA

11K CCCCCDI gL 1D\.BMMAMAAMMMM}MAAAAAAM
011D0LOLD DD Y DD T DCBARARAARRRRARRARARARARAARS AN
t LE LLIAHLJUUIIH“l!l[’CBP\MF\AMMAAAAAMAAﬁWx
TEFEEEEEEEEI1111711111111111111DCBARARARRARARARRAARRAARARAARRL
EEEEEEEEEDDDLILDODUDDDL I DDDL ] DCBARARRRAARAARARRRAARARARARRAA
. EEEEEEDCDY 1DCCCCCCDL 100 1 DECBARRAAAAARRAARRAARRAARRAARRAL AR

3 EEEEEEEEEEEEDCDL 1DCBBBBCL 1 DCIN 1 DT BAAARRAAARRARARARRARRRARRARAR
EREEEEEEEEESEFEEEEREDCD]Y 1DCBAARTDI 10T D] L DCBAAARAAAAARARAARRAARARRARAARS
- ) EEEEFEEEELEEEEEEEEDCD] 1 DCBARBCDI 1DCI'] 1 DCBAAARRAARAARARFARARAARARANADA
EE EEEEEEFEEEEEEEEEEDCD 1DCBBBBID] 1 DCD1 1 PCBAAARAAARRRAARARARAAAAARARARAR
EEEEFEFEREEEFERYEEEEEEEEEEEEEEEEEEDCD] 1 DCCCCCCD] 1 DCD1 1 DCBAAAAARAARARARAARARARARARRALA
EERFEREEREREEEREEEEEEEEEEEEEEEEEERDDD ] 1 DDDDDDDD] 1 DDDY 1 DCBAAAAARRARRARARRAARAARARRALAL
EEEEEREREEEEFEERFEEEEEEEEEEEEEEEEEI111111111111111111) DCBAARRRARARAAAAARARARARAARARAR
2 EEEEREEEEREEFEERFEFEEEEEEEEEE11111111111111121111 DCBAAAAARARARAARAARARARAAAALRARA
FEEEEEEEEEEEEEEEEEEEEEEDDD] 1DDDDDDDD] 1 DDD1 1 DCBAAAARRAARARAAARARAAAARARAAAA
EEEERENEEEEREEEEEEREEEEDCD] 1DCCCCCCDE 1 1CD1 1 DCBAARARAAARARAAAARARARARARAARA
EEFEEEEEEEEEEEEEEEEEEEEEDCDI 1DCBBBBCD] 1 DCD) 1 DCBAAAAARRAAARRAAARAARAARARARAAR
EEEREEEEFEEEEEEEEEEEEDTD IDCBAABC D] 1DCD ! 1 DCBAARRARARARAARAARARARARARAARRA
EEEEEEEEEEEEEEEEEEEEDCD] 1 DCBAABCD: 1DCD1 1 DCBAAAAARRARAARARAAAARARARAARAA
EFEEEEEEEEEEEEEEEEEEEDCD 1DCBBBBCDI 1 DCD] 1 DCBAAAAAAAARARAARAARRARARRAARAR
EEEEEEEEEEEEEEEEEEEEEEDCD) 1 DCCCCTCDY 1 DCDL 1 ICBAARAAARARAARARAARARARARARAAA
EEEEEEEREEEEREFEEEEEEEDDDLIDDODDDDOL 100D | DCBAAAAARAAAAARRARARARARRRARAAA
HEPEEEEEEEEEEEEEEEEEEEI111111111111111111 1DCBAAARARAARAAARARAARARRAARALAA
CFEEEEEEEPEEEEEEFEEEIT111311111111111111DCBAAARARAARAARARAAAARRRAARARLS
CEEEEEEEEEEEEEEEEEEEDDD1 1DDDDDDDDL 1 DDD] I DCBAARAAARRAAAAARAARARARARARARA
EEEEEEEEEEEEEEEEEEEEEEEEIN D] 1 DCCCCCCDI 10CD1 I DCBAAARARARAARAAARRAAAAARAAARAR
EEFEEEEEEFEEEEEEEEEEEEEEDCD] 1DCBRBBCD] 1 DCD 1 DCBAARARRAAAAAARAARAAARAAARAANR
EEEEEEEEEEEEEEEEEEEEREEEDCD] 1 DCBAABZD] 10CD] 1 DCBAAAAAAARAARAARARAAARARRARAAA
FEEEEEEFEREEREEEEEEFEEEEEDCD ] 1 DCBAABCDI ) DCDI 1 DCBARAARARARARAARAARAARARAAARAFR
EFFREECEEEEEEEEEREERFEEEEEEDID] 1DCBRBBCD] 1 DCLL 1 DCBAAARAAAAARAARARAAAARARARRARS
EEFEFFEEENEEEFEREEEREE [TCCCCCD 11 DID] 1DCBARRARAARRAAARARARAARAAARARAA
EEEEEELEEFEE DDODDDODIIDDDY  DCBAAAAAAARRARARAAAAAAAAARARAAA
3 3 ailliliiinge DCB!MMMAMAWMM'.
E EE 13111111111 1DCBARAS ARAAR -
E EEEEEESEEEEEREEEDDDL 1 DDDIDEDDL 1 DDD1 1 DCBAAAAAAARRRAARRAARRRARRARRRAR
FEFEEEREFREFEEFEEEEEREED DL I DICCIICDE 1 00D 1 DEBAAARAARAAARARRAAAARRARRARALA

1ILCREBRII
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EEREEFECEEEEEEEEEEEEREEEEEEEEEEEEEDCDLIIDCRRBRCD 1 DCD T 1 DCBAAAAAARAAAAAARAAAAAAARAAARARN
EEEEEEEEEEEEEEEEEEREEREEEEEEEEEEEEDCDI 1 DCBAARCD] 1DCI ] I DCHAAAAAAARAAARAAAAAAARAAAAAARA
EEEEEEEEFEEEEEEEEEFTEEEEEEEEEEEEEEDCD] LICBAABCD 10CD 1 I DCBAAAAAAARARAAAAARAARAANARAAAA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDCDH] 1 DCBBBBCD1 1 DCD1 1 DCBAARAARAASAAAAAAAAAAARAAAAAAR
EEEEEEEEEEEEEEEEEEEEEEEEEREREEEEEEEDNCDL IDCCCCCCNT 1DCD] I DCBAAAAAAARAAANAAAARAAAA ARAAAAR
EEEEEEEEEEEFEEEEEEEEEEEEEEEEEEEEEEDDDLIDDDDDDDD] 1DDD] 1 DCBAAAAAAARAAAAAAAAAAAARAAAARAR
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE111111111111111113 111 CBAAAAAAAAAAAAAAARAARRAARAARAR
EEEFEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE!1111111111111111111DCBAARAAAAARAAAAAAAAAARAAAAARAR
EEEEEEEEEEEFEEEEEEEEEEEEEEEEEEEEEEDDD] I KKKKKRKK1 1DDD ] 1 DCBAAAAAAAARARAARAAAAAAAAAAAAAAN
EEEEEEEELEEEEEEEEEEEEEEEEEEEEEEEEEDCD I 1KIIJIJIKL 1 DD 1 DCBARAARAARAAAAAARRRAAAAAANAAAN
EEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEEEDCTD! 1KI I 1 T1JIK1 1DCD1 1 LCBAAAARRAAAARAAAAAAAAAARAARARNA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDCD] 1KITHHIJK] 1DCD1 I DCBAARAAARARAARAAAAARARAAARAAAN
DDUDDDDRLDDDRDDDDDDE DDLDDDDIDIDE] L DCD]1 IKITHHIJKY 1DC D] 1 DCBAARAAAAAAARARN AAAAAAAAARRAAA
CCCCCCCCCCCCCCCCCCCCCCCCCCCrocehl1nCDIIKITTITIKLIDCD] I DCBARAARARAAAAAARARARAAAAARARAAA
D11DCD1 IKIJIJIIKI 1 DCD] 1 DCBAAAAAARAAAAARAANAAAARARAAANN
AAAMARARAARARAAAAARAARAAAARAIBCD] 1 DD I KKKKKKKK ] 1DDD1 | DCBARAAAANAAAAAARAAAAARAAAAAARA
AAARAAARRAAAAAAAAAAAAAAAAAAAABCDI1111111111111111111110CBAARAAAAAAAAARAAAAARARARARAAAN
AAAAAAARAAAAAAAARAAAAARAARAARBCD]1111111111113111111131DCBAAAAAAAAAAARAAAAAAAAAAARARAN
AARAARAAAARAAARAAAAAAAAAAAAARABCD11DUD1 1 DDDDDDDD! 10DD] 1 DCBAARAAAAAAAAAAARAAAARAAAAARAA
AAAAARAAAP ARAAAARAARAAAAAARAAABCTY] 1 DCD] 1DCCCCCCDL 1DCDY 1 DCBAAAAAARAAAAAAAARAAARAAAAARAN
AAAAAAAAAAAAAAAAAAAAARAAAARARBCD] 1 DCDY] 1 DCBBBBCD] 1DCD1 1 DCBAAAARAAAAAAAAAAAAARAANRARAAAN
AAAARAAAAAARAAAARAAKAAAAARARABC DY 1 LCD] 1 DCBARBCD' 1 DCD1 1 DCBAAAAARAAAAAAAARARAAAAARAAAAN
AAAAAARRAAAAAARAARAAAAAAAAAAABC D 1DCD] 1 DCBAARCDL 11CD] | DCBAAAARAAAAAAARAAAAAAAAAAAANAR
AAAAAAARARALAARAAARAAAAAAAARABCDY 1 DCDL 1 DCBBSBCDY 1 DCD] ) DCBAAAAAAAAARAARAAAAAAAARAAANAN
AAARAAAAAARAAARARAAAAAAAAAAARABC D] 1 DCD 1 DCCCCCOD] 10CD] 1 DCRARAAAAAAARAAARAAAANAARAARARAN
AAARARAARRAAAARAAAAAAARAAAAAAABCD1 1 DDDL 1 DDDDDDDDL 10001 1 DCRAAAAAAAARARAAARAAAAAAAAAAAAN
ARRAAAAAAAAAAAAARRAARAAARAARABCDI11111111112111111111 1 DCHAAAAAAARAAAAAAARAAAARARANANA
AAAAAARARARAAAAARARAAAAARAARABCD]111111111111111111111DCBAAAARAARAAAARRAAAAARRAAARAAN
AAAARAAAAAAARAARAARAARRAAAAAAARCD11DDD1 10DDDDDDD] 1 DDD] 1 DCBAAAAAARAAAAAAARAARARAAANARAN
AAAAARAAAAARARARAARARAAAAAAAAABCD1 1 DCD] 1 DCCCCCCD] 1DCD 1 DCBAARAARAAAAAAAAAAAARAAAARAAAAN
ARARARAAAAAAAAAAAAAARRRAAARAABC D] 1 DCD1 1 DCBBBBCDL 1 DCD1 1 DCBARAARAARAARAARAL © ° SARRAAAAAAR
AAAAARAAAAAAAAAARAARAAAAAAAAARCIN] 1 C DT 1 DCBAABCD] 1 DCD1 1 DCBAARRAAAARAAARAR:  AAAAAAAAAAL
ARAAARAAARAAAARAAAARAAARAAAAAABCD ] 1 CDI 1 DCBAABCDI 1 LCD ] 1 DTBAARAAARAAAAAAARAAAARRAAARARL
AARRARARAARAAARRAAARAAAAAAARAABCDT 1 DCD] 1 DCBBRBBCD] 1DCD1 I DCBAAAAARARAARANARAARAARARARRNA
ARAARARRARARRARAARAAAARARARAAABCDIL 1 DCDL 1 DCCCCCCDN 1 DCD] I DCBAAAAARAARARARANAANAAARMAAAAA
T0IIDDDIDRDDDDDD] 1DDD1 1 DCBAAAAAAAAARAAAAAAANARARARNAAA
AAAAARRARARRRARAAAAL SARARAAAABCDI111111:2111111113111 11 DCBARAAARARAAARAARARARAANARARAANAL
AAARARAAAANRANAAARARAAPVARAAARBCET 1111111111121 11111111 DCBARAAAAAAAARAARAAAAARARAARARA
AAARAARAAAAARARC D] 1 DDIN 1 DDDDIDDDL 1 DD I DCBAAAAAAAAARARAAAAAAAAANAAARAN
AARAARRRAAAAARARARARARAARAARAR D1 1 DCD] 1 DICCCCCCD] 10CD1 1 DCBAAAAAAARAAARARRAARAR S ARANANA
ARAARARARAARARAAPARANARAARARAB L1 DT 1 DCBBRRTO 1 TC L] 1 DCBARAAAAAAAAAAARRAAAARARAAANAL
AAAARRAARRAAARAAARARARRARARMABC DI 1 DCDL 1 DCBAARCL ! 1 DCD ] | DCBAAAAAAAAAAAAARARRAAAAAANAAAAN
AARAARAAARAARRAAAAARAARAARRAAABCD] 1 DCDI 1 DCBAABCE 11 DCD1 Y DCRAAAAAAAAAAARARAAARMAARAAARANAA
RAARAAAARPAAAAAARAAARARAARAARABCD L DCD I DCBBRBCT' 1DCD] 1 DECBAAAARARAAAAARAAAAAAARAARAAAA
ARAARARARARAAARAARAARAARAAARARCD 1DCD, 1 DCCCCCCD] 1 DCD) 1 DCBAAAAAARAAARARANAAAARAAARAAAA
ARAPARAARRARARRARARAARRARFAAAB

