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(ABSTRACT)

The problem of interaction resulting from mining seams

above a previously mined seam has been thoroughly investi-

gated in order to develop and evaluate methods of improving

upper seam ground conditions when mining through either

active or passive subsidence waves. Design criteria have

been developed based on results from case studies, statis-

tical analyses, geological characterizations, numerical

studies and physical modelling. These include identifica-

tion of critical factors, prediction of the location and

magnitude of potential interaction areas, and remedial

options.

Complete design procedures have been devised which

include five essential steps: data collection and mapping,

classification of mining conditions, characterization of

strata, preliminary evaluations, and stability analyses.



The methods developed for interaction analysis are classi-

fied into two categories: qualitative and quantitative.

Qualitative methods can be used for a preliminary evalua-

tion using rules of thumb and empirical formulas developed

from statistical analyses. Quantitative methods involve

more detailed stress and strain computations based on quan-

tified interaction mechanisms. These mechanisms include

trough subsidence, load transfer, pressure arch, large-

scale caving and fracturing, and interseam failure.

Finally, in order to expedite the transfer of research

findings to the field for application, an interactive and

comprehensive computer program has been developed which

incorporates all possible interaction mechanisms and

aspects of the design and evaluation process for multi-seam

mining.
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I. INTRODUCTION

l•l nf Emblem

when seams are being mined over a previously-mined

seam, ground control problems may occur due to interactions

resulting from the mining of the lower seam. These inter-

action effects may create major ground control problems,

including floor, roof, and pillar failures which result in

lost reserves, production delays, and major safety prob-

lems. Initial failure of lower seam structures usually com-

mences with caving and fracturing of the overlying strata.

Pressure arches can be formed which create destressed zones

and highly stressed zones due to load transfer. Seams

lying in close vertical proximity to the lower seam can be

directly affected by large-scale caving and fracturing. As

the opening width increases and the pressure arch is no

longer capable of obtaining support from the solid coal,

trough subsidence is initiated under most geologic condi-

tions. Subsidence creates tension zones in the upper seam

at the trough edges. Major interactive ground control

problems are frequently encountered in such tension zones

because coal measure rocks have inherently low tensile

strengths and the rock mass dilates. These interaction

effects present major obstacles to mine safety and produc-

-1-
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tivity if they are not dealt with through proper ground

control practices.

l-2and

Ideally, multi-seem mining should proceed in a descend-

ing order, starting with the uppermost seem, with extrac-

tion of each seem being completed before the next adjacent

seam is mined. In practice, however, the choice is often

determined by many factors other than ground control con-

siderations. Traditionally, the selection of mining

sequence has been based upon ownership, economy and acces-

sibility without due consideration of ground control prac-

tices in subsequent mining. In many cases, the lower seam

has been the more attractive, owing to its greater thick-

ness, superior quality or easier accessibility. Today with

the depletion of some reserves and increased demand for

coal, many operators are increasingly finding themselves

mining above existing or abandoned mines. This is espe-

cially true in the Appalachian coal fields where the major-

ity of the coal seams occur in multiple horizons. In addi-

tion, improvement in equipment and technology have helped

to make even the thinner and sometimes laminated upper

seams economically attractive.

Many attempts have been made to predict interactions in

multiple seam mining, which is also proof of the ever-
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increasing concern of the coal industry with seam interac-

tion. Simple statistical models and rules of thumb have

been developed based on case study data and experience.

However, these models and rules of thumb are usually site-

specific and often descriptive concerning mine design.

Design techniques and methods for stabilizing openings

where interactive problems exist due to subsidence or

arching are inevitable remains to be addressed. Develop-

ment of quantitative rational design criteria for the upper

seam that would alleviate damage due to negative interac-

tion effects would contribute substantially to the safety

and productivity of many mining operations.

l·3andThe

primary objective of this research is to develop

and evaluate methods of improving ground control conditions

in upper seams when mining through either active or passive

subsidence waves. These methods concentrate on improved

ground control practices for the upper seam, rather than

reducing the amount of subsidence in the upper seam by

improved practices in the lower seam. These include devel-

opment of design criteria and eventually of a computer

model that can predict potential interactions for given

geological settings and mining conditions, and can provide

design guidelines and options for improving upper seam con-
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ditions.

The rationale is based upon the conclusions and results

that can be derived from the considerable number of field

studies available on upper seam interaction. The complexi-

ties of the geological and mining conditions dictate a com-

prehensive approach which incorporates results from case

studies, statistical analysis, numerical and physical mod-

elling as well as geological characterizations. In order

to concentrate on the most important aspects of the inves-

tigation during the time span of this research, only two

horizontal seams lying in close proximity have been inves-

tigated for the Appalachian coal region. The mining method

is confined to the room-and-pillar method as the majority

of the coal seams in the U.S. are extracted using this

method. For application purposes, super—critical condi-

tions are assumed. These assumptions are made without los-

ing generality because such conditions are the most common

in Appalachian multi-seam coal mines.



II. LITERATURE REVIEW

The problem of interaction in multiple-seam mining has

attracted the attention of many researchers. Although work

has been done as early as the early 1900°s, more vigorous

and systematic research into the mechanisms of interaction

is relatively recent. This chapter reviews major studies

performed to date and covers the various aspects of multi-

seam mining and other related areas.

2.1 in Mining

2.1.1In

mining operations where more than one seam is

involved, the sequence of mining the various seams is often

used for the classification of multi-seam mining. Hladysz

(1985) calculated 168 possible sequences of mining for four

seams, based on combinations and permutations. However, if

geological and mining conditions are imposed, the number of

possible sequences is quickly reduced to a much smaller

number. Generally, there are four basic sequences in which

multi-seam mines can be worked (Haycocks and Karmis, 1984;

King et al., 1972; Hladysz, 1985). These are defined

_ as(Figure 2.1):

1) where the lower seam is mined out prior to the min-

ing of the superimcumbent seams.

-5-
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Upper Seam

Innerburden
Lower Seam

A) Over—mining (Lower Seam Mined First)

Upper Seam

Innerburden
Lower Seam

B) Under-mining (Upper Seam Mined First)

Upper Seam

Innerburden
Lower Seam

C) Simultaneous Mining

Seam 1

Innerburden (1-2)
Seam 2

Innerburden (2-3) Seam 3

Innerburden (3-4) Seam 4

D) Combination of Mining Sequences (Simultaneous Mining)
(Sequence: Seam 2 - Seam 3 — Seam 4 - Seam 1)

Figure 2.1 Basic Sequences of Mining Multiple Seams
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2) where simultaneous mining of upper and lower seams

occurs.

3) where the upper seam is mined out prior to the min-

ing of the lower seam.

4) combinations of the above.

Different interaction mechanisms are activated as a

result of the mining sequence, resulting in a variety of

ground control failures.

In the case of the lower seam being mined out before

the extraction of the upper bed, or overmining, Hasler

(1951) observed two basic types of problem in the upper

seam:

1) unavoidable damage as a result of prior removal of

all of the coal from a lower seam without provision

for adequate support for the overlying seam. Such

damage includes varying degrees of subsidence, frac-

ture, and parting of the overlying strata and beds

of coal. '

2) avoidable damage due to large and extensive pillars

of coal left in the lower, worked-out seam. The

effects observed in the upper seam are bumps in the

floor, crushing of the coal in the upper bed, and

fractures in the coal.

In one of the most exhaustive early investigations into

the problem of interaction, Stemple (1956) examined 15

cases of overmining operations. He reported bed separa-
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tions of up to several inches in the upper seam, causing

the coal seam to drop out of the roof or the floor strata

to drop out of the coal. He also described several cases

of severe roof problems where mining in the upper seam took

place in areas above the edge of solid coal (Figure 2.2)

Various causes of innerburden failure have also been
~

identified by Hedley (1974) in the analysis of multi—seam

mining of the Elliot Lake uranium mines, such as buckling

due to high horizontal forces, tensile failure at the cen-

ter of the roof in the lower bed, and shear or tensile

failure in the interseam.

Another mechanism is the interseam shearing failure

caused by removal of underlying pillars. In 38 case

studies in the Appalachian coalfields reported by Holland

(1951), about 75% had a shear or shear tensile failure

after an underlying bed had been mined. In extreme cases,

such failure can extend through to the surface, as demon-

strated in Figure 2.3.

Pillars of substantial size left in the lower seam can

create shearing and high stress concentrations in the upper

seam due to continued subsidence of the strata on the two

sides of the pillar and the support provided by the pillar

(Lazer, 1965). Arching and caving create high stress con-

centrations as well as zones of relieved stress, which can

also affect the upper seam if the height of the arching or

caving extends to the upper seam level.
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In summary, subsidence is responsible for most of the

interaction effects on the overlying seam; therefore, if

general principles determining the effects produced are to

be investigated, it is necessary to inquire into subsi-

dence, force distribution as induced by mining, and factors

that affect these interactions (Holland, 1951). In asso-

ciation with the subsidence process are three basic types

of mechanisms, based on studies by Haycocks et al. (1983):

1) dilation (tension/compression) due to trough subsidence;

2) high stress concentration due to load transfer by rem-

nant pillars and arching effects; and 3) block shearing

failure due to inadequate lower seam support such as irreg-

ularly robbed pillars.

2-1.2Factors that affect the amplitude and propagation of

subsidence, and thus interactions, are usually divided into

geological (uncontrollable) factors and mining (control-

lable) factors (Table 2.1). The following is a discussion

of some of the more important these factors.

Eifeg;s_Qf_Mining_Me;hgds The method of mining employed

has been considered as one of the controlling factors in

the various aspects of the subsidence process. It affects

not only the magnitude of subsidence, but also the subsi-

dence pattern. In general, longwall mining causes a grad-

ual bending of the superimcumbent strata, allowing them to
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Table 2.1 Variables Affecting Multi—Seam Mining

overburden structure and thickness
innerburden structure and thickness
seam height
immediate roof and floor
mechanical properties
geological discontinuities
ground water

methods of extraction
excavation height
entry orientation and geometry
type of support
percent recovery
elapsed time between operations
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settle slowly as the face is being advanced.