CLIIDLDIIDLDIDDDDE L DL 1 DCBAAAAARAAAARRARAAAAARAARAAAAS
AAAAAARAARRARRAARAAARAAAARARABC1111111111111111111111DCBAAAARAAAAARAAAAAAARARAAAAANA
ARRRARAARRMAARARAAARAARAAAAMABCINI 111111111111111111111DCBAARAAAAARAARARARARAANARAANAR
AARARAARRRARRRAAAAARRAARAARRRABCDT 10DD110DDDDDDD 1 DDD] 1 DCBAAARAAAAARARARAARAAAAAAAANAR
AARARARARAAARRAAAARRARAAARARABCD! 1 DCD11DCCCCCCDI 1 DCD] L DCBAARAAAAAARAAARAAARAAAAAAARAAR
ARARARARARAARRARRAAARARRARAAABCD] 1 DCDI 1 DCBBBECD 1DCDY 1 DCBAARAAARARAAAAARARARAAARARARA
AARARARARARAAARARARRARRAARRRABC DL 1 DCD] 1 DCBARBCE L I DCD] I DCRAARAAAAARAAARARD RARARARARIAN
ARBARAARARAAARRARAARARARAARARBCL] 1 DCDT 1 DCBAABCD] 10201 1 DCBARAAAAAARAARARF AARARAAAARANA
RARAARRRARAAARARRARARRAAAARAARCD11LCD 1 1DCBRBBCD] 1 DCDI 1 DCBAAAARAAAAAAAAA \ARARAARAARANA
APAARRARIAS AP ARAASARARARARRANN T D1 D001 10T T 2000 L DT 0L L DT BARRARAAARAARRARRAIARARRARAA L
ARRARARAARARARAARARAAARAARARRBCL L 1 DDDI 1 DODDLLDDL L 1 Ilbl\l 1 DCBARAARARARRARAARAAARARRAARI G
RRAAMRAARARAAARRAARARARARAAARBCDI1111111111111111111110CBAARRAAARAAAANAARAANAARAAARAS
AARRRERARRAASARAAARARAARAARAARARTE 112111111111111 1 1111 1 I DCBAAAARRARAARARAARAARAARIARIAT.
FRAAPAPARRAARRASRAASLSARARAARAB TLL L DDDL L DDEDDDLDT L DD L DCBARARRARARARAARARRFAARARRIAAT,
AARBAFAARABARAARAANRARARRRARAR 0L L DI L DTCTCCTDE 1D L DCBARARAARRARRRAAAARARARRARIALT.
NMMM’MMA@;W D11DTEl A DCBREBBTDL L DODL 1 DCBAARANAARRARRARRARARRRARAAALD

"""" AASIARRRAARAA L UL CU NN DT BARARARA RIS RIS R AR RE,

ARFFESAPAAARRIS AR RS SRR LLDTLITDTRAR

MINING STEP NUMBER = 3 COARSE MESH SEAM NUMBER = 1

EEECEREFFFFEEEEEEEEEEEEFFFFFGGGGGGGGCUGGRFFFFGGY
EEEEEEEFFFFEEEEEEEEEEEEFFFFFGGSSGEGGGGGGFFFFE
EEEEEERFFFFEREEEREELEEEFFFFFGG 35550555365 FFFRFFGS
EEEEEEEFFFFEEEEELEEELREFFFFFGGGGGGGGGGEEFFFFGGG0L
EEEEEFEFFFFEEEEEEEEEEEEFFFFFGSGGGSGGGEGGFFFFFOGHGT
EEEEEEEFFFFEEEEEEEEEEEEFFFFFGGGGGGGEGGGGFFFFFGGGGG
EEEEEEEFFFFEEREEEEEEEEEFFFFFGGGGGGGEGGGGFFFFFGGSGS
EEEEEEEFFFFEEEEEEEEEEEEFFFFFGS5GGGGGGGGGFFFFFGGGGS
EEEEEECFFFFEEEEEEEEECEEFFFFFGG5GGGGEGGGGFFFFFGGGH
EEEEEEEFFFFEEEEEEEEEEEEFFFFFGGGGGGGGGGEGFFFFFGGGGS
EEEEEEEFFFFEEEEEENQO000L0000N006000GGES GFFFFFGJJJJ
EEEEEEEFFFFEEEEEEQDQ000C0000C00000GGGGEGFFFFFGGGES

EEEEEEEFFFFEEEEEEOGGC0000000OOOOOOGGGGGGFFFFFGGGGS
EEEEEEEFFFFEEEEEEO0000000OOOOOOOOOGGGGGGFFFFFGGGG4
EEEEEEEFFFFEEEEEEOG2000100050N0000GGGEAGFFFFFGGGS
EEEEEEEFFFFEEEEEEOOUO0000hDOOOOOOUGGGGGGFFFFFGGGGG
EEEEEEEFFFFEEEEEEQQOUU00000000GOCO0GEGSGSFFFFFGGES,
ECEEEEEFFFFEEEEEEOOQUOLCU0000L0000GGEGEGFFFFFGHGG
EEEEEEEFFFFEEEEEECS00000000NLUOGOONGGGGEGFFFFFGG577
EEEEEEEFFFFEEEEEEQUD00L 0000000 CO0GEGGGSFFFFFGGLGS
EEEEEEEFFFFGGGGGG000000G0000000000GGGS GGFFFFFGGGGB
EEEEEEEFFFFGG3GGG0N000005000000000GGGGGSFFFFFGGGS

ECEEEEEFFFFGG5GGG00900000000000%300G553G3FFFFFGGGGS

EEEEEEEFFFFGGGGGG09270000006070uLuG5055FFFFFG3G55
EEEEEEEFFFFGGGGGGO3000000”u'r‘OUJOGGa;GGPFFFFuunG
EEEEEEEFFFFGGGGGGO000000C vJOOOGOO”GGSG;FrFFFuGG

EEEEEEEFFFFGGIGG30L 000 T L uubl00000L0735GEE
EEEEEEEFFFFG3GGG5C00L0T 5"“0"3'0:ﬁ SG355F
FFFFGOGGG52Lo00

GG55

ECEEEEEFFFFSGS

3
EEEEEEEFFFFGGSS
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INANSAANSE S INAAHANNPNONH Y 2 X3 IRSHHRAAAHAAA J 3 3 3 Teidielal

b FEFFELS006GGGASFFFRFGGG
[R2 2 R IFFHEAARAHANN 33 3 F 186AHA
FEEFS i FEFFFGGOGGGGGGEGGFFFFFGGGGG
FEFFFGGGONLGAGGHGGFFFFFGGTG5
EEFERROLLGHOOG0LGGEE]L FOGLGGGGGGGOGFFFFFLGGGS

TIME TO READ, PPINT AND CONVE'T MATERIAL PROPERTIES

FOF THIS MINING STEP = 0 SECONDS

GOLUTION PROGRESS FOR MINING STEP NUMBER = 3

iteration number = 1 ermazb = .6015E+01 ermaxe = .4102E+01
iteration number = 2 ermaxb = .2946E+01 ermaxe = .3444E+01
iteration number = 3 ermaxb = .1798E+01 ermaxe - .1993E+01
iteration number = 4 ermaxh = .1227E+01 ermaxa2 = .1G04E+01
lteration number = 5 ermarb = .1232E+01 ermare = . 1272E+01
iteration number = € ermaxb = .1241E+01 ermaze = .S831E+00
iteration number = 7 ermaxb = .1244E+0) ermaxe = .8419E+00
iteration number = 8 ermaxb = L 1225E+7 ¢ ermaxe = .7517E+00
iteration number = 9 ermaxb = .9713E+0 . ermaxe = .7054E+00
iteration number = 10 ermaxb = .7230E+00 ermaxe = . 6408E+00
1teration number = 11 ermaxb = .5536E+00 ermaxe = .6B2€E+00
iteration number = 12 ermazb = L4411E+00 armaxe = .6620E+00C
iteration number = 13 ermaxb = .3401E+00 ermaxe = .5450E+00
iteration number = 14 ermaxb = .266TE+00 ermaxe = .5020E+0¢(
iteration number = 15 ermaxb = .21G4E+00 ermaxe = .3011E+0°
iteration number = 16 ermaxb = .1716E+00 ermaxe = L2753E+M0
Jteration number = 17 ermaxb = .1382E+0C ermaxe = .2524E+00
tteration number = f ermaxbh = .1208E+Q" ermaxe = .2321E+00
itwration number = 19 ermaxb = .1079E+CO ermaxe = .216%E+00
iteration number = 20 ermarxb = .9672E-01 ermaxe = .1975E400
1teration number = 2 ermaxb = .873BE-01 ermaxe = .1830E-00
iteration number = 22 ermaxb = .7947E-C1 ermaxe = .1699E+00
iteration number = 23 ermaxb = .7262E-01 ermaxe = .1580400
iteration number = 2 ermaxb = .653.8-01 ermaxe = .1472E+00
iteration number = 25 ermaxb = .5956E 01 ermaxe = .1373E+00
iteration number = 26 ermaxb = .5395E-01 ermarxe = .1283E+00
iteration number = 2 ermexb = .4964E-01 ermaxe = .1201E+00
jteration number = 2 ermaxk = .4577E-C1 ermaxe = .1125E+00
1teration number = 29 ermaxb = .4226E-01 ermaxe = .1055E+00
1teration number = 30 ermarb = L3%10E-01 erraxe = .9903E-0G1
lteration number = 31 erm b = .3€24E-01 ermaxe = .9306E-01
iteration number = 32 ermaxb = .3365E-01 ermaxe = .B754E-01
lteration number = 33 erravb = .3129E-"1 ermaxe = .8241E-01
iteration number = 34 ermaxb = .2914E-C1 ermaye = .7764E~01
iteraticen number - 25 eranaxk = L2717E-C1 ermasnc = .7321E-01
iteration number = 3¢ ermaxb = .2526E-C1 ermaxe = .€907E-01
iteration number = 37 ermaxb = .2345E-01 ermaxe = .€521E-01
1teration number = 38 ermaxb = .2180E-01 ermaxe = .6161E-01
iteration numeer = 39 ermaxb = .2031E-C1 ermaxe = .5824E-01
iteration number = 40 ermaxb = .1895E~01 ermaxe = .5508E-01
iteration number = 41 ermaxb = .1773E-01 ermaxe = 214E-01
1terat on number = 2 ermaxb = .1662E-01 ermaxe = .4939E-01
iteration number = 43 ermarxb = .1562E-01 ermaxe = .4€81E-01
1teration number = 44 ermaxb = .1470E-01 ermnaxe = .4438E~01
iteration number = 45 ermaxb = .1384E~01 ermaxe = .4209E-01
1teration number = 4¢ ermaxb = .1304E-01 ermaxe = .3%94E-01
iteration nuamber = 47 ermaxb = .1228E-01 ermaxe = .3791E-01
iteration number = 48 ermaxb = .1159E-01 ermaxe = .3600E-01
iteration number = 49 ermaxb = .1094E-01 ermaxe = .342CE-01
iteration number = 50 ermaxb = .1033E-01 ermaxe = .3249E-01
iteraticn number = 231 ermaxb = .2345E-05 ermaxe = .9462E-05
1teration number = 232 ermaxb = .2243E-05 ermaxe = .9051E-05
iteration number = 233 ermaxb = .2145E-05 ermaxe = .B657E-05
iteration number = 234 ermaxb = .2051E-05 ermaxe = .8281E-05
1teration numher = 235 esmaxb = .1861E-05 ermaxe = .7921E-05
lteration number = 236 ermaxb = .1875E-05 ermaxe = .7577E-05
1teration number = 237 ermaxb = .1793E-0°% ermaxe = .7247E-05
1teration number = [ ermaxb = .1714E-05 ermaxe = .€932E-05
1teration number = 239 ermaxb = .1632E-05 ermave = .6631E~05
1teration number = 240 ermaxb = .1568E-05 ermaxe = .6343E-05



iterati.n
iteration
itecacion
iteration
iteration
iterat .on
iteration
it-ration
it+ ration
i*eration
iteration
iteration
iteraticn

number
number
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number
number
number
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241
292
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244
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ermaxb
ermaxb
ermaxb
ermasb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
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.1499E-05
.1433E-05
.1371E-05
.1311E-05
.1253E-05
.1198E-05
.1146E-05
.1096E-05
.1048E~05
.1002E-05
.9580E-06
.9160E-06
.8760E-06

ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe

TIME TO SOLVE FOR STRESSES AND DISPLACEMENTS IN THIS MINING

MINING STEP NUMBER
NUMRFRR OF ITERATIONS TO SOLVE =

MANIMUM ERROR IN

THE BLOCK DISPLACEMENTS =

MAXIMUM ERROR IN THE ELEMENTS DISPLACEMENTS =

.876E-06

.3%6; -05

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING

TIME TO COMPUTE AND PRINT

ON OFF-SEAM PLANES

iteration
iteration
lteration
iteration
iteration
iteration
iteration
iteration
iteration
iteraticn
lteration
iteration
1terati o
iteration
iteraz.on
iteratzon
iteration
iteration
iteration
iteration
iteration
iteration
iteraticn
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteraticn
lteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
1teraticn
iteration
iteration
itera%tion

number
number
number
number
number
number
number
number
number
number
number
numper
number
number
numnger
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
numper
numper
nurker
number
number
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number =

CTRESSES AND DISPLACEMENTS

DURING 1HIS MINING STEP =

ODWO DD WM

B b
n ad R b

—
on o

I PN = s o
= O W m -

[

)
w

P

ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermarb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxh
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermazb
ermaxb
ermaxb
ermaxn
ermarb
ermazpo
ermaxb

LU L L L (T T T O I T

LU L A [ O I}

.3389E-04
.4577E-04
.4141E-04
.3917E-04
.3658E-04
.3390E-04
.3131E-04
.2BB6E-04
.2660E-04
L2452E-04
L2262E-04
.2089E-04
.1930E-04
.1786E-04
.1654E-04
.1534E-04
.1424E-04
.1324E-04
.1232E-04
.1147E-04
.1070E-04
.9992E-05
.9340E-05
.B740E-05
.8188E-05
.7679E-05
.7209E-05
.6774E-05
.6372E-05
.6000E-05
.5€54E-05
.5333E-05
.5035E-0%
.475€E-05
.4497E-05
.4255E-05
.4029%E-05
.3817E-05
.3619E-05
.3433E-0%
.3258E-CSY
.30%94E-05
.2940E-C5
L2794E-05
.2657E-05

0 SECONDS

]

[E I T |

H

mononon

STEP =

L600TE-0h
LSBO3E-0Y
.5551E-06
5309E-0%
.5079E-05
.4858K-0%
LAB40E-0S
.A444E-0%
.4251E-05
L4066E-05
.38B9E-05
.3720E-05
.3558E-05

65972 SECONDS

10 SECONDS

ermaxe = LA3401-01
ermaxe = LAB01E~0]
ermaxe = LTT09E-00
ermaxe = .3845F-00
ermaxe = L2766F~02
ermaxe = L2091E-02
ermaxe = .1571E-02
ermaxe = L1230E-02
ermaxe = L9658E-03
ermaxe = LT645E-01
ermaxe = L6097K-03
ermaxe = LA909E-01
ermaxe - LA022F-U
ermaxe = L3539E~03
ermaxe = L31481-0 1
ermaxe = L2B0OE-03
ermaxe = L504E-07
ermaxe = L2243E-03
ermaxe = L2022k s
ermaxe = .1838E-07
ermaxe = L6k -0
ermaxe = 531803
ermaye = . 1998E-03
ermare = L127BE-01
ermaxe = L1169E-~073
ermaxe = L1070E-07
ermaxe = LU809E-04
ermaxe = L 9024E-04
ermaxe = .B354E-04
ermaxe = .1737E-04
ermaze = LT18CE-04
ermaxe = .6E678E-01
ermaxe = L 6207E-G4
ermaxe = LST72E-U4
ermaze = .5370E-04
ermazxe = .49YBE~04
ermaze = L466T7E-04
ermaxe = .4360E-04
ermaxe = L4075%E-04
ermaze = L3IBYIZE-04
ermazse = L3ST72E-04
ermarye = L3S4TE-04
ermaze = L3137E-04
ermaze = L2941E-04
ermaxe .275¢E-04
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1teration
1teration
iteration
1teration
1teration
1teration
iteration
1teration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
itcration
iteration
iteration
iteration
lteration
iteration
iteration
1teration
iteration
iteration
lteration
iteration
iteration
iteration

TIME TO SOLVE FOR

MINING STEP NUMBER
NUMBEE OF ITERATIONS

MAXIMUM ERROR

number
numher
number
number

number =

number
number
number

b

number -~

numhe o
number
number
number
number
number
number
number
number
numbher
number
number
number
number
nu.aber
number
nvmber
nunoer
number
number
number
n mber
number
number
number
number
number
number
number
number