In room-and-pillar mining, where complete extraction is

practiced, pillars are extracted in such a manner as to

form a long extraction line, as is desired in order to

relieve pillars of as much load as possible. The tendency

is to create subsidence closely approaching the nature of

subsidence induced by longwall mining.

Partial extraction is used where surface subsidence

prevention is required or where surface conditions are such

that pillar extraction would result in roof support prob-

lems. In this case, as Stemple (1956) pointed out, the

rock forming the roof of a room or entry may fail because

of overstress or weakness caused by chemical or physical

action. The subsidence thus induced will consist of a fall

of this failed rock along the room or entry to a height

ranging from a few inches to several tens of feet. This

type of subsidence, therefore, would have little effect

upon the overlying coal seam unless it lay within the scope

of strata reached by the fall. where a pillar is left in a

mined—out area of complete extraction mining, or where a

large competent pillar is surrounded by numeraous rela-

tively smaller pillars which are incapable of supporting

the superimcumbent strata in partial extraction, the strata

may shear at the edges of the pillar described and subside

about this pillar, and definite difficulties will result in

attempting to mine the overlying seam in this area.
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Effects cf Width-tc—Qepth Ratic In considering the effects
of mining geometry, the width of excavation divided by the

depth of mining, or the width/depth ratio, is often used.

Studies have shown that for maximum subsidence to occur,

the width/depth ratio of the extraction must exceed a cer-

tain minimum or critical value in both plan dimensions.

Maximum subsidence increases as the width/depth ratio

increases until a certain point at which the subsidence no

longer increases. This is called the critical width/depth

ratio. After this value, increased width-to-depth ratios

will result in a more uniform subsided strata and less

interaction problems in the overlying seam.

In other aspects, the inflection point, the angle of
draw, and ribside subsidence are all considered to be func-

tions of the width/depth ratio (Karmis, 1986). The shape

of the subsidence trough also varies with the width/depth

ratio, as has been shown by an analysis of a large number
of field observations (NCB, 1975).

Effects cf Geclegy The effects of geology on subsidence

can be readily seen in the fact that maximum subsidence in

British coal mines can be as much as 90 percent of extrac-

tion height while in the U.S. 70 percent is usually the

upper limit (Gray and Bruhn, 1984; Webster et al., 1984).

Stemple (1956), siting Briggs (1929), stated that the angle
of draw is usually less in a hard rock such as sandstone
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than in a soft rock such as shale.

In considering the effects of geology, the present

practice in subsidence control is to incorporate the per-

cent of hardrock in subsidence factor calculation (Karmis

et al., 1984) or interaction prediction (Webster et al.,

1984). Subsidence patterns are also greatly influenced by

the large scale or regional lithologic, topographic, tec-

tonic and structural trends of the particular coal region

(0'Rourke and Turner, 1979), which determine the trough

width, width of the tension zone and magnitude of strain

created at the upper seam.

Eifegts_of;Time The effects of time are perhaps the most

difficult factors to determine in precalculation of subsi-

dence (Brauner, 1973). A subsidence trough is not initi-

ated until after a certain minimum area has been extracted

and this then evolves from the subcritical through critical

to supercritical stage, as the extraction area is

increased. The time factor is usually represented by the

advance rate and the time after cessation of mining acti-

vity. The former determines the time taken for full subsi-

dence to occur with regard to a surface point. As for the

latter, which expresses the after—effects, studies have

shown that over 90 percent of final subsidence occurs at

the time of complete critical extraction (NCB, 1975; Gray

and Bruhn, 1984). These two factors together determine if
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the interaction is a purely active, an active/passive, or a

passive condition.

2.22-2-1To

date, the majority of work on the subject of subsi-

dence has been done with regard to the surface because of

the damage and environmental impact that subsidence can

create. The damage attributed to this phenomenon is seen

in both rural and urban areas and includes land settlement

and fracturing, structural damage to surface buildings, and

disruption or contamination of ground water supplies (Kar-

mis et al., 1985).

The meaning of subsidence in a broader sense embraces

the whole process of ground movement due to mining of an

underground seam. The surface manifestation of this pro-

cess usually entails five distinct, basic types of surface

movement, which can affect or damage surface structures,

facilities and renewable resources (Karmis et al., 1985).

These parameters are:

- Vertical displacement; this movement occurs in all

portions of the subsidence trough, but achieves maxi-

mum values above the center portions of the extrac-

tion area.

— Horizontal displacement.
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- Tilt or slope, derivative of the vertical displace-

ment with respect to the horizontal; uniform tilt

results in little surface damage while differential

tilt results in a much higher potential for surface

damage.

— Curvature, the derivative of slope or the second

derivative of the vertical displacement with respect

to the horizontal.
— Strain, derivative of the horizontal displacement

with respect to the horizontal; tensile and compres-

sive strains correspond to the concave and convex

portions of the subsidence trough, respectively.

Idealized distributions of the above parameters and

their relationships are shown in Figure 2.4.

2-2-2Subsidence control generally involves subsidence pre-

diction, damage assessement and prevention, often with

regard to surface structures. Various theories have been

established concerning subsidence movements, but the most

commonly used generally fall into one of the following

three categories: the profile function method (Brauner,

1973; NCB, 1975), the influence function method (Knothe,

1957; Kratszch, 1983), or the zone area method (Marr,

1975). Any one of these methods can be used to predict

subsidence, the choice depending upon the application
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requirements and the site and mining factors.

R;gfile_Egng;ign_Me;hgd This method depends heavily on

field measurements as its basis for fitting a profile func-

tion to the data collected from the measurements, based on

a few parameters such as seam thickness and depth-to-width

ratio (Kratzsch, 1983). In general, a function which is

tangent or asymptotic to two horizontal lines is required

(Karmis et al., 1983). The most complete and represent-

ative case of the application of this method is the study

done by the National Coal Board of Britain and a result of

their study, the widely-used NCB Subsidence Engineer's

Handbook (NCB, 1975), which provides guidelines for pre-

dicting subsidence including strain distributions and dam-

age assessment. Similar calculation charts and relation-

ships have been developed for application in the United

States by Karmis et al. (1986).

The advantage of such a method is that profile func-

tions can be directly derived from observations and can be

modified for simple subcritical profiles according to field

data (Brauner, 1975). The main disadvantage is that three-

dimensional problems and excavations of an irregular shape

are usually very difficult to deal with using this tech-

nique.

Influence_Eunction_Me;hgd In this group of methods, it is

common to seek a so—called influence function which is used
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to describe the amount of influence exerted at the surface

by infinitesimal elements of the extraction area. The total

subsidence is then the sum of the elementary troughs of all

extraction elements according to their position. A typical

example of this technique is the Budryk-Knothe influence

method, which was developed in Poland (Knothe, 1957). The

influence function is given as:

1 ¤x'f(X) = exp(—?—). (2-1)

where r = radius of influence = h/tan(ß); h = mining

depth; ß = angle of influence; x = horizontal distance from

the inflection point.

The subsidence at any point x, s(x), is then given by

s(x) = ääää f;exp(—n§;)dx (2-2)

Methods employing influence functions first appeared in

1932 and are now predominant in Germany and Poland

(Kratszch, 1983), and are also becoming more and more
widely used throughout the world. Their popularity lies in

their advantage not being confined to rectangular extrac-

tions like the profile function method, and their ability

to negotiate superposition problems.
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Zgne_A;ea_Me;hQd The zone area method is a slight variation

of the influence method. The basic idea is to construct a

series of circular zones or concentric rings around the

surface point, the outer radius of the outer zone being

equal to the radius of the area of influence (Marr, 1975).

Mathematically, using seven zones, the subsidence can be

expressed as (Goodman, 1980):

(2-3)s/m = ax? + bx? + cx? + dx? + ex? + fx? + gx?

where x,, x,, x,,... = proportional area of each zone

extracted; a,b,c ... = corresponding zone factor for each

zone; and n = influence constant.

The zone factors and influence constant are determined

from field measurements. The subsidence at the surface is

then obtained from the summation of the proportions of each

zone or ring extracted.

The zone area method has the same advantage as the

influence function method of being able to negotiate any

mining geometry and superposition problems. Application of

computer modeling can easily implemented to enable a large

number of zones to be used for better accuracy. Calcula-

tions of strain, especially directions of strain, however,

are usually difficult.

Specific models and parameters for application of any

of the above three methods have been developed and tested
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for different regions of the United States (Karmis et al.,

1986).

2.2.3Arching and caving are two closely-related phenomena in

ground control. Even though the formation of a pressure

arch does not necessarily entail caving, it is the sagging,

sliding and separation of the beds immediately above an

opening, or the failure of a portion of the strata above

the opening, that induces the transfer of load to the

unmined coal, or onto the packs or goaf behind the face in

the case of longwall mining. The implications of the

arching and caving effects in multiple seam mining depend

on the shape, size and height of the arch, abutment pres-

sure and stability of the pressure arch, existence of

yielding pillars, and the height of caving as well as on

the induced fracturing zone above the mined area (Figure

2.5).

There have been numerous theories developed concerning

the strata movement in underground mining since Fayol

(1885) first introduced the concept of arching. These

theories are based mainly on the pressure arch and beam

concepts. This concept of rock supporting itself through

the transfer of a portion of the load originally supported

by the later-mined—out material to the solid material,

which is known as the abutment, is now widely used in rock



-23-

kl
L)ZZ-‘
WUQ;)

I1-1

""O
_

U

Ü?
¤~::

O :::

w
UE—~•—* w

E w
.-1E—• -I-J

I-Ü ~

U)
O

¤¤
„

B

:3:::w
I-I

wg:

CD

ä< I -
aj

I1- I
4

IE
”'

_,\,- --" (
·-I

EI
‘

“*

L:-I
1 I

2

U I

¤__

Zug
I

La+-4;;.,
I K:-II-I C

(OÖ
I I Z>

wg

mg: I \
04

Ca,

DD-I
I NL)

,-43

w _l \ I
q.IO

°‘ -_ I
GA

I ~-__ I-I
I

O

:z:

0

[-4 I
‘_<C

L"
UO

Lzjgd ' ·v-I·r-I
> ,-

It ,-'
IUU

mz
I“ .’