MAnIMUM ERROR IN

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING STEP =

(I LN U O I O T

[ R | I '}

LA (O S A N (|

{3 (T S (A O

IN THE

T

LU UL
b wN -

oo
-~

(S N &)
€ @

Ao O
OIS DWN— O

~ g
- O

72

ermarzb
ermaxb
ermazb
ermarzb
ermaxb

ermazb -

ermaxb
ermaxb
ermaxb
ermarb
erme..b
ermoe:b
ermi::b
erme: b
ermaxb
ermaxb
ermaxb
ermaxb
ermaxh
ermast
ermax:

ermas.
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb

ermaxb

ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb

L S

L2 AT I N SR A A

[ T

LI I T (Y [ SO ' I

STRESSES AND DISPLACEMENTS IN THIS MINING

.2528E-05 ermaxe =
.240€E-0% ermare =
. 2290E-0% ermaxe =
.21B1E-05 ermaze =
.2078E-C5 errmaxe =
.1980E-05 ermaxe =
.1B87E-05 ermaxe =
.17 99E-05 eimane =
.3 '16E-0S ermaxe -
.1637E-05 ermaxe =
.15€61E--05 ermaxe

.1490E~05 ermaxe«

.1422E-0% ermaxe

.1358E-0" ermax«

.1296F. -C ermax. =
.1238E-0" ermane =
.1182E-0°¢ ermaxe

.1129E-C* ermax:

.1078E-05 ermaxe =
.103NE-0 ermaxe =
.98 .3E-U6 ermaxe =
.94U€EE-06 ermaxe =
.8988E~-06 armaxe =
.8590E-06 srmaxe =
.8211E~06 ermaxe <
.78B48BE-C¢ ermaxe =
.7503E~-0¢€ ermare =
.7172E-06 ermaxe =
.6857E-06 ermaxe =
.6556E-06 ermaxe =
.62€3E-06 ermavye =
.5994E-0€ ermare =
.5732E-06 srmaxe =
.5482E-06 ermaxe =
.5242E-06 ermaxe =
.5014E-06 ermaxe =
.4795E-06 ermaxe -
.4586E~-06 ermaxe =
.4387E-06 ermaxe =

[%;]

TO SOLVE = 84
BLOCK DISPLACEMENTS = .439E-0€
HE ELEMENTS DISPLACEMENTS = .305E-05

TIMY TO COMPUTE AND PRINT STRESSES AND DISPLACEMENTS
ON OFF-SEAM PLANESC

Step No. FPtd dspl

3
3

TIME TO COMPUTE AND PRINT ENERGILS,
DISPLACEMENTS FOR THIS MINING STEPS

. 10000
.10000

DURING THIS MINING STEP =

Rsd stress
449,842

3401.745

Summary of the result:

Mining step 4 through 13 were omitted

0 SECONDS

Plr modulus LMS Plr dspl No.
38015.240 .000 7.421¢€3
10395.459 ~33667.749 7.52163

STRESSES AND
= 88072 SECONDS

.2587E£~-04
.2427R-04
.2280E-04
.2144E-C4
.2017E-04
.190CE-04
L1780 NG
BRIEEEA

“1k 4
SE-0«
33F-04

. “B¥-04
.11 94
L1310 =04
10 -
L1000 ‘
Lag 25
. E 35

T

SE-0-
. 19E-0%
Lv796E-CF
.6435E-C
.6094E-C°
.5772E-
.5468E-L
.5180E-05
.4908E-05
.4651E-05
.4408E~05
.4179E-05
.3961E-05
.3756E-05
.3564E-05
.3382E-05
.3210E-05
.3048E~-05

TEP = 2207€ SECONDS

of elmts
€4
64

10 SECONDS
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R¥e]

10
11
12

13

WO It O

Strain
.83€71E~01
.85104E-01
.10602E+00
.15993E+00
.16921E+00
.17692E+00
.19422E+00
.19422E+00
.25311E+00
.25311E+00
.26749E+00
.28466E+00
.29151E+400

Stress
.28850E+04
.29229E+04
.34498E+04
.34844E+04
.34388E+04
.34147E+04
.33959E+04
.33959E+04
.33938E+04
.33938E+04
.33938E+04
.33938E+04
.3393BE+04

LMS
-.34640E+05
-.34639E+05
-.3366BE+05
-.31463E+05
-.31861E+05
-.32004E+05
-.32315E+05
-.32315E+05
-.32433E+05
-.32433E+05
~.32543E+05
-.32670E+05
-.32687E+05

End of output for development 7 model

a8 o ok ok ko ok ok ook ok ok 1 o ok ok ok ok o o 3k ok ok ok 3k ook ok o 3 B ok o o otk o ok ko ok ok ok ok b ok sk o ok s ok ok ok ok o ok ok ok ok
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B.5 Development 8 model

20X80 and 120X180 fi pillars & 20 ft entries, Pocahntas No.3 Coalbed

Overburden 2000 ft (24000 in)

IN THE FOLLOWING %,Y,2 REFER TO GLOBAL AXES OR COORDINATES
AND ¥1,%2,%3 OR 1,2,3 REFER TO LOCAL AXES OR COORDINATES.

KOCK MASS PROPERTIES

POISSONS RATIO -- .25
MODULUS OF ELASTICITY -~ 690000.00
ND. OF SEAMS -- 1

NO. OF MATERIALS -- 11
PERTURBATION DSPL - 1.0000

IN-SEAM MATERIAL PROPERTIES
VALID MATERIAL PROPERTY CODES ARE:

01 2ABCDEFGHIJKLMNOPORSTUVWXYZ2

MATERIAL NUMBER 1 (A)

STRAIN SOFTENING COAL 2.00000

PERK STRESS .63000£+04

PEAK STRAIN .10500E+00

RESIDUAL STRESS .60000E+04

RESIDUAL STRAIN .15500E+00

PC:5S0NS RATIO .30000E+00

MATERIAL NUMBER 2 (B}

STRAIN SOFTENING COAL 2.00000

PEAK STRESS .62500E+04

PEAK STRAIN .10400E+00

RESIDUAL STRESS .54000E+04

RESIDUAL STRAIN .14300E+00

POISSONS RATIO .30000E+00

MATERIAL NUMBER 3 (C)

STRAIN SOFTENING COAL 2.00000

PEAK STRESG .62000E+04

PEAR STRAIN .10300E+0C

RESIDUAL STEESS .46000E+04

RESIDUAL STRAIN .12800E+00

POISSONS RATIO . 30000E+00

MATERIAL NUMBER 4 (D)

STRAIN SOFTENING COAL 2.00G00

PEAK STRESS .30000E+04

PEAK STRAIN .50000E-01

RESIDUAl STRESS .13000E+04

RESIDUAL STRAIN .60000E-01

POISSONS RATIO .30000E+00
MATERIAL NUMBEK 5 (E}

STRAIN HARDENING GOB 5.00000
INITIAL MODULUS AT ZERO STRESS .29400E+03
FINAL MODULUS AT PEAK STRESS .27000E+05
PEAK STRESS .20900E+04
GOB HEIGHT FACTOR .10000E+01
POISSONS RATIC .40000E+00
MATERIAL NUMBER € (F)

STRAIN SOFTENING COAL 2.00000

PEAK STRESS .24000E+G4

PEAK STRAIR .7400CE-01

RESIDUAL STRESS .20000E+04

SESIDUAL STRAIXN .16500E+00

POISSONS RATIO .30000E+00
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MATERIAL NUMBER 7 (G)

STRAIN SOFTENING COAL 2.00000
PEAK STRESS .63000E+04
PEAK STRAIN .10500E+00
RESIDUAL STRESS .60000E+04
RESIDUAL STRAIN .15500E+00
POISSONS RATIO .30000E+00
MATERIAL NUMBER 8 (H)

STRAIN SOFTENING COAL 2.00000
PEAK STRESS . 63000E+04
PEAK STRAIN .10500E+00
RESIDUAL STRESS .60000E+04
RESIDUAL STRAIN .15500E+00
POISSONS RATIO .30000E+00
MATERIAL NUMBER 9 (1)

STRAIN SOFTENING COAL 2.00000
PEAK STRESS .62500E+04
PEAK STRAIN .10400E+00
RESIDUAL STRESS .54000E+04
RESIDUAL STRAIN .14300E+00
POISSONS RATIO .30000E+00
MATERIAL NUMBER 10 (J)

STRAIN SOFTENING COAL 2.00000
PEARK STRESS .62000E+04
PEAK STRAIN .10300E+00
RESIDUAL STRESS .46000E+04
RESIDUAL STRAIN .12B00E+00
POISSONS RATIO .30000E+00
MATERIAL NUMBER 11 (K)

STRAIN SOFTENING COAL 2.00000
PERK STRESS .30000E+04
PERAK STRAIN .50000E-01
RESIDUAL STRESS .13000E+04
RESIDUERL STRAIN .60000E-01
POISSONS RATIO .30000E+00

PRIMITIVE STRESS PARAMETERS

PRIMITIVE STRESSES ARE GIVEN AS

P¥Z = .0000 .1250 *Z

EXY = .0000 .0000 *Z

P¥Z = .0000 .0000 *Z

PYY = .QC00 L1256 * oz

PYZ = .0000 .0000 *z

FZZ = .0000 L0917 oz

MODEL CONTROL AND MODEL DATA

NO. OF PARALLEL SEAMS -- 1
WIDTH OF BLOCKS -- €00.00
NO. OF BLOCKS ALONG X AXIS - 50
NO. OF BLOCKS ALONG Y AXIS -- 40
NUMBER OF OFF-SEAM PLANES SELECTED -- 0
FINE MESH STARTING BLOCK X-AXIS - 18
FINT MESH ENDING BLOCK X-AXIS == 34
FINE MESH STARTING BLOCK Y-AXIS = 11
FINE MESH ENDING BLOCK Y-AXIS - 30

GLOBRL COORDINATES OF LGCAL ORIGINS AND SEAM THICKNESSES
SERM NO. x Y A THICKNEES
1 .00 .00 -24000.00 7G.00

DIRECTION COSINES OF LOCAL SEAM AXES WITH RESPECT TO T HE GLOBRL AYES



EN(1,7) = 1.00000 EN(2,4) = .00000 EN(3,¥X) = .00000
EN(1,7) = .00000 EN(2,Y) = 1.00000 EN(3,Y) = .00000
EN(1,2) = .00000 EN(2,2' = .00000 EN(3,2) = 1.00000
PROGFAM FLOW CONTROL PARAMETERS
OVEFR. RELAZATION FACTTOR 1.38
MAZIMUM NGO. OF ITERATIONS SPECIFIED 30
CTREEZS CONVERGENCE CRITERION .10000E-01
STARTING MINING STEP NUMBER ]
NUMBER OF NEW STEPS 1
PRIMITIVE STRESSES AT LOCAL SEAM ORIGINS
SEAM # PS% PSY PS2
1 .0000E+00 .0000E+00 .2201E+04
STRESS GKADIENTS
PZDY. = .0000E+00
PYDX = .0000E+00
pPZDy = .0000E+00
pPY.DY = .0000E+00
PYDY = .0000E+00
PZDY = .0000E+00
TIME TO READ, CALCULATE AND PRINT BASIC PARAMETERS = 0 SECONDS
TIME TO CALCULATE INFLUENCE COEFFICIENTS = 0 SECCNDS

Mining step 1 tnrough 5 were omitted

MINING STEF NUMEEFR = 6 FINE MESH SEAM NUMEER = 1

LEEEEEREEEREEEDII1111121111111113 011 DDDL0DDRDLDDDDERDDOL- DD DDDIL
EEELELEFELEEI\M 1poe "DDDDD[‘DDl 1DP11DbCCCCCeccecccecececcccccccceect
O1IDCCCCCCCCeehlnM 1 DCBRBBBBBBBBBBBBRBBRRRBEBEBRER
D11 DZBRBBRBRARCIT 1 DD 1 DCBAAAARAARARAARARARMAAAAAAT
D011 DCBARAAAABCDLI DD 1 DCBAAARRARPAAAAARAARAAARARRRTAFR
CEEVEFEEEFEFEREEDDI 1 DCBAAARAABCDILIDDIY {'CBAAAAAAAAAAF\AAWAARRA
FELLEEEE ECEEEEEEEEEEEEEEDD] 1 DCBAAAAAARC D] 1 D01 1 DCBAAARARARARAARRARAARAAARRLAA
EREEELFFEREFEREEEEEEEEEEEEEEEEEEDD] 1 LCBARAAAABCD? 1001 1 DCBAAARAAARARRARARAARRARAARAAL
FLE! ELEEFEEEEEEEEFEEREEEEEEEEEEEE ) D1 ) DCBAAAAAABCD! 1 D111 DCBARAARAAARAAARRAARAARRARRARA
EEEEEFEREEEFERERERE: FEEEEEEEEEEEE 111 1DCBAAAARABCD111 111 DCBAARRARAAARAAAAAARRAARRARRAARA
EELEEEEREEEFEEEEFEEFEEFEEEEEEEEEED] 1 1 DCBAARAAASCD'111 D11 DCRARAAAARAARAARRARAAAAAARRARA
SEEEEEEEEEEEYEREEREEEEEEEEEEEEEEEDD] 1 DCBAARRAABCD] 1 DD | DCBAAAAAARRAAAARRARAAAAARARRLA
k LEEFFLEEEEEEE'FEEEEEEELFFEEEEEEEEDDI 1DCBAARAAABCDIIDDL] DCBMJ\AN\AAAAMA)\AAMAMAAAMA

EEk LLEELLLLLLLLt t.k.r.u_r_r.r Lk E LLLELLL {'1 1 DCBAAAMABCDl 1DD11DCBAAARAAARARAAAARAAARAARARRAR
FEEEEREEEEEEEEFEEEEEEEEEDD] 1 DCBAARAAARCD11DD] 1 DCBAAAAARAARARAARARAARARARARAL
AAXN EEFEREEEEEEEEEEEFEEEERLL ] 1DCABBBBBBBCD11DD] 1 DCBARARARAAAARAAAAAAAAAARAAARA
CEEEELEEEFREEFEEEEEEEEEEEEEEEEDDL 1 DCCCCCCCCCCD 10D L DCBARARARRAAAAAARAARARARRARARA
EEEEEEEREEFEEEEEEEEEEEEEEEEEE L DI 1DDPLDDDDDDDD] 1 D11 1 DCBAAAAAAAAAARARARARAAARAARRAL
. EFEFEEEFEEEEEFEEEEEELL1111211121111121111 111 DCBARARAARARARARAAARARAARARRAA
LEREEFEEEEEEEEEEEEEEEEEDI11111111111111111D11DCBAARAARAARAAARAAAAARRAARAARA
EFEREEEFEEEEEEEEEEREEEEEEEEEEEEEEDD] 1 DDDDDDDDPDDD] 1DD1 1 DCBARARAAAAAARAAARAAAARARARAAA
EFEEEEERREETEEEEEEEEEEEEEEEEEEEDD'] IDCCCCCCCCCCDI 100 1 DCBAARAAAARAARARARAARAA RARRRARA
EEEEEEEEEEEELEFEEEEEEEEEEEEEEEFEEDD] 1 DCBABBABBBCD1 1 D1 1 DCBARARAAARRAAARAAARAARARAAAAA
EEEEEREFCEEFEEEEEEEEEEEEEEEEEEEEEDD] 1 DCBAAAAAABCD] 1 DD1 1 DCBARAAAARAARAAAARAAARARAARAAA
FEEFEEEEEEEEEREFEEEEEEEEEEEEEEEEEDD] 1 DCBAAAAAABCD] 1 DD) } DCBAAAAAARAAAAAARARAAAAARAAARAR
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] | DCBARAAAABCD] 1 D011 DCBAAARAAARAAAARAAAAAAARARAAAAR
EEEEEEEFREEEEEEEEEEEEEFEEEEEEEEEEDD 1 DCBARAAAABS DI 1 DD 1 DCBARARARAAAAAAAAARAAARRLARARS
EEEEEEEFLEEEEEEEEEEEEEEEEEEFEEEEE] P12 DCBARAARABC D] 1 11 1 DCBAAAAAAARAAAAAARARAAARAARARAS
FEREEECEEEEREEEFEECEEEFEEEEEEEEEEL ] 1 IDCBARARAARCD 11111 DCBAAARRRARRARARAAARARAARRARS
EFEEEECEEED] 11 DCBAAAAAART DI 1101 1 DCBAARAAARANRAAAAARRARAARREATS
WAARAARRRRAAAAARAST.

EEEEEEREEEEDDL I DIBARARAARCDI 1001 1 DCBAARRARAR A A
ZEEEDDL L DCBARARAABCDI 1 DD 1 DCBAAARARARNAARARARARAAARRARRA

CEEEE EFFEREEEFEEEEELEREDD] I PIBAAAAAARCD] 1001 1 DCBAAAARARAARAARAAASARRARARAAA
EEFEEEF EEE EEFEEEEFEECEEEEEEEEEEEDD] L DUBAAAAAABC DL 1 DD I DCBAAAAARARARARAARARAAARAARAAA
EEEEEFEEREEFEEEEEEEEEEEEEEEEEEEEEDD] 1 DCRAAAAAABCD] 1001 I DCBARAARRAAN ARARAAARAAARAARPAA
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EEEFEEEEEEEEEEEEEEEREEREEEEEEEEEEDD LDCBBBRRRADCT 1 DI L DS BAAAAAAAAAARAAANAARAAAANAARA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEERDD1 1DCCIL JCCOCUDY 10D T DCRAAAARANAAAARAASCAARNAARAAARARA
EEEEEEEEEEEEEZEEEEEEEEEEEEEEEEEEEL D11 DDDDDDDDDNDDL 1D 1 1DCBAAAAAAANAAAAAAAAARAAAAARANA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE1111111111111111111 1 110CBAAAAAAANANAARAAARAARAAAARAN
EEEEEEEEEREEEEEEEEEEREEEEEEEEEEEEDIL111111111111111 101 1DCBAAAARAARAANAARRARARARAARAAN
FEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1 KKKKKKKKKKKK 1 1 DD} 1 DUBAAAAAAAAAAAAARARAAAARAAAAAN
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDDL 1RIIIIIIIIIIR1LIDD] 1 DCBAARNAAAAAAAAAARAAARRARAAANA
EEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEDDI IKJ 11T 111 T1JK11DD1 1 DCBAAAAAARAAAAAAAARAARRRARARRA
EEEEEEEEEEEEEEEFSEEEEEEEEEEEEEEEEDD] 1KI THHHHHHI JK1 1 D) 1 DCBAAAAAAAAAARAAAARARARAARAAAN
EEEEEEEEEEEEEFEEEEEEEEEEEEEEEEEEEDDL 1KJ IHHHHHHIJK] 1 DD} 1 DCBAAAARAAAAAAARAAAAARAANANARA
CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1KJ THHHHHRI JK1 10D 1 DCBAAAARAAAAAAAAAAAAARRAAAAARA
FEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] ) KJ THHHHHHI JK11DD1 1 DCBAAAAAARAAAAAAAAAARAAAAAARANA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEELD] 1KJ THHHHHHI JK11D111 DCBAARAAARAAAAAAANARNAAARAAAAA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEECEEE] 11 1KJI T HHHRHHIJK 111111 DCBARAARAAAAARAAAAAAAAAAAAAAAAR
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDT 1 1KJ THHHEHHIJK111 D11 DCBAAAAAAAAARARAAAAAAAAAAAAARA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1KIJIHHHHHHIJK110D1 1 LCBAAAAAARAAARAAAAARANAAARAAARAA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1KJ THHHHHHI JK11DD1 1 DCBARARRARAAAARAAAAAAARARAAAAR
EEEEEEEEEEEEEEEEEEEEEREEEEEEEEEEEDD] 1 KJIHHHHHHI JK1 1 DD11 DCBAAAARAAAAAAAAAAAAAAAARARAAN
EEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEDDN] 1KITHHRHHHI JK110D1 1 DCBAAAAAAARAAAAAAAAAAANAAAAANR
EEEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEDD] 1 KJ THHHHHH I JK11DD1 1 DCBAAAARAAAAARAAAARAANAARAAAAAN
EEEEECEEEEEEEEEEEEEEEEEEEEEEEEEEEDDI IKJII T 111 11JK11DDY 1 DCBAAAARARARANARNAAAAAAARRARARA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1KIJJIIIJIJIK11DD1 1 DCBAAAARAAT ARARARAAARARAAARAAA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEECE 1 D] 1KKKKKKKKKKKK 1D1 1 1 DCBAAAAAAAAARAAAAAAAAARRARARAAR
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEL1111111111111111111111DCBAAARAAAAAAARAAAARARARRARANA
EEEEEEEEEEEEEEEEEEEEEEEEEEFEEEEEEDI11111111111111111011DCBAAAAAARAAAARAAARAAAANAARAAA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1 0DDUDDDDDDDD] 1 DD1 1 DCBARAARAARAARAARAAAAARAAA AAANAR
EEFEEEEEEEEREEEEEESEEEEEEEEEEEEEEDD] 1 DCCCCCCCCCCDL 1DD1 1 DCBAAAAAAARAAAAARAAARAAAARAAARA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD? 1DCBBBBBBBBCD1 1DD1 1 DCBAAAAAAAAARAAAAAAAAAAAAAARAA
EEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEDD] 1 DCBAAAAAABCD] 1DD1 1 DCBARAAAARARAAARAAARAAAARRAAARA
EREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1 DCBAAARARBCD] 1DD1 1 DCBARAAAAAARAAAAAAAAAAAARARANAA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1 DCBAAARAABCD] 1 DD1 1 DCBAAAARAARAAAARSA * ANARAARARALA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD! 1 DCBAAARRARCD] 1 DD11 DCBAAAAAAAAAAAARN AAAAAAAMNARR
EEEEEEEEEEEEEEEEEEEEEEEEEEEREEEEE] D1 1 DCBAAARAABCD] 1 D111 DCBAAAAAAARAAARIARAMANAAARRANA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE] 11 1 DCBAARAARABCD] 1111 1DCBAAAARAAARAARAANARAAAAAAAAAR
EEEEEEEEEEEEEEEEEEEECEEEEEEEEEEEED] ] 1 DCBAAAARABCD 11 D1 1 DCBAAARAAAAAAAARAWARAAAARARRAR
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD 1 DCBAAARAABCD] 1 DD1 1 DCHAAAAAAARAAAAAAARAARRAARIRAA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDDI 1 DCBAAAAAABCD] 1DD1 1 DCBAAAAAARARAAARAARAAAAAAAARAR
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] | DCBAARAAABCDI 1 D01 I DCBARAAAAAAAARAAAAAARARARAANARN
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1 DCBAAAAAABCD] 10D 1 DCBAAAAAARAAAAAAAAAANARAAARAAR
EEEEEEEEEEEEEEF T EEEEEEEEEEEEEEEEDD] 1 DCBAAAAAABCD] 1DD1 1 DCBAAAARAAAAAARAARAAAAAARAAAARR
EEEEEEEEEEEEET EEEEEEEEEEEEEDD] 1 DCBBBBBBBBCD1 1 DD 11 DUBAAAAAAARAAAARPARAARARAAARAL
EEEEEEEEEEEEE} +EEEEEEEEEEEEEEDD] 1DCCCCCCCCCCD1 10D 1 DCBAAAAAAAAAAAAAAARAAARRAARARL
EEEEEEEEEEEEEEL. : LEEEEEEEEEEEEEEELID1 1DDDDDDDDDDDD 1111 1 DCBAAAAAAAAAAAAAARAARAAARARAIA
EEEEEEEELEEEEEEEEEEEEEEEEEEEEEEEE]11111111111111111111 1DCBAAAAAAAAANAARAAARAAAAAAAARA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDI11211111111111111D11DCBAAAAARAAAAARRARARANAARANARL
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 10DDDDDDDDDDD] 1 DDY 1 DCBARAARAAAAAAAARAAAARAARAARRAAN
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1DCCCCCCCCCCD 10D 1 DCBAAAAAAAAAARAARAAARAAARARAAA
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1 DCBBBBBSBBCDI 1 DD 11 DCBAAAAARAAARAAAAAARAAAARARAAL
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD] 1 DCBAAAAAABCD1 1DD1 1 DCBAASAAARAAAAAAAAARAARARAAARL
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEDD]1 1DCBARAARAABCD11DD1 1 DCBAAAAAAAAAAAAAARAARAARARANAA
FEEEEEFEEEEELEEEEEEEEEEEEEEEEEEEEDD] 1 DCBARAAAARCD! 1DD1 1 DCBAAARRARAAAAAAAAARRAARARANAL
EEEEEEEEECEEEEEEEEEEEEEEEEEEEEEEEDD] 1 DCBARAARABCD] 1 DD 1 DCBAAAAAAAARRARAARAAAAARRAARAA
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LEEREEEFE
ERLERELEE
ELERRLEFFEFE