Em
IDS-I

sx 4*
§“

gä
mä
¤3

Ln
N

IZ:: °°
ID

(1)
$-I

"
E S.

7
Lu

·.-I

k
Q w Eu



...24-

mechanics design and ground control. Table 2.2 summarizes

the theories related to the pressure arch and the beam

action concept of strata movements.

Regarding the application of the pressure arch theory,

F. D. Wright (1973) pointed out that many of the formulas

that have been developed to determine the maximum span and

height of arches and the pressures on the abutments relate

all these values solely to depth below surface. This indi-

cates that geologic conditions and properties of the rocks

are incorporated regionally. Formulas of this type may be

very useful for a given mine site; however, they may be of

little value when applied to another mine site where, for

example, the in—situ stresses have an entirely different

relationship to depth.

The main reason for the wide application of the pres-

sure arch theory is the destressed zone inside the "dome"

in combination with the yield pillar technique. Barrier

pillars are designed so that much of the overburden pres-

sure can be transfered to the barrier pillars if the dis-

tance between the barrier pillars is less than the maximum

span of the pressure arch (Wright, 1973). The general

principle is that pillars within the panel must be small

enough to yield (Barrientos and Parker, 1974) or that other

artificial methods are used to cause these pillars to yield

(Wang et al., 1974).

The effect of the pressure arch on the overlying seam
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Table 2.2 Summary of Some Pressure Arch and Dome Theories

Arching Theory Reference

1. Pressure arch

a. British: s=opening width Holland, 1961
Smax=3(d/20+20)

h=2S

b. United States: s=opening width Abel, 1982
Smax=2ß

2. Dome Theory Denkhaus, 1964

a. Rigid dome:

80cd
s= ——w-(1-h/d)log(1—h/d)

smax= 42.96cä/w
hmax=O.63Ö

80 d
s= —%(1—h/d)

smax=4Z5;ä7ä
hmax=O.5Ö

b. Elastic fracture dome:

1+0 /wd¤=r%——¤·5¤§
s = span of dome or arch; s,= distance from pillar rib
h = height of dome or pressure arch
d = depth of opening below surface
0c= uniaxial compressive strength of rock
0t= uniaxial tensile strength;
w = specific weight of rock
K = ratio of lateral to vertical rock pressure
ß = load trasfer distance
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is two-fold. On the one hand, the destressed zone can be

taken advantage of by placing entries in this zone. On the

other hand, high stresses will be transferred to the upper

seam through the trajectory of load transfer. The deter-

mining factors are the shape and size of the pressure arch

and the parting distance between the two seams.

2.3The

study conducted by Dunham and Stace (1978) estab-

lished the relationship between the amount of damage caused

by a rib edge or remnant pillar and the major parameters

governing the interaction mechanism. This was based on a

number of case studies of interaction situations carried

out mainly in the northeast coalfields of Britain, with

emphasis on roadway stability and stability in the longwall

faces. Results of the monitoring program are shown in Fig-

ure 2.6, which plots the mean working height against the

distance from the face.

The results from all of the interaction sites indicate

that the major governing variables affecting the degree of

damage in roadways were as follows:

- The initial stability of the roadway;

— The vertical or perpendicular distance between the

affecting rib edge and the roadway;

- The geometry of the affecting rib edge;
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- The sequence of working of all seams in an area;

- The age factor; and

— The superimposition of two or more rib edges.

Final roadway assessment, based on the numerical scale

obtained using the NCB/MRDE Roadway Nomogram, was divided

into three categories: .

- 1-5 Good conditions

- 6-10 Moderate conditions, maintenance required

- 11-18 Poor conditions, heavy maintenance.

A multiple linear regression model was then developed

using four of the governing variables to predict roadway

damage:

Y = 0.546 + 0.084x, - 0.003x, -0.015x, + 1.427x,

(2-4)

where Y represents a scale of roadway damage ranging from 1

to 5, defined as follows:

1. No effect.

2. Slight measurable effect, but roadway stability is

unaffected.

3. Moderate effect, requiring a small amount of road-

way maintenance.

4-5. Roadway damage is serious, heavy repair work will

be required.

The four independent variables, represented by x,, x,,

x,, and x,, respectively, were specified as:
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— Initial stability

- Vertical seam interval
— AQG of the rib edge

— Geometry of the rib edge

Numerical values for initial stability were calculated

using the NCB/MRDE Roadway Nomogram. Geometry of the rib
edge was given one of the following values:

1) Single rib edge.

2) Narrow pillar, superimposed abutments.

3) Isolated or semi—isolated remnant pillar.

Comparisons of the predicted damage and the original

designated damage rating for the measured data show that

reasonable prediction of interaction damage was realized in

only 13 of the 21 cases.

Another similar study was reported by HRB—Singer, Inc.
on the impact of overmining and undermining on the eastern

underground coal reserve base (U.S.). A list of twelve

input variables were identified. These were:

1) Percent of extraction in the previously—mined seam;

2) Distance between seams;

3) Seam thickness or pillar height in the previously-

mined seam;

4) Span in the previously—mined seam;

5) Depth of overburden of the previously-mined seam;

6) Strength of roof in the previously-mined seam;

7) Strength of roof in the currently-mined seam;
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8) Strength of floor in the previously—mined seam;

9) Strength of floor in the currently—mined seam;

10) Minimum pillar width in the previously mined seam;

11) Elapsed time since previous mining; and

12) Multiplier describing shape and distribution of

remaining pillars.

Data were collected from four mines located in west

Virginia and Pennsylvania, which were further divided into

test blocks. Statistical analysis of the test data

resulted in the following equations:

X,„ = 146.824 + 0.2718X,, + 0.2563X,, + 0.0307X,„

- 105.5506logX,,

and

X., = 191.823 + 0.2266X,, — 0.1583X,, + 0.0158X,,

—105.8583logX,,

(2-5)

where X1, = upper mine percent extraction; X,, = previous

percent extraction; X,, = vertical distance between seams

(ft.); X,„ = overburden above previous mine (ft.); x,, =

time elapsed between mining of seams (years).

The first model used only 31 of the 50 blocks while the

second model used all of the 50 blocks.

Several authors (Engineers International, 1981; Web-

ster, 1983) have questioned the coefficients determined in

the above equations. The coefficient found for the first
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variable in the first equation was b1=+O.2266 while that in

the second equation was b1=+O.2718. These positive coeffi-

cients, argues Webster, indicate that the higher the per-

cent extraction in the lower previously-mined seam, the

higher the percent extraction can be expected in the upper

seam. He further argues that this is reasonable for near-

total extraction, where a more uniform extraction results

in a more uniform subsidence profile; for partial extrac-

tion, however, this is doubtful. The seemingly contradic-

tory results may have come from the statistical procedure

and the related assumptions. For example, all the regres-

sion variables used are more likely than not to be inter-

dependent, which may cause the linear regression technique

to be unviable for the analysis.

A second approach, called the engineering model, was

proposed by HRB-Singer, Inc. and consists of a series of

engineering judgements based on theories of rock mechanics,

subsidence, seam interaction and on working rules. Using

the 12 input variables defined previously, the setps of the

process can be described as follows:

1) Determine whether subsidence will occur. If it

will, calculate the maximum subsidence and percent subsi-

dence. A percent coal loss is then assigned.

2) Determine whether high stress-zone effects will

occur. If they will, assign a coal loss percentage based

on the geometry and on the strength of the roof and floor
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in the current seam. The coal loss percentage is the

adjusted according to the pillar pattern, the pillar align-
ment and the depth of the previously mined seam.

3) The actual coal-loss percentage is then reported as
the larger of the percentages found in steps one and two.

This approach may have the best potential for the

application of knowledge-based expert systems, which--as a
branch of artificial inteligence--is quickly finding its
way into mining applications.

Based on statistical analysis of 44 case studies, Web-

ster et al. (1984) developed an empirical model for pre-

dicting upper seam damage using a damage factor. The for-
mula is given as:

DF = 1239 + Y - 18.83X (2-6)

where DF is the damage factor, with positive values indi-
cating no interaction problems; X is the percent of extrac-
tion in the underlying seam; and Y is the ratio of inner-
burden thickness to lower seam height multiplied by the

time elapsed after previous mining in years. To adjust for

the effects of geologic structure, Eq. (2-6) is written

as:

ADF = DF + (Z-50) (2-7)

where ADF is the adjusted damage factor and Z is the per-

cent of hardrock in the innerburden. A nomogram was pro-
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duced as shown in Figure 2.7, which can be used directly

for design purposes.

The damage rating originally used for the case studies

was later related to the subsidence factor (Figure 2.8),

where damage was rated on a scale of O to 5 with O indicat-

ing no damage and 5 indicating very severe damage. Two

important points should be noted in Figure 2.8. First,

this figure shows a strong association between upper seam

damage and maximum subsidence. Second, there is consider-

able variability in the relationship, attributable to the

different structural conditions in the roof and the spatial

locations. It should also be noted that this statistical

model was the first to take into consideration the effects

of geology. This is the direction which should be taken in

future research when building any new models.