TIME TO FEARD, PRINT ANID CONVERT MATERIAL PROPERTIES

FOR THIS MINING STED = 0 SECONDS

SOLUTTON PROGRESE FOR MINING STEP NUMBER =

jteration number = 1 ermaxb
iteration number = 2 ermaxb
iteration number = 3 ermaxb
iteration number = 4 ermaxb
iteration number = 5 ermaxb
iteration number = 3 ermaxb
iteration number = 7 ermaxkb
iteration number = 8 ermaxzb
1teration number = 9 ermaxb
iteration number = 10 ermaxb
1teration number = 11 ermaxb

rteration number = < ermaxb

iteration number = 13 ermaxbh =
rtteration number = 14 ermaxb =
iteration numper = 15 ermaxb =
iteration number = 16 ermaxb =
lteration number = 17 ermaxb =
iteration number = 18 ermaxb =
1teration number = 15 ermasbh =
iteraticn number = 20 ermaxb =
iteration number = 21 ermaxb =
iteration number = 22 ermaxb =
iteration number = 2 ermaxb =
iteration number = 24 ermaxb =
iteration number = 25 ermaxb =
iteration number = 26 ermaxb =
iteration number = 27 ermaxb =
1teration number = 28 ermaxh =
iteration numper = 2€ ermaxb =
iteration number = 30 ermaxb =
Jteration number = 50 ermaxb =
1teration number = % ermaxb =
iteration numrber = 62 ermaxbt =
1teration number = 85 ermaxp =
tteration number = 54 ermaxb =
lteration number = §5 ermaxb =
1teration number = 5S¢ ermaxb =
1teration number = 57 ermaxh =
iteration number = 5€ ermaxb =
iteratien number = 5% ermaxb =
1teration number = €0 ermaxb =
iteration number = Z&0 ermaxb =
iteration number = 261 ermaxb =
1teration number = 262 ermaxbk =
iteration number = 263 ermaxb =
iteration number = 264 ermaxb =
1teration number = Z2€5 ermaxb =
1teraticn number = 2¢€¢ ermaxb =
iteration number = 267 ermaxb =
lteration number = Z¢€8 ermaxb =
iteration number = 2¢9 ermaxk =
iteration number = 27Q ermaxb =
iteraticen number = 271 ermaxb =
1terat:on number = 272 ermaxb =
tteration numpber = 273 ermaxb =
iteration number = 274 ermaxb =
iteration number = 275 ermaxb =
iteration number = 27¢ ermaxk =
1teration number = 277 ermaxb =

.6269E+01
.3047E+01
.1861E+01
.1478E+01
.1638E+01
.1652E+01
.1685E+01
.1208E+01
.8919E+00
.8054E+00
.6278E+00
.4447E+00
.3182E+00
.2536E+00
.2119E+00
.1794E+00
.1541E+00
.1338E+00
.1174E+00
.1038E+00
.9256E-01
.8310E-01
.7484E-01
.6764E-01
.6136E-01
.5574E-01
.5068E~01
.4611E-01
.4199%E-~01
.3826E-01
.9925E-02
.9378E-02
.8867E-02
.8385E-02
.7924E-0C2
.7484E-02
.70€7E-02
.6676E-02
.6310E-02
.5%58E-02
.5622E-02

.2719E-06
.2590E-0C¢€
.2468BE-06
.2351E-0¢
.2240E~06
.2134E-06
.2033E-06
.1937E-06
.1846E-06
.1758E-06
.1675E-06
.1596E-06
.1521E-06
.1449E-06
.1380E-0¢
.1315E-0¢
.1253E~-0¢
.1194E-0¢6

ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
zrmaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermazre
ermaxe
ermasxe
ermasxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe

ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe

rmaxe
ermaxe
ermaxe
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.4968F+01
.3564E+01
.2100E+01
.2096E+01
.1341E+01
.9486E+0C0
.B8055E+00
.6956E+00
.6061E+00
.5338E+00
.4757E+00
.4830E+00
.4452E+00
.3874E+00
.3573E+00
.3013E+00
.2740E+00
.2470E+00
.2277E+00
.2105E+00
.1949E+00
.1809E+00
.16B1E+00
.1587E+00
.1518E+00
.1429E+00
.1320E+00
.1185E+00
.1120E+00
.1051E+00
.3378E-01
.3206E-01
.3043E-01
.Z890E-C1
.2744E-01
.2607E-01
L.2477E-01
.2354E-01
.2237E-01
.2126E-C1
.2022E-01

.1418E-05
.1351E-05
.1288E-05
.1227E-05
.1170E-05
.1115E-05
.1063E-05
.1013E-05
.9651E-06
.9198E-0¢€
.8766E-06
.8355E-06
.7962E-0¢€
.7588E-0€
.7232E-0¢
.BB92E~-CeE
.6568E-06
.6260E-0€
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iteration
iteration
iteration
1teraticn
iteration
iteration

number

number =

numbar

nunber

number
number

ermast
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb

L1137E Oe

TIME TO SOLVE FOR STRESSEs AND DISPLACEMENTS IN

MINING STEF NUMBER
NUMBER OF ITERATIONS TO SOLVE =

MAXIMUM ERROR IN THE BLOCK DISPLACEMENTS =

ernaxe

PRI O DEEATY
AT U RN
LA IR0
CAledE -
LAV TE-M
SO0E -0

TOBYE SECONDS

.1084E-00 ermaxe
.1032E-06 ermaxe =
LO83TE~07 ermaxe
L9372E-07 ermaxe
LBOZOE-C7 ermaNe -