Hladysz (1985) took a different approach from the above

damage rating methods in presenting a risk analysis of mul-

tiple-seam mining. He stated that the most important

effect created by longwall mining is the caving because

this influences the rock mass stability. Based on Pol-

ish experience and on his theory, the distance between the

extracted coal seam and the surface can be divided into

three zones (Figure 2.9): the zone of full caving, the

zone of fracturing, and the zone of subsidence.
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Zone_gi_Eull_gaving In this zone, roof rocks exist as a

caving debris which consists of rock blocks or loose rock

material. The height of this zone is given by the follow-

ing formula:

Zf=l.11hS+O.33 (2-8)

where Zf is the height of the full caving zone in meters,

and hs is the thickness of a coal seam or the height of a

longwall face.

Z9ne_Qi_Eragtu;ing within this zone rock strata also lose

their continuity due to jointing and separation of high

intensity. This is also a completely destressed rock mass

in a close vicinity to the full caving zone. The height of

that zone can be calculated as:

Zh=(l.5 to 2.5) hs (2-9)

The sum of these two zones is called the maximum height

of the caving.

Zgne_oi_5ubsidenge This zone reaches the surface of the

earth with a decreasing rate of separation and joint inten-

sity.

Hladysz further states that it is obvious that the min-

imum distance between two coal seams should be greater than

the high caving zone of the lower coal seam. However, it

was pointed out that determination of the high caving zone



-38-

will not yield predictions of possible effects of undermin-

ing. According to the method used in Poland, he gave the

following empirical equation for calculating the critical

distance between two seams as follows:

DM = H; (2-10)

where M is the index of undermining, D is the parting

thickness, and hs is as defined before.
If D > 6.3, the upper seam can be mined safely after

undermining. Eq. (2-10) gives a critical innerburden

thickness as:

Dc = 6.3hS. (2-11)

It should be pointed out here that these equations are

based on European experiences and should be applied with

caution due to the significant difference in entry develop-

ment between Europe and the U.S.

There have been considerable attempts to predict inter-

actions in multiple-seam mining, as reviewed in this sec-

tion. These models are based on statistical analysis of

case study data and are usually site specific. As a

result, the conclusions are often descriptive; more

detailed information on design cannot be obtained from

these models.
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2.4 Stability in Qverminigg

2.4.1Interaction due to trough subsidence, caving and

arching can affect the roof, pillar and floor of the upper

seam. Of all the disturbances to a superjacent seam engen-

dered by the mining of an underlying bed and the subsequent

subsidence, certainly that which hascaused the most diffi-

culty is the disturbance to the roof of the superjacent

seam (Stemple, 1956). Although pillar load increases when

mining crosses the gob line to the solid side of the lower

seam, as recorded by Chekan et al. (1985), the increase is

usually not large enough to cause any major problems except

when it is over remnant pillars.

Depending upon the strata characteristics and degree of

extraction in the mined lower seam, upper seam damage can

occur due to any one or any combination of the following

factors: high stress anomalies that lead to fracture; bed

separation; innerburden slumping that affects ventilation;

or high tensile stresses that may cause roof falls (web-

ster, 1984). If the lower seam is developed but pillars

are left to support the upper seam, then the lower seam

workings, which remain idle and open for long periods, will

be subject to roof falls and may become heavily caved

(Lazer, 1965). When pillars of any substantial size are

left in the lower seam, high stresses are transmitted
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through the innerburden to the overlying seam. The upper
A

seam reacts to these stresses, resulting in cracking of the

roof and floor. Squeezing and crushing of the coal, some-

times accompanied by falls of the top and heaving bottom,

may occur due to an aggravation by the subsidence process

of conditions already inherent in the seam (such as soft

floor and other natural occurrences) in combination with

mining methods not best suited for extraction under such

conditions (Stemple, 1956). Negative interactions have

resulted in delayed production, reduced coal recovery, and

increased cost for extra support, injuries and the cleaning

up of roof flls. Figure 2.10 shows how the extraction

ratio is affected in overmining operations as a function of

rock type and parting thickness.

2-4-2 Dääign CQ¤§id§£äiiQ¤ä

Design techniques which have been successfully adapted

for multi-seam mining are often of the descriptive type.

In room—and—pillars mining, these often concern where and

how pillars should be located.

Pillar layering, or pillar columnization, is considered

the traditional approach to multi-seam mining, especially

when parting thickness is less than 50 ft. (Stemple, 1956;

NCB, 1972). This technique involves careful mapping of the

workings and pillars in the previously-mined seams, and

subsequently locating each pillar in the seam being mined
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U

directly above or below a pillar in the previously—mined

seam (Figure 2.11). Pillar lines should be kept long and

straight to reduce shearing of the adjacent strata at the

edges of barrier pillars (Holland, 1951).

In this type of design, since pillar sizes are designed

for the maximum load, the pillars are often oversized and

thus reduce the reserve recovery (Peng and Chandra, 1980).

This design also tends to produce a piston of ground

stresses through the pillars, which can cause unwanted

overbreak in the lower workings. Pillar columnization also

contributes to floor heaving problems due to the failure of

floor strata (Britton, 1980).

When all seams are being designed for mining, Holand

(1951) recommends that extraction in the lower seam be com-

plete with no pillars or large remnants left in place.

Advantage can also be taken of destressed zones over the

gob, if the gob is free of remnant pillars. Roadways can

be located in the destressed areas, thereby eliminating any

chance of producing a piston of ground stresses through

superimposed pillars.

Salamon (1964), in his considerations for multi-seam

mining in the design of bord and pillar mining, states that

when the vertical distance between the two seams is more

than 0.75C where C is pillar center distance, the alternat-

ing influence of bords and pillars is negligibly small

(Figure 2.12). This statement also suggests that interac-
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Figure 2.11 Pillar Columnization (NCB, 1972)
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tion is larger with larger pillar center distance even when

extraction ration remains the same. The stress picture is

almost the same for both the roof and floor strata hori-

zons.

He further pointed out that the situation is more com-

plicated in the vicinity of a solid rib-side or a barrier

pillar. The roof is exposed to much greater strains than
is the floor.

Salamon concludes that panel pillars need not be super-

imposed if the distance between seams is greater than 0.75

to 1.00 times the pillar center distance. If the parting

between two seams is less than this value, the superposi—

tion of the panel pillars is recommended. If it is known

that a given parting is unlikely to collapse, then minimum

safety factors can be used for the individual workings, and

pillar sizes can be determined for all seams in turn.

Finally, the largest pillar dimension determined by this

calculation is used in all seams.

As for the sequence of mining, Salamon (1964) states

that there does not appear to be any significant advantage

to adopting a definite sequence for the mining of the vari-

ous seams.

For protection of longwall workings against the effects

of interaction, a similar approach to the columnization

design, known as the pyramid support design, is taken (Fig-

ure 2.13). In this design, each of the succeeding seams
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support the extraction units of the previously—mined seam.

The face line should be orientated along, as opposed to

perpendicular to, old rib—edges in other seams (Scurfield,

1970; whittaker, 1974). Location of the face in such a

destressed situation, as stated by whittaker and Pye

(1975), will promote excellent strata control conditions

both on the face and in the gates. Such a scheme of com-

posite layout, however, involves increasing successively

the size of the rib pillar, which is wasteful of reserves.

An alternative layout which incorporates gate protec-

tion and conservation of reserves is the location of rem-

nant rib pillars down the central axis of the present face,

as shown in Figure 2.14 (whittaker, 1972). This staggered

pillar layout has the following advantages (whittker, 1972;

whittaker, 1974, whittaker and Pye, 1975; Whittaker and

Singh, 1979):

- The fractures are kept intact much better than with

other layouts since the face is moving on end rela-

tive to the orientation of the main vertical interac-

tion fractures.

- Only a small length of the face is affected at any

one time. ‘

- Convergence on the face is not affected providing

that the interaction fractures are kept constrained.

- A more even subsidence profile and more balanced

strain profile are produced at the surface than with
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other layouts. This layout is, however, more likely

to increase slightly the overall subsidence (whit-

taker and Singh, 1979).

- The successive build—up of localized high—pressure

regions, as occurs in the columnized layout, is

avoided.



III. CASE STUDIES AND STATISTICAL ANALYSES

Recorded cases of interaction in multi-seam mining

abound and date back to the late 1800's and early 1900's

(Eavenson, 1923). These case study data have provided

valuable information on many aspects of ground control in

multi—seam mining and on the ground control mechanisms

involved (Wu, 1987). This chapter deals with the construc-

tion of a computer data base of case studies and analyses

of these cases.

3-lCase studies of overmining operations have been col-

lected in order to:

1) identify damage types and failure modes;

2) isolate factors affecting overmining interactions;

3) establish empirical models for prediction of pos-

sible interaction; and, finally,

4) lay preliminary groundwork for further studies.

Data collection was implemented through extensive lit-

erature research, contacts with operating mines and with

research institutions engaged in studies of multi—seam min-

ing (Eavenson, 1923; Holland, 1949; Holland, 1951; Hasler,

1951; Stemple, 1956; Lazer, 1965; Peng and Chandra, 1980;

Engineers International, 1981; Haycocks and Karmis, 1983;

-50-
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Su et al., 1984; Chekan, et al., 1985; Chekan, et al.,

1986). The collected data were assembled on a computer data

base. where available, specific details of damage and

subsequent analytical studies were also collected. Table

3.1 shows a typical example of a case study.

A total of 93 cases has been compiled, with each case

containing the following information:
• Geological Factors

- Overburden thickness and structural features;

— Innerburden thickness and lithological compositions;

- Percent of hard rock in innerburden;

— Nature of immediate roof and floor in both seams;

- Height of both seams;

— Geological discontinuities;

- Ground water conditions.
• Mining variables

- Method of extraction in both seams;

— Geometries of mine layout;

— Excavation height in lower seam;

- Percentage of recovery in lower seam;

- Time elapsed since mining of the lower seam.
• Assessment of Ground Control Conditions

- spatial locations of observation in relation to lower

seam workings;

- description of any problems encountered during over-

mining;
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Table 3.1 An Example of a Case Study

SOURCE OF INFORMATION: Stemple, 1956

NAME/LOCATION OF MINE: Cambria County, PA

LOWER SEAM:
Bed Name: Lower Kittanning
Thickness: 38"
Method of Extraction: Room-and-Pillar, complete recovery;

only coal left was in barrier
pillars

Extraction Ratio: 90%
Immediate Roof: Shale, fairly firm
Immediate Floor: Fireclay

INNERBURDEN:
Thickness: 130-150 ft.
Nature of Strata: Shales with 20- to 40-ft. thick bed

of sandstone lying 5- to 30 ft.
above lower seam

Percent of Hardrock: 20%
M-Index: 43.8

UPPER SEAM:
Bed Name: Lower Freeport
Thickness: 52"
Method of Extraction: Room—and—Pillar
Immediate Roof: Sandy shale, generally very firm
Immediate Floor: Fairly soft shaley fireclay

OVERBURDEN:
Cover thickness: 620 ft.
Nature of Strata: Predominantly shales with several

sandstone beds 15- to 40-ft. thick,
lying mostly at about 150 to 250 ft.
above the upper seam

TIME AFTER MINING OF LOWER SEAM: 7.5

GROUND WATER: Not present

ASSESSMENT OF GROUND CONTROL CONDITIONS:
Location: Mining over gob/solid coal interface
Description: Some bending and disruption of strata

when entries crossed over line between
lower gob and solid barrier pillars

Possible Mechanism: Cantilever beam action by innerburden
Damage Rating: 2 — Moderate Damage
Control Method: Unknown
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- possible causes or mechanisms of success or failure;
— subsequent studies and methods adopted for the con—

trol of negative interaction.

Damage was also quantified using an indexing system on

a scale of O to 5, which is indicative of the severity of

damage, as defined in Table 3.2.

3.2Statistical techniques used range include from simple

statistics such as mean, standard deviation, and frequency,

to multivariate analysis such as factor analysis and mul-

tiple linear regression.

3.2.1 Lggaxign nf Mining
Location of mining is divided into the following four

types:

Type 1 - RP, Mining over remnant pillars;

Type 2 — GB, Mining over gob/solid coal interface

areas;

Type 2 - RB, Mining over robbed areas;

Type 4 — X, General, other locations or unspecified.

The first three types are self—explanatory. Type 4

includes almost all favorable locations or locations which

were not clearly specified. These locations include areas

outside of the subsidence trough, those near the center of

a supercritical and uniform subsidence trough, areas sup-
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Table 3.2 Extended Upper Seam Damage Rating for Overmining
Operations (After Webster, 1983)

Damage Rating Conditions

0 — No damage Normal conditions; conditions no
worse than mining in undisturbed
areas.

1 — Negligible Fractures present in upper seam,
_ Damage but no associated roof problems;

no displacements; no difficulty of
mining due to lower seam extrac-
tion.

2 - Moderate Damage Fractures with visible movement;
occasional broken roof and/or
coal; water entering; mined with
minimum or no extra support.

3 — Considerable Roof problems encountered; seam
Damage broken; some bottom heaves and

pillar spalling; mined with
increased timber support and slate
work; occasional loss of coal.

4 — Severe Damage Major roof problems encountered;
entire entries caved; bottom
heaved; top broken; coal crushed
or cut out; mined with heavy sup-
port or certain amount of coal
lost

5 — Very Severe Coal abandoned; mining too danger-
Damage ous or too costly to continue;

large amount of coal lost.
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ported by regularly disturbed pillars left in the lower

seam, or areas where extraction in the lower seam was low.

The location of mining relative to lower seam workings

is of paramount importance, as most of the interaction dam-

age was located in isolated areas. The effects of the

location of mining are best illustrated in Figures 3.1 and

3.2 and in Tables 3.3 and 3.4, in which the frequency of

upper seam damage and damage rating are shown as functions

of mining location in upper seam. The first three loca-

tions show similar statistics of appreciable damage, being

the three most troublesome locations in overmining oper-

ations. Over 84% of the cases examined in these locations

showed appreciable damage as compared to 24% in Type X

locations (Table 3.5). The most severe damage was usually

reported in areas over remnant pillars or over gob and coal

interface areas.

In many of the cases, lower seam workings such as rem-

nant pillars were not known to exist until after damage had

occurred. The statistics given here should serve as a

guide as to where interaction can be expected. The logical

and most important first step is naturally identification

of the location of these structures, through careful map-

ping of lower seam workings, in order to avoid unnecessary

damage.
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Block diagram showing the effects of location of miningby location type. ROBBED represents mining over robbedareas in the lower seam, etc. GENERAL includes allother locations, including those not specified in theoriginal reports. Number in each box is total number ofcases.

. 47i
I¤¤I|
|¤¤II

-I¤¤II
1 I*¥I I 1 .__. 11 I¤¤| I 1 ;_.1| 1ROBBED 1 |xx| | 1 |xx| | 11 I22I1 1 I§§I1 11.__.

1 11;_.1| 19 1 4 14I**I I 1 11 |¥*I I 1 11 |¤*II 1 .__. 1REMNANT 1 |xx| | 1 11 |gg|1 1 |gg|1 11.__. 1 11;_.1| 14 1 3 14I¤¤II___.__„1
11 I¤¤|I 4.-1I 11 I¤¤II I¤¤| I .__. 1GOBLINE 1 |¤¤| | lxxl | 1__1|

11 I§§I1 I*¤I II:3I1 11 |xx| | 11 14 Ixxl I 2 11 .__.
1|xx| | 11 ;_.1| 1 lxxl | 11 |xx| | 1 |xx| | 1GENERAL 1 Ix¤| | 1 |xx| | 11 I§§I1 1 IEEI1 11 1 11 9 1 26 1/ / /

N0 YES

STABLE

Figure 3.1 Block Diagram Showing the Effects of Mining
Location — Four Locations
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Block diagram showing the effects of location of mining
with respect to lower seam workings. Type R & G includes
mining over remnant pillars, mining over gobline areas, and
mining over robbed areas. Type X represents mining in all
other areas, including those not specified in the original
reports. Number is each box is total number of cases.

;T1i
|¤¥II.__._____________I¤¥II_______

1 ,1| ,_, 1 lxxl | 1
IYYII L„/I 1 I¤¤II 1

TYPE X I¤¥I I I¤¤I I 1 I¤¤I I 1
I¤¥|I I!£I1 1 I!zI1 1
|xx| | 1 1
|xx| | 9 1 26 1

;I¤¤I L_._...4............/1 |xx| | 1 ._. 1
1 |xx| | 1 L.1| 1

TYPE R a 6 1 I¤¤I I 1 I¤¤I I 1
1 I§z|1 1 Iä§I1 1

1 1 1
1 47 1 9 1

1 1 1

NO YES

STABLE

Figure 3.2 Block Diagram Showing the Effects of Mining
Location - Two Locations
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Table 3.5 Summary of Upper Seam Damage Statistics

Location of Number of Appreciable Percentage
Mining Cases Damage (%)

Type R & G 57 48 84

Type X 36 9 25

Total 93 57 61
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3·2·2 LlD.D§u:SsnmThe

earliest, and probably the most complete, measure-

ment of upper seam subsidence was reported in 1931 by Auch-

muty. In this study, an underground limestone mine was

being mined over a coal seam mined several years before.

Surveys were made of both the surface and mine level. It

appears that the action in the limestone mine was similar

to that observed on the surface. A base line, survey sta-

tions, and vertical movements are reproduced in Figure 3.3.

Other reports on subsidence, taken from multiple-seam

mining operations, have shown somewhat erratic numbers,

possibly due to inconsistent observations or to the irregu-

larity and lack of uniformity of recovery in the lower

seam. Often, measurements have been started long after the

lower seam has been mined out, giving only a partial pic-

ture of the situation. As shown in Table 3.6, upper seam

subsidence ranges from 0.1 to 0.8 of seam height. The num-

bers are usually lower than most surveying results on sur-

face subsidence over more completely extracted mines. It

should also be noted that the gradual type of subsidence

often observed on the surface is not always found under-

ground. A sudden dropping of the pavement (floor) was also

frequently encountered in many of the 93 cases studied. On

several occasions, coal—cutting machines or conveyor belt

sections of several hundred feet in length were dropped
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Table 3.6 Examples of Upper Seam Subsidence

Innerburden Lower Seam Maximum Subsidence
Thickness Thickness Subsidence Factor

(h, ft.) (sl, in.) (Smax,in.) (Smax/sl) Ref.

96 96 18 0.188 (1)

80 132 18 0.136 (2)

26-35 96 36-48 0.500

101 102 12 0.118

92 102 8.4 0.082

38 110 43 0.391*

26 96 36 0.375 (3)

50 60 8 0.133 (4)

11 45 36 0.800**

150 48 6 0.125

40 51 6 0.118

95 72 2-18 0.250*** (5)

(1) - Paul et al., 1932
(2) - Holland, 1949
(3) — Eavenson, 1942
(4) - Stemple, 1956
(5) - Chekan, 1985

* Sinkhole—type subsidence, massive interseam failure
** Upper seam dropping down to lower seam

*** Subsidence started 200 ft. outside of gobline
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down in their entirety by from a few inches up to a foot.

Another phenomenon, not mentioned in the reported case

studies but probably occurring quite frequently, is sink-

hole subsidence. This type of subsidence occurs as a

result of the collapse of the overburden into a mine open-

ing, due to deterioration of ground conditions in the mined

lower seam over time. This is probably the reason, in some

cases, that abrupt vertical displacement of the upperseamhas

occurred even when the lower seam was mined many years

before and extraction ratio was not high. The main factors

contributing to this type of subsidence are the water and

air percolating downward to the lower seam through the

cracks induced by lower seam mining, causing weathering in

the lower seam roof, coal and floor. Sinkholes, however,

are usually in the range of 1.5 to 45 ft. in diameter

(Bruhn et al., 1980) and the effects of sinkhole—type sub-

sidence are therefore local compared to those of trough

subsidence.