THIS MINING STEDR -

.893E~-07
.169E-0¢6

MAXIMUM ERROR IN THE ELEMENTS DISPLACEMENTS =

TIME TC PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING STEP

TI! 1 TC COMPUTE AND PRINT STKESSES AND DISPLACEMENTS
DURING THIS MINING STEP =

ON OFF-SEAM PLANE

iteration
iteration
iteration
iteration
iteration
lreration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteratzcon
iteration
iteraticn
iteration
lteraticn
iteraticn
iteration
iteraticn
iteration
lteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteraticn
iteration
iteration
iteretion
itera-ich
iteration

number
number
number

<
o

non

number =

number
number
number
number
number

Li}

number =
number =
number =

number
number

number =

number
numper
nunber
number
numper
nunber

ambhae
nunesr

number =

number

numper =

numper
number

nwilier =

numrer

numbeyr =

number
number
number
number

number =
number =
number =

number
number

number =

number
number

number =

number
number

number =

number
number
numter

number

L S S
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15

ermaxb
ermaxb
ermaxb
erma:b
ermaxb
ermaxk
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermax
ermani
ermax

ermaxb
ermaxsb
ermaxb
ermaxh
ermarxb

‘b
ermaxb
erma:xl,
ermarb
ermazb
ermaxb
ermaxb
ermaxb
ermaxk

ermaxzb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb

oo

n
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.1175E-02
J1287E-02
.9863E-C3
.8188E-03
.6645E-03
.5732E-03
.4808E-03
.4044E-03
-3402E-03
.2869E-C3
.2430E-03
.2070E-03
.1776E-03
.1535E-03
+1339E-03
.1181E-03
L105€E-03
.9738E-04
.9021E-04
.B390E-04
L78328-04
LT332E-G4
.6EEZE-C4
LE4T7TE-C4
.610€E-04
L5T6EE-04
.5454E-04
.S1€4E-04
.4B95E-04
.4€45E-C4
.4411E-04
.4191E-04
L3985E-04
.3791E-04
.3608E-04
.3435E-04
.3272E-04
.311¢R-04
.2971E-04
.2832E-C4
.27G1E-C4
.257€E-04
.2457E-04
.2344E-04
.2236E-04
L2134E-C4
.2037E-04
.1944E-04
L1ES€E-C4
L1772E-04

0 ST'CONDS

ermaxe =
ermaxe
ermaxe =
ermaxe
ermaxe =
ermaxe =
ermaxe
ermaXe =
crmaxe =
ermaxe =
crmaxe -
ermaxe -
ermaxe =
ermave =
ermaxe =
ermaxe =
ermare -
ermaxe
ermaxe
ermdar
ermaxue
Ui
erm
ers,
ermaxe
ermaxe -
ermaxe =
Crihaze =
ermane -

ermaxe =
erimarie =
ermaxe =
ermaxe =
ermas
ermase =
ermase =
&ermarde =
ermarle =
erma
ermazse ==
ermaxe =
ermare =
ermare =
ermaze =
Ermaye -

= 0 SECONDS
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L2 TE~OL
CHE2TE- O
LO0NIE-00
AL IOk -0s
LATIOR -0
NS AN TN
AERNTT IV
REISE:AN S
LAROTE -G,
OGS AE-
COAARE -G
PR F OR VI
LONLE-0
CiHalE-O2
LT0GE-OL
LASTIE- O
Clanek-ue
L1344k
L10AAR-
1S HE-G.
L1078k -0
L0GLE -GS
BT O
LBIZIR-0Y
LB137K-07

590E-07
CIGBZE-G
RARL XIS
ANV
LOTENE-0
LOAREE-
L5034E-0
.4714E~0
L44149E-0"
LA144E-1
L3RRTE-T
R IAAA RN
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iteration
iteration
iteration
iteration
iteration
iteration
iteration
1teration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
iteration
i1teration
1teration

TIME TO SOLVE FOR STRESSES AND ULISPLACEMENTS IN THIS MINING

number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number
number

LIS U N S IO O NI R A |

Boowronon % ononon N onom

MINING STEP NUMBER

NUMBER OF ITERATIONS TO SOLVE = 168

MAXIMUM ERROR IN THE BLOCK DISPLACEMENTS = .758E-07

MAXIMUM ERROR IN THE ELEMENTS DISPLACEMERTS = .505E-06

TIME TO PRINT OUT STRESSES AND DISPLACEMENTS IN THIS MINING STEP = 0 SE

TIME TO COMPUTE AND PRINT

o OFF-SEAM PLANES DURING THIS MINING STEP =

Step No. Ptd dspl
€ 1.00000
¢ 1.00000

Mining step 7 through 13 were omitted

TIME TO COMPUTE AND PRINT ENERGIES,
DISPLACEMENTS FOR THIS MINING STEPS

140
141
142
143
144
145
14€
147
148
149
150
151
152
153
154
155
15¢
157
158
159
160
161
162
163
164
165
16€
167
1€8

Rsd stress
3992.728
3697.020

Summary of the result:

No. Strain Stress
H 0.C7 2944
2 g.07 20985
3 C.0F 3454
4 CL 1 3s00
5 0.11 36438
© 0.11 3443
7 0.11 411°

ermaxb
ermazb
ermaxb
ermanb
ermasb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermasb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermaxb
ermarb

STRESSES AND DISPLACEMENTS
0 SECONDS

-21170
-211¢3
-20€52
-20842
-20816
-20700

-2022

0w nwpsu SNt NN YN N NR

Plr modulus LMS
44105.130 .0CO
8506.104 -20699.523

.2902E-06
.27€¢7E-0¢€
.2639E-06
.2516E-06
.2400E-06
.2288E-06
.2182E-06
.2080E-06
.1983E-06
.1891E-06
.1802E-06
.1718E~0€
.1638E-06
.1562E-06
.148BE-06
.1419E-06
.1352E-06
.1289E-06
.1229E-06
.1171E-06
.1116E-06
.1064E-06
.1014E-06
.9662E-07
.9208E-07
.8775E-07
.8362E-07
.7969E-07
.7594E-07

STRESSES AND
116147 SECONDS

ermaxe
ermare
ermaxe
ermaxe
ermaxe
ermaxe
ernaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermarxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe
ermaxe

LU DN Y1 DO OO TN T T TS T I

Plr dspl No.

7.56273
§.56273

STEP =

.2128E-05
.2020E-05
.1918E-05
.1821E-05
.1729E-05
.1642E-05
.1560E~05
.14B1E-05
.1407E-05
.1336E-05
.1269E-05
.1205E-05
.1145E-05
.1088E-05
.1033E~05
.9815E-06
.9324E-06
.8858E-06
.8416E-06
.7995E-06
.7596E-06
.7217E-06
.6857E-06
.6516E-06
.6191E-06
.58B3E-06
.5590E-0¢
.5312E-06
.5048E-0¢€

of elmts
21€

218

43247 SECONDS

QO
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8
9
10
11
12
13

End of output for development 8 model
sk 3k ok ok ok 2 ok ok 3k ok ok o b ok 3k 3k sk ak ok o ok 3k o ok ok ok 3k 3k ke ok 3k 3 o ok ok ok ok ok ok ok o ok sk ok ok sk ok ok ok ok ak ok ke oKk ak e koK kK ok K

0.1z
0.14
0.15
0.16
0.18
0.19

4203
42291
4376
4409
4421
4404

-2032¢
-198¢é¢
-19930
-20129
~-20096
-20163
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Appendix C

CHANGES OF AVERAGE VERTICAL PILLAR STRESS, STRAIN AND LOCAL
MINE STIFFNESS WITH THE MINING STEPS
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Appendix D

STRESS AND CLOSURE DISTRIBUTIONS FOR SELECTED MODELS

The following are the vertical stress and closure distributions in the fine mesh zones
for the selected mining steps for the two entry model (elastic seam), four entries with
three rows of equal size pillar model (strain softening seam), four entries with central
abutment pillar model (strain softening seam), development 7 model and development 8
model. The unit for stress is psi. The unit for closure and is inch (in). The x (horizontal
axis with units of inches) and y (vertical axis with units of inches) of the fine mesh zone
figures represent the coordinates of the mesh zone area in the coarse mesh models with
the origin at the lower left corner of the coarse mesh zone (not included). The xmin and
ymin represent the coordinates of the lower left corner of the fine mesh zone, and the
xmax and ymax represent the upper right corner of the fine mesh zone respectively.
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elastic model (500 ft overburden).
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Vertical stress in the fine mesh zone through the selected mining steps for the four entries
with three rows of equal size pillars model (500 ft overburden, strain softening seam,
brittle).



201

M18 Croup Pine Mesh ¥18 Group Pine Nesh
TOTAL CLOSUR!-Z DIRRCTION MINING STRP 1 TOTAL CLOSURZ-Z DIRRCTION MINING S‘\'RP 4
xmin= 0800.0 xmaxe 193000 xmin= 90000 = 192000
ymaxw= 166000 ymax= 16800.0 s.asp Ymax= 166000 ymu. 16800.0 11300
. 8048 10.188
2728 0087
2400 7081
2076 6.838
1758 8710
1430 . 4.002
T 108 3488
0.763 2370
0460 1884
- 0.138 0.187
xmin= 0800.0 10200.0 xmine 08000 xmax= 102000
ymins 72000 )mln- 72000 ymin= 72000 ymine 72000
M168 Group Pine Mash M18 Croup Pins N
'I'OTAL CLOSURE-Z DIRECTION MINING STEP 10 TOTAL CLOSURR Z nnuzc'noN NINING STEP 13
9600.0 Xmaxw 19200.0 amin= xmax= 192000
ymn- 1868000 ymax= 188000 ymaxs uooo.o ymaxs 108000
. - 11.800 i - 11.800
10634 10.7328
0488 0887
8302 8.96885
7138 7214
5970 6.043
4804 4A71
’ 3838 aroo
5 i
2472 2628
1.308 1387
0.141 0.188
xmin= 08000 Imax= -9200.0 xmax= 102900
ymln: 72000 ymln: 72000 ymins 72000 ymine 72000
©) Figure D.4 (D)

Vertical closure in the fine mesh zone through the selected mining steps for the four
entries with three rows of equal size pillars model (500 ft overburden, strain softening
seam, brittle).
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Vertical stress in the fine mesh zone through the selected mining steps for the four entries
with three rows of equal size pillars model (759 ft overburden, strain softening seam,
brittle).
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Vertical stress in the fine mesh zone through the selected mining steps for the four entries
with three rows of equal size pillars model (1000 ft overburden, strain softening seam,
brittle).
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Vertical closure in the fine mesh zone through the selected mining steps for the four
entries with three rows of equal size pillars model (1000 ft overburden, strain softening

seam, brittle).
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Figure D.9

Vertical stress in the fine mesh zone through the selected mining steps for the four entries
with central abutment pillar (YAY) model (750 ft overburden, strain softening seam,
brittle).