3.2.3Statistical analysis of the case study data has yielded

some useful empirical relationships, which can be used to

predict the possibility of interaction damage given certain

variables.

Scatter plots of the data, as shown in Figures 3.4 and

3.5, have shown a clear separation between two groups of
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data: stable - those with damage ratings O and 1, and unst-

able - those with damage ratings 2 and above. Based on

Figures 3.4 and 3.5, the M-Index method has been developed.

The method predicts a critical M-index, which is the mini-

mum index value required if no appreciable damage is anti-

cipated for the upper seam, given by

M-Index = -224 + 3.5x (3-1)

where x is the percentage of lower seam extraction (x262);

and M-index the ratio of the innerburden thickness and

lower seam excavation height.

Figure 3.5 is a scatter plot of critical M-Index with

time effects:

M-Index = (-972.8 + 15.1x)/t (3-2)

where t is time elapsed since mining of the lower seam.

From Equations (3-1) and (3-2), a critical innerburden

thickness can be calculated:

IBTc = M-Index*LST (3-3)

where LST is lower seam thickness in feet.

The design applications, the critical M-index method is

represented by the nomogram shown in Figure 3.6. If a

calculated critical innerburden is greater than the actual

value of innerburden thickness, then interaction is likely

to cause damage.
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The relative difference between the actual M—index and

the calculated M—index, expressed in terms of the actual

M—index, is introduced as the stability factor:

S•F~ = y - (-972.8 + l5.lx)gt
Y

= 1 _ (972.8 + 15.1x)gt (3.4)Y

where y is the M-index = innerburden thickness/lower seam

height.

From the above definition, an S.F. of zero indicates

the critical condition with a positive meaning stable and

negative meaning an unstable situation. The larger the

absolute value of S.F. is, the stronger the indication.

The possibility of interaction can also be assessed

using a probability model which was developed based on the

frequency distribution of damage cases as a function of the

M-Index (Figure 3.7). Linear regression gives the follow-

ing function:

Pm = 0.196 + O.8O3e_O°Ol69y (3-5)

where Pm is the probability of interaction damage.

Finally, a multiple regression model was also developed

using stepwise regression techniques. This model predicts

a Damage Rating as:
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DR +0.0347*LEXT

(3-6)

where LEXT is the lower seam extraction percentage. Other

variables are as defined previously.

LOC was entered as the most important factor, as

already shown in Section 3.2.1. The model can explain

about 52% of the variance, with the remainder being due to

geological factors which could not be quantified in this

model. To incorporate these geological factors, a classi-

fication scheme has been developed and will be discussed in

Chapter 5.

It is important to note that these models, because they

are based on field data, can be used as a preliminary check

for the possibility of interaction damage. For the same

reason, their applications should be restricted to the

Appalachian coalfields, where these data were collected.

3.3 Slxmmary of F.ailure ModesinThe
following is a summary of failure modes, contribut-

ing factors, and their effects, which have been reported in

the case studies based in turn on general observations and

subsequent analysis. This is information can be used in

future studies to quickly identify the interaction mecha-

nisms.
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1. Massive shearing (Figure 2.3)

Factors:

- Strong massive innerburden such as sandstone

- Extremely large excavation height and extensive exca-

vation in lower seam

- Very low ratio of innerburden thickness to excavation

height

Relatively shallow overburden so that thrust

arch is not easily formed
— Inherent weak planes (e.g. fault planes)

Effects:

— Extensive area of large vertical displacement

- Coal and roof entirely cut out or crushed at shearing

boundaries

2. Local Shearing (Figure 3.8)

Factors:

- Remnant pillars left in lower seam
— Lack of uniformity in extraction and pillar robbing

in lower seam

- Brittle innerburden

- Relatively large excavation height
— Inherent weak planes

Effects:

- Grades due to uneven relative vertical displacement

— Abrupt displacement cutting out coal
— Coal may be crushed alone shearing plane
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— Effects are local and isolated

3. Bending of Upper Seam (Figure 3.9)

Factors:
{

- Over gob/solid coal interface

— Soft or ductile strata (e.g. soft clay or soft shale)

- Tension zone in subsidence trough

Effects:

— Fractured coal due to low tensile strength
— Heavy grades causing difficulty in mining

- Gradual bending accompanied by fracturing may cause

dangerous roof conditions for an extent of several

hundred feet

4. Fracturing (Figure 3.10)

Factors:

- Caving of lower seam or roof falls
— High pressure due to arching
— Low ratio of innerburden thickness to excavation

height

- weak strata with low bulking factor

Effects:

— Fractured upper seam coal and roof
— Roof falls

— water percolating through overburden to upper seam
— water and air entering upper seam causes roof rock to

weather

— Ventilation problems (e.g. disruption)
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— water in upper seam drained to lower seam to leave

dry conditions in upper seam

5. Squeezing (Figure 3.10)

Factors:

— High pressure transferred by remnant pillar
— Arching effects shifting loads
— Soft floor

- Large overburden thickness

Effects:

— Pillar crushing

— Floor heaves

— Roof falls

6. Bed Separation (Figure 3.11)

Factors:

- Stress relief
— Low bonding strength between coal and roof or

between coal and floor
— Sagging of strong innerburden strata

- Beam action by strong innerburden

Effects:

- Coal dropping away from the roof
— Floor dropping away from the coal

— Interruption of ventilation

It is important to realize that, more often than not, a

combination of the above failure modes will occur, due to

the complex nature of geological and mining conditions.
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Nevertheless, given sufficient information regarding the

controlling factors, the potential failure modes can be

predicted so that advance planning can be made in order to

minimize interaction effects accordingly.



VI. ANALYSIS OF INTERACTION MECHANISMS

Having identified the various mechanisms of upper seam

interaction, this chapter provides quantitative analyses of

each mechanism. Determination of the extent and magnitude

of interaction by each mechanism, including zones of caving

and fracturing, tensile strain and width of tension zone,

as well as the influence of stress increase by remnant pil-

lars, can help to locate areas of potential hazard and to

predict the magnitude of expected damage.

4-1 Modal

4-l-1 S.els.c.ti.o.¤ of Model

The Budryke-Knothe method, with modifications made for

upper seam subsidence prediction, has been chosen for the

following reasons:

1. the method has been successfully used for surface

prediction in the Appalachian coalfields; and

2. the method has the flexibility necessary to allow

for irregular mine geometries and superposition.

Using this method, the subsidence at any point A is

given by (Figure 4.1):

S(x) = ääää
fx

e_n?z

dx (4-1)
-a
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where r = average radius of influence = h/tan(ß); h = dis-

tance from lower seam level; ß = angle of influence; x =

horizontal distance from the inflection point; Smax = maxi-

mum subsidence.

Tensile strain at the upper seam level, which is a mea-

sure of the intensity of disturbance, can be calculated by

the following equation:

s(x) = brK(x) = Zub ägää (-
ä )exp(—ux’/r') (4-2)

where b = constant, and is found to be equal to 0.3 for

horizontal seams by the finite element method. A value of

0.35 for b can be derived from results reported by Karmis

et al. (1987), based on case studies relating strain to

curvature.

The subsidence factor Smax/m is a function of the exca-

vation geometry of the lower seam and lithology of the

strata. Based on case studies, an empirical formula has

been derived for the Appalachian coalfields:

Smax/m (4-3)

where Smax = maximum subsidence; m = extraction height of

the lower seam; n = percent of hardrock in strata; 2 =

width/depth ratio = w/D; w = excavation height of the lower

seam; and D = distance from the lower seam.
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4.1.2 E10.: Hans.: Beam Laie].
The subsidence factor defined above, as in most subsi-

dence control literature, is the maximum subsidence for the

surface. Although subsurface subsidence can be treated as

surface subsidence with reasonable accuracy, it is gener-

ally believed that subsidence at the upper seam level is

greater than that at the surface. This is because as the

strata subsides, caving at the lower seam level and

subsequent strata movement create voids in the strata;

otherwise the surface subsidence factor would always be 1.0

under supercritical conditions.

In a super-critical subsidence situation, if the sur-

face subsidence factor, as, is 1.0, it is reasonable to

assume that maximum subsidence at all levels below the sur-

face and above the mined seam is 1.0. Then, if the subsi-

dence factor for the surface is less than 1.0, the subsi-

dence factor at a distance z from the surface, a(z), can be

written as:

a(z) = as + gg f(z) (4-4)

where a(z) = maximum subsidence factor at level z;

aSSa(z)S1.0; as = subsidence factor at surface; z =

distance from surface; f(z) = function of z; and da/dz =

rate of change of maximum subsidence factor.
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Assuming that the maximum subsidence at the excavation

level is aß for super-critical conditions, and that the

difference between as and aß is lineraly ditributed in the
strata, da/dz can be computed as:

a — a
da/dz =$ (4-5)

where D = distance from the surface to lower seam level.

The subsidence factor at distance 2 from the surface,

satisfying boundary conditions, is then:

a - a
a(z) = as + ——&B———ä z. (4-6)

4.1.3

ofAngle_9f_Influenge:The angle of principal influence is the

angle between the horizontal and the line connecting the

inflection point to the "zero" subsidence limit, as repre-

sented by ß in Figure 4.1. This parameter is required when

using the Knothe's method to predict subsidence and its

value has a great significance on vertical movements and

strain distribution. Its value is dependent on the geolog-

ical characteristics of the overburden (or innerburden) and

on the depth of mining. If the angle of influence for each

rock type comprising the innerburden is known, then the

parameter for the whole strata can be estimated using the
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principles of superposition, given the percentage of each

rock type. Figure 4.2 shows how the average tanß is calcu-

lated for a two-layer (or two-type) strata, expressed by
I

the following equation:

tanß * * (4*7)

where ß = average angle of influence

h = hl + hl = innerburden thickness;

hl, hg = thickness of layer 1 and 2, respectively;

d = distance of inflection point from the rib edge.

Expanding Equation (4-7) to include n rock types, we

have

tanß = h
i=1,2,...,n (4-8)7=7

where h = Ehi; and hi = thcikness of layer i.
As is the practice in both subsidence control and mul-

ti—seam mining, a percentage of hardrock is usually used

to represent the geology of the overburden (innerburden).

Equation (4-8) is then sufficient for most purposes if an

estimate of the angle of influence for each rock type can

be obtained. In a study for the Appalachian coalfield,

Karmis et al. (1987) gave an estimate of 2.3110.40 for

tanß.
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Logg;ign_gj_1nflegtion_RQint: The location of the inflec-

tion point, whose offset is represented by d in Figure 4.2,

is a function of the innerburden thickness (h), excavation

geometry (W/H), and rock properties, and is usually

expressed in terms of the innerburden thickness h. It

determines the transition point from tension to compression

and ultimately the width of the tension zone.

In the Appalachian region, the following empirical

equation has been developed for the prediction of the

inflection point location on the surface over an area

extracted by either longwall or room-and-pillar methods

(Schilizzi, 1987):

d/H = 0.29 — . (4-9)

Substituting the innerburden thickness, h, for the

overburden depth, H, the offset of the inflection point for

the upper seam can be estimated.

when super-critical conditions exist, which are usually

the case for the upper seam in multi-seam mining situa-

tions, the inflection point becomes independent of the

geometries (w/H). In a similar study (Karmis et al.,

1981), the inflection point was found to be 0.2OH over the

gob. This corresponds to a W/H value of 1.2 in Equation

(4-9). However, a larger d/H value is obtained for a

greater W/H value using the same equation. The apparent
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discrepancy can be attributed to the fact that geologic

conditions are not included in the prediction equations.

The equations described above represent the average geo-

logic conditions, or about 30% of hardrock in the strata,

based on the data presented. Taking these conditions into

account, a modified equation has been developed for the

prediction of the inflection point based on the above

studies and on CMRI (1981): _

d/h = 0.20 + (H/100 - 0.30)0.29

= 0.113 + 0.29n/100 (4-10)

where h is the innerburden thickness; and n is the percent

of hardrock in the innerburden.

4.2 Mining 0221 Remnant P.illars

4.2.1 P.z:.es.s1ir.e nn Rsmnant P.i1J.ars
Remnant pillars left in the lower seam may create high

pressure to an overlying seam, due to the continued subsi-

dence of the strata on both sides of the pillar and to sup-

port provided by the pillar. The special feature of a rem-

nant pillar is that abutment pressure zones on both sides

of it superimpose and can form a much greater maximum pres-

sure in the center of the pillar, if the pillar is not too

wide. Therefore, remnant pillar pressure exceeds abutment

pressure both in magnitude and extent of influence. The



-89-

influence of a remnant pillar on upper seam stress distri-

butions is illustrated by the photoelastic models in Figure

4.3.

The magnitude of the strata load bearing on the pillar

is governed by the size of the pillar, mining geometry, and

loading angle of the strata. Any load from the undermined

strata that is not taken up by the goaf (caved area) is

passed as an additional load to the pillar, which may or

may not be transferred to the overlying seam, depending on

the strata characteristics and innerburden thickness. The

pressure peak, or the pillar's absorption of pressure, is

limited by the strength of the coal.

Estimation of loading conditions at the lower seam

involves determination of the following parameters defining

load distribution:

1. Peak stress;

2. Width of yield zone or distance into abutment at

which peak stress will occur;

3. Distance into waste gob at which stress recovers to

cover load or reaches a portion of cover load for subcriti-

cal conditions;

4. Distance into abutment at which stress decays to

cover load.

The most commonly-accepted empirical methods for pil-

lar-loading analysis are those developed by King (King and

Whittaker, 1971) and Wilson (1972, 1983). Both theories
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assume a constant pillar loading angle and a reloading dis-

tance dependent upon it. The angle of pillar loading,

according to King and Whittaker, is equal to the angle of

draw. Wilson's 17° or 0.3H distance into the gob is based

on observations in U.K. coalfields, and indicates that the

caving is well—behaved with the shaley overburden. The

overburden in the U.S. coal regions usually contains stron-

ger strata such as sandstone and limestone, indicating a

larger angle of pillar loading. For Eastern U.S. coal

seams, a value of 21° has been found to be more appropriate

(Mark and Bieniawski, 1987).

4.2.2 upper seamSireseFor

relatively shallow mines, a simple method for esti-

mating average stress concentrations on the upper seam over

a remnant pillar has been derived by extending the theories

discussed above. According to King and Wilson, the strata

within the triangle or the trapezoid over the gob is

assumed to be completely relieved from the remaining

strata, and represents the load supported by waste while

the remaining sections of the strata above are transferred

to the pillars (Figure 4.4). By the principle of stress

continuity over the pillars, it can be assumed that, above

the lower seam level, average load can be estimated in the

same manner done for pillar loading at the lower seam.

As shown in Figure 4.4, load transfer to the upper seam



-92-

SURFACE }• Htana •{

H
Uppca scan _l

• hLOWER SEAM J-
H———2¤———4

Htanc
tc

-
1 + 2(a + HEBHG)

a. SUPERCRITICAL LOADING CONDITION ( w>(H+h)tan¤ I

succacc
I I I I g
I I I I

I |•- Htana
I ·

“
I I

uppcc scan : I
- - - - - - -|- - 1. __ __ _

I I
I-

, '°I¤ h
Lowcxa scan I 'lllllllllllllll IIIIIIIIIIIIIII

[4- 2a -•|•l 2w ———-·>|

1 w (w + a)(2H + h - w/tanc)‘°
°Eä[(Ea¤¤ h) + a + E€an¤ I

b. SUBCRITICAL LOADING CONDITION I w<Iu+HIt¤n¤ I

Figure 4.4 Pillar Loading Conditions for Estimating Upper
Seam Load Concentration



-93-

can be identified as one of two situations:

1. Super—critical, when w > (H+h)tan¤

2. Sub-critical, when w < (H+h)tan¤{

Application of the tributary load theory, combined with

the pillar loading analysis, leads to the following rela-

tionships for average load concentration in the upper seam.
• For super-critical conditions:

1.c.-1+=1+. (4-11)

• For sub-critical conditions:

l~<=· = zäwä - ¤>
+(4-12)

where l.c. = average load concentration factor;

Za = width of the remnant pillar;

h = innerburden thickness;

H = overburden thickness to upper seam;

d = angle of pillar loading;

Zw = panel width.

The maximum load concentration is about 1.5 times the

average. The magnitude and location of load concentration

on the upper seam depends on the width of the remnant pil-

lar (Za), thickness (h) and characteristics (d) of the

innerburden and overburden (H). As can be seen from Equa-
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tions (4-11) and (4-12), narrow pillars tend to create

higher stress concentrations than do wide pillars.

Experience has shown that the tributary load theory is

no longer applicable in deep mining conditions. For this

situation, modified analytical solutions for elastic foun-

dations can be used to calculate the stress distributions

when the overburden depth is large in relation to the width

of remnant pillars. According to Budavari (1983), when the

ratio of mining depth to the half opening width is greater

than 4-5, deep—level conditions can be expected. That is,

the depth of mining can be assumed to be infinite, and

errors resulting from solutions based on this assumption

will be negligibly small. Details of the mathematical der-

ivations are listed in the Appendix I. Numerical integra-

tion on the computer is used in carrying out the computa-

tion. Table 4.1 lists all formulas for calculations of

abutment load and related parameters which would be

required for load distribution estimates at the lower seam

level.

4.2.3 Sirain Analysis

The effects of a remnant pillar on upper seam stability

can also be evaluated by using the subsidence concept. The

strain distribution at the upper seam level over a remnant

pillar is usually larger than that over a gobline because

of the superposition of strain from both sides of the
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Table 4.1 Formulas for Calculations of Load Distribution
(Adapted from Brady and Brown, 1985)

Relevant weak seam,strong Weak roof, seam
Parameters roof and floor and floor

Peak Stress op=kp+C„

Width df Yield x =äzh(P—) x =ä[[B—]l/(k‘l)-1]
Zone b F p* b 2 p*

Load Carried by. k k-Yield Zone Ab=;k(p—p*) Ab=§p*[[§;] /( 1)-1]

Load Decay Distance ß=2C+xb
Load Recover Distance

for W>2Dtan¤ xa=Dtan¤
for W<2Dtan¤ xa=W/2

Load Deficiency

for W>2Dtan¤ Aw=l§itan¤

_ w
w“

for W<2DtöI1G Aw-}/D]E—]

Definition of variables:

k = triaxial loading factor, = (1+sin¢)/(1—sin¢)
¢ = angle of internal friction
d = angle of pillar loading, equal to angle of draw
D = depth of mining
s = height of excavation
w = panel width

F = äéi + (§éi)“tan_lJk, where tan_lis in radians

p*= support resistance + strength of broken material,
=ps+14.5 psi

p = original vertical stress, =yH

C iop - p
C„= in situ uniaxial compressive strength of the strata



-96-

pillar. From Equation (4-4), the strain can be calculated

for each side of the pillar, with the total strain being

the sum of the two:

s(x) = s(x,) + a(x,). (4-13)

If the distance from the center of the pillar is de-

fined as x, then

— —d
S _ _ -n(£)°6(x) = znbx+B+d

-¤<äi%iQ>' <4-l4>
+ ————— e ]r

where B = half pillar width = 1/2Pw; b = strain factor,

usually 0.3 for flat seams; r = influence radius, H/tanß; d

= distance of inflection point from pillar edge; x = dis-

tance from the center of the pillar.

Maximum strain occurs when the masimum strains from

both sides of the pillar superimpose, i.e., when B satis-

fies the following equation,

B = O.4lf — Ö.