207

M20 Group Pine Mesh M20 Group Pine Mesh
TOTAL CLOSURB-Z DIRECTION MINING STEP l TOTAL CLOSURR-Z DIRRCTION MINING STRP 4
xmin= 00.0 maxs O”OOD xmin= 08000 = 10200.0
ymaxs xosoo.o ymax= 18800.f 5.160 ymaxs» xoooon ymu- 16800.0 19.000
4004 - 18330
4.160 136414
] n
36873 . 11,088
31478 - 28
N s - 10883
2062 ) 8.603
i )
2.187 R 8.024
e - m
1802 . 6044
P . ‘: .._.‘-: «A. i
1108 W 3888
0.701 v : 1.800
0.206 - : 0308
Xmin= 08000 xmax= 10200.0 xmin= 06000 xmaxs 102000
ymin= 72000 ymin= 72000 ymins 72000 ymin= 72000
M20 Group Pine Meth M20 Croup Fine Mes
TOTAL C. OSU’RB-Z DIRZC'HON MINING STEP 10 TOTAL C. LOSURB Z DIR.EC‘I'ION MINING STBP lS
Xmin= max= 19200.0 min= 98000 102000
ymaxs= oa 0.0 - - . ymax= 18600.0 17800 ymax= 18600.0 i : ymu~ 16800.0 18.100
16.131 18318
14382 14.637
12603 12,786
10.824 10.976
0065 0.104
oo
i ]
7287 7412
5518 6831
B
3.749 4880
1.080 2.080
. - 0211 . e : 0287
xmin= 08000 xmax= 102000 xmine 06000 Xmaxs= 102000
ymin= 72000 ymina 72000 ymin= 72000 ymin= 72000
Figure D.10

Vertical closure in the fine mesh zone through the selected mining steps for the four
entries with central abutment pillar (YAY) model (750 ft overburden, strain softening
seam, brittle).
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Vertical stress in the fine mesh zone through the selected mining steps for the four entries
with central abutment pillar (YAY) model (1000 ft overburden, strain softening seam,

brittle).
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Vertical closure in the fine mesh zone through the selected mining steps for the four
entries with central abutment pillar (YAY) model (1000 ft overburden, strain softening
seam, brittle).
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Figure D.13

Vertical stress in the fine mesh zone through the selected mining steps for development 7
model (strain softening seam, 1900 ft overburden).
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Vertical closure in the fine mesh zone through the selected mining steps for development
7 model (strain softening seam, 1900 ft overburden).
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Vertical stress in the fine mesh zone through the selected mining steps for development 8
model (strain softening seam, 2000 ft overburden).
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Appendix E

POST-FAILURE STIFFNESS COMPILATIONS

In all tables and sections of this appendix, except when specified otherwise, Es and
Ep denote Young's modulus and post-failure modulus (or post-failure stiffness); W and H
denote the width (or diameter) and height of pillars (or specimens), respectively.

E.1 Das's data (1986)

Indian coal, from laboratory tests on the 54 mm d:ameter core.

Modulus unit: MPa

Coal field ] Kenda | Uchitdih

Sin&hpur X11 Kargﬁali Jambad
Es 2667.7 | 2420 4800 3120 5520 2500
Modulus unit: MPa
Coal field | Kenda | Uchitdih | Singhpur| X11 Kargali Jambad
W/H Ep Ep Ep Ep Ep Ep
0.5 120000 30000 | 23100 | 41600
1 17000 | 39000 7200 5800 5250
2 15000 { 24500 2650 3600 2250 13950
3 5000 15500 1700 1100 1200 3600
4.5 3500 2300 885 650 500 950
6.75 755 1000 200 500 260 600
9 1067 500 0 450 0 500

E.2 Seedsman's data (1991)

Australiar coal; 50 and 25 mm block specimens from Southern, Newcastle, and
Bowen Basin coal fields. Ep is the secant post-failure modulus at 1.25 times failure strain.

Modulus unit: GPa



W/H Ep ~ Es
1.07 5.2 2.3
1.06 13.8 2.1
1.13 3.1 1.7
1.02 4.5 2.3
0.98 4.3 2.1
1.04 2 2.3
1.01 2.2
1.08 2.7 1.6
1.99 2.35 1.6
1.95 3.01 2.5
2.03 217 1.9
2.15 1.54 1.6
2.23 1.57 1.9
2.3 1.15 0.9
2.03 4.6 2.2
2.08 3.8 1.9
1.89 5 2.5
2.68 1 1.2
4.45 3 5
4.16 1.5 53
2.12 1.7 2
2.23 2.69 1.6
2.26 4.62 2.8
2.54 0.8 1.1
3.1 0.68 1.3
3.08 1.5 2.2
3.86 0.7 2.9
3.68 1.1 3.1
5.37 1.2 4.5
5.62 0.8 2.7
0.97 1.47 1.6
0.98 12.7 3.1
3.01 2.9 35
1 2.15 2.4
1 11 35
1 2.38 2
1.02 9.25 3.5
1.04 1.81 1.5
1.04 0.21 0.5
1.12 1.62 1.35
1.99 1.38 1.9
2.01 2.89 25
2.04 1.4 1.9
2.05 1.82 2.7
2.14 1.25 1.2
2.29 1.12 3
2.93 1.5 2.3
3.05 0.94 3.1
3.37 0.94 2.8

28]
(5]
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Continuous table for Seedsman's data

WM Ep Es
3.96 1.9
3.98 2.73 2
3.01 3.8
1.04 3.19 2.3
] 3.14 25
1.03 7.13 3.8
1.12 1.13 2
1.11 1.83 _2.5
1.03 2.23 1.8
1.04 4.83 2.5
1.01 2.61 2.7
0.99 3.1 2.6
1.05 5.23 2.4
1.08 2.15 1.5
1.04 1.93 2.7

E.3 Heerden's data (1975)

South African coal; field pillars with cross section 1.4x1.4 m.

Modulus unit;: GPa

WH Ep Es

1.14 2 3.71
1.156 0.87 4.59
1.28 2.11 4.52
1.31 1.72 3.33
1.87 1.14 3.75
2.13 0.91 4.26
2.79 0.52 3.86
2.79 0.7 3.62
3.28 0.53 3.95
3.39 0.55 4,29

E.4 Cook's data (1971)

South African coal; field pillars with cross section. Average modulus from pillars
with cross section up to 2x2 m and height H=1-2 m.

Modulus unit: kPa

WH Ep Es
0.6 5 35




E.5 Wagner's data (1974)
South African coal; field pillars with height H = 1.8 ft.
Modulus unit: Kba (1 Kba = 10 psi)

Average Young's modulus Es = 40 Kba

W/H Ep
0.8 25.2
0.88 22.4
0.98 20
1.05 16.3
1.59 15
1.75 12
1.82 11.8
1.94 6.6
2 8.71
2.03 7.7
2.02 8.2
2.22 8.71
E.6 Wang's data (1976)

US coal; Pocahontas No.3 seam. Field pillar with width 62 {t and height 5.5 ft
Average Young's modulus Es = 2.38 GPa

W/H=113 Ep=3.821 GPa

E.7 Pittsburgh Research Center (iannacchione, 1988)
US coal; Pocahontas No.3 seam, field pillar with width 80 ft and height 70 in.
Modulus unit: GPa
Average Young's modulus Es = 1.63 - 2.47

W/H=137 Ep=3.14



E.8 Crouch's data (1973)
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US coal; came from 2 and 4 in diameter cylinder specimen; mean of post-failure

stiffness.

Modulus unit: x10% psi

Average elastic modulus Es = 3.53

Seam | Pocahontas No. 3 | Pocahontas No. 4 | Geneva | Sunnyside
W/H Ep Ep Ep Ep

1 7.5 14.37

2 10.94 4.98 9.05 22.61

3 6 2.49 6.85 6.62

4 2.43 2.16 5.38 6.75

5 2.48 1.48 4.63 3.63

6 2.5 1.46 1.6 3.24

8 0.92




Apperdix F

THREE DIMENSIONAL PRESENTATION OF THE VERTICAL STRESS AND
CLOSURE DISTRIBUTIONS FOR DEVELOPMENT 7 AND DEVELOPMENT 8
MODELS AT SELECTED MINING STEPS
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(A) 3D vertical stress distribution at mining step 2
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Figure F.1

Vertical stress and closure at mining step 2 for development 7
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(A) 3D vertical stress distribution at mining step 3
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(B) 3D vertical closure distribution at mining step 3
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Figure F.2

Vertical stress and closure at mining step 3 for development 7
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(A) 3D vertical stress distribution at mining step 4
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Figure F.3

Vertical stress and closure at mining step 4 for development 7
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(A) 3D vertical stress distribution at mining step 5
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(B) 3D vertical closure distribution at mining step 5
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Figure F.4

Vertical stress and closure at mining step 5 for development 7
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(A) 3D vertical stress distribution at mining step 6
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Figure F.5

Vertical stress and closure at mining step 6 for development 7
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(A) 3D vertical stress u..iribution at mining step 9
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Figure F.6

Vertical stress and closure at mining step 9 for development 7
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(A) 3D vertical stress distribution at mining step 13
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(B) 3D vertical closure distribution at mining step 13

£
240

(]

5

< 20

©

20

@00

o

o

40 40
20 20
Element No. in y direction Element No. in x direction

Figure F.7

Vertical stress and closure at mining step 13 for development 7
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(A) 3D vertical stress distribution at mining step 1
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(B) 3D vertical closure distribution at mining step 1
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Figure F.8

Vertical stress and closure at mining step 1 for development 8
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(A) 3D vertical stress distribution at mining step 3
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Figure F.9

Vertical stress and closure at mining step 3 for development 8



(A) 3D vertical stress distribution at mining step 5
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(B) 3D vertical closure distribution at mining step 5
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Figure F.10

Vertical stress and closure at mining step 5 for development 8
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(A) 3D vertical stress distribution at mining step 6
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(B) 3D vertical closure distribution at mining step 6
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Figure F.11

Vertical stress and closure at mining step 6 for development 8



(A) 39 vertical stress distribution at mining step 9
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(B) 3D vertical closure distribution at mining step 9
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Figure F.12

Vertical stress and closure at mining step 9 for development 8
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(A) 3D vertical stress distribution at mining step 11
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(B) 3D vertical closure distribution at mining step 11
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Figure F.13

Vertical stress and closure at mining step 11 for development 8



to
'
‘»

(A) 3D vertical stress distribution at mining step 12
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(B) 3D vertical closure distribution at mining step 12
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Figure F.14

Vertical stress and closure at mining step 12 for development 8



(A) 3D vertical stress distribution at mining step 13
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(8) 3D vertical closure dis* \b'ition at mining step 13
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Figure F.15

Vertical stress and closure at mining step 13 for development 8