As for the location of maximum strain given B, maximum

strain occurs when
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= O-

That is, when x satisfies the following equation:

z¤[[2n(äl§1g)“-1)/(2n(§i§ig)’-1]]=—$!i§$glx . (4-15)

In this equation x can be numerically solved on a com-

puter.

The distinction made between wide and narrow remnant

pillars can also be seen from the strain distributions.

Figure 4.5 shows the horizontal strain at the upper seam

level as a function of the remnant pillar width. when pil-

lar width is greater than 4r-2d, supermposition of strains

from the two sides of the pillar ceases to exist. Maximum

tensile strain occurs when pillar width is equal to 2r—2d.

Strain superimposition still exists for a pillar width of

less than 2r—2d, but maximum strain is no larger than the

maximum induced by one abutment (side) of the remnant pil-

lar. Naturally, when pillar size is so small that the over-

burden pressure will crush the pillar, the effect produced

by the remnant pillar may be negligible. It can be seen

that this analysis agrees well with the results based on

lower seam pillar-loading conditions.
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4.3MiILiDQ§l‘£§.£G.QK2L.iH§4.2.1

wa1eM9;remen1;
The effects of trough subsidence on the upper seam can

be viewed from the various zones that are created during

the subsidence process (Figure 4.6). As the panel advances

in the lower seam, the upper seam will experience a subsi-

dence wave. This wave constitutes a tension zone near the

front line of the lower seam, followed by a zone of lateral

compression, sometimes accompanied by shearing. In some

strata structures, if the innerburden is comprised of mas-

sive and strong rock such as sandstone, the cantilever

action assumed by the innerburden against the strata's ten-

dency to subside will create some stress concentrations in

areas beyond the gob line and towards the boundaries of the

trough. The result is not only a highly fractured and

destressed zone in the identified tension zone, but also a

stress concentration zone outside of the identified tension

zone due to load transfer. This explains why, in many case

studies, high ground pressure is often recorded at a dis-

tance from the gob line. The thickness and geological fea-

tures of the innerburden are important parameters control-

ling the magnitude of strain and the width of the tension

zone.

As shown in Figure 4.6, the subsidence at the top edge

of the layer immediately above the coal seam (level 1) is
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greater than that at the bottom edge of the layer immedi-

ately below the coal seam (level 2) for Section I-I. The

reverse is true for Section II-II. The dividing line is

the line which connects the inflection point of each level.

It is then not difficult to conclude that Section I-I of

the strata, or the coal seam, is undergoing vertical com-

pression, and that Section II—II of the strata is under-

going vertical tension. It is also known from section 4.1

that the strata between the inflection point and the trough

boundary are undergoing horizontal tension and the strata

on the other side of the inflection point is undergoing

compression, horizontally. Therefore, the complete state

of strata conditions above the gob line area is known.

4-3•2I.e.¤.sJ.l.eS11:.ainandT.e¤si.QnZ.Q¤e
The most detrimental effect of the subsidence wave is

the tension it creates, because most coal measure rocks

have very low inherent tensile strengths (practically

zero). If substantial tension is identified, the rock is

expected to be completely dilated, and a stress-relief zone

is created if load can be shed onto unbroken rocks (Figure

4.6). Therefore, the application of the subsidence concept

to overmining analysis involves determination of two criti-

cal parameters: the width of the various zones, expecially

that of the tension zone, and the magnitude of the tensile

strain (Figure 4.7).
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It has been shown that the inflection point determines

the transition from tension to compression. Extending from

the inflection point in both directions, the boundaries of

both the tension zone and the compression zone is at

approximately 1.5r based on numerous computations and field

observations, where r = h/tanß is the influence radius.

Tensile strain (or compressive strain) is given by

Equation (4-2). The maximum tensile strain at the upper

seam level is given by:

smax = 1.52b§E%§ , (1/1000) (4-16)

occurring at 0.41r from the point of inflection in the

direction of the trough boundary.

Equation (4-16) can be rewritten as:

B
Smax

— 1-52h/tanß — l•52töHß

= l.52tanß (4-17)

where M—index = h/s; a = subsidence factor.

Using Equation (4-17), a strain chart is generated for

tanß=1.0 (Figure 4.8). For values of tanß other than 1.0,

the maximum strain is obtained be multiplying the value of

tanß by the strain value from the chart.
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4.4hearFailure

Interseam failure results from the mining of an under-

lying seam, usually when the parting distance is less than

33 feet (Barko, 1982) and the innerburden is comprised of

brittle-type rocks. The conditions for interseam shear

failure are also critically affected by opening widths and

by uniformity of extraction in the lower seam. In some

extreme cases, such failure can extend through to the sur-

face, as shown in Figure 2.3, cutting off large sections of

coal. If the height of caving is given by the following

equation:

hs
hc = E—:—T (4-18)

where hc is the height of caving, hs is the mining height,

and K the bulking factor under pressure, then hc will

extend to the surface when K approaches unity.

If the innerburden is well separated from the upper

seam and caving does not occur, complete extraction of the

lower seam will leave the innerburden in a clamped beam

condition. In this case, the stability of the innerburden

against shearing can be analyzed by comparing the maximum

shearing stress and shear resistance mobilized by the

innerburden. From the theory of elasticity, the maximum
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shear stress in a clamped beam is given by:

=„..„. = ät <4-l9>

wherq is the distribution load; L is the beam span; and

t is the beam thickness.

For an innerburden composed of multiple layers, the

innerburden can be treated as a composite beam (Figure

4.9). Assuming that the deformation curves of all individ-

ual layers are compatible, the weight density of the beam

is adjusted to take into account the fact that a strong

layer overlain by a weaker one will be loaded by a part of

the weight of the weaker layer as well as that of itself

(Merril, 1958). The adjusted weight density is given by:

E,h,’(y,h,+y,h,+ ... +y¤h¤)
qn = (HO)

where qn is the adjusted weight density; Ei is the Young's

Modulus for layer i; hi is the thickness of layer i; and yi

is the unit weight of layer i.

In actual computation, the contributing load is calcu-

lated upwards, including first one layer (n=1), then two

layers (n=2), and so on until the calculated load q¤+l is

smaller than qn. The layers above the nth layer do not

influence the load distribution. Using this procedure, the

maximum shear stress can be calculated for each layer. The



Upper Seam



-108-

resulting maximum shear stress is then compared with the

shear strength, given by the Mohr-Coulomb criterion:

ts = C + ontano (4-21)

where ts = shear strength of rock material; C = cohesion of

rock material; on = normal stress on the failure plane; and

¢ = angle of internal friction.

4.4.21ni.e.r.s.eamF.ail11r.eRes.ul$·.ingfr.ommaJsP.lane.s
In addition, an innerburden with geologically weak

planes such as faults may also be subject to this type of

failure. In the case of a fault plane being disturbed by

the removal of the lower seam, there may be a sudden dislo-

cation of the workings due to reactivated fault movements

(Figure 4.10). The determining factors are the stress

field and characteristics of the fault plane, including

those of any filling material.

The stability, or shear resistance of such a fault

plane, is adequately described by the Mohr-Coulomb crite-

rion, modified to take into account the effect of pore

pressure (Sibson, 1977):

tf = C + u(o¤—Pf) (4-22)

where tf = shear resistance; C = cohesion of fault plane;

u = coefficient of friction; on = normal stress on the

fault plane; and Pf = pore pressure.



-109-

63 /2
·'"

€—:„;.„;;-Ü--:é::;-:° Ä

/--- „, ..., ,.„_, 111;:1 ~,«_,,-4., »«.„ ,9,,
“-—ll/

-f1-‘_
· -,6-9-

A. IJ-!

. Q , ‘ .4

‘,Figure4.10 Intensified Dislocation of Upper Seam due to
Reactivated Fault Movement



-110-

A second failure related to weak planes, with a smaller

scale of influence, is a well-separated fault plane cutting

off the entire innerburden. When the lower seam is removed

to a certain extent, the innerburden fails as a hanging

beam clamped at one end and free at the other (Figure

4.11a). Protection against such a failure can be achieved

by leaving a large pillar (or a group of pillars) at the

intersection between the fault plane and the lower seam, as

shown in Figure 4.11b.

4.5.1 Arching Mechanism

As has been reviewd in Chapter 2, many theories have

been developed concerning pressure archs. The most funda-

mental concept for the formation of a pressure arch is the

fact that rock structures can support themselves by redis-

tributing the ground pressure - a process known as load

transfer. As an opening is created, the origianl stress

state is disturbed and a stress redistribution results. If

the roof (or pillar) can still sustain the concentrated

stress, no arch will be formed. When the roof fails,

either in tension or shearing, the strata will cave onto

the gob, separating the failed roof material from the

remaining strata. An arch is formed when load is shed onto

solid abutment or onto caved but compacted waste material,
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creating zones of stress relief and stress concentration.

Caving and arching are two closely related strata move-

ments. In fact, it is the caving and sagging of the strata

above the gob that creates the pressure arch. The effects

on an overlying seam are dependent on the relative location

of mining in the upper seam with respect to the arch geom-

etry and the height of caving/fracturing.

4.5.2EXI§.I1iLQfQ¤LlD.R€„£S£.äm

while the height of the pressure arch or caving limits

the vertical extent of interaction, the width of the pres-

sure arch determines the horizontal extent.

The height of caving and fracturing zones follows a

geometric function of the height of mining based on exten-

sive field measurements, given by the following equation

modified from Peng (1983):

hclf = ääggäg ic (4-23)

where hc,f = height of caving or fracturing (ft.); h =

height of mining, (ft.); and a, b, c = constants character-

istic of strata properties.

Table 4.2 lists the values of the corresponding con-

stants, a, b, and c.

The two critical parameters defining an arch are the

arch width and arch height. If either the opening width is
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Table 4.2 Constants for Calculating Caving and Fracturing
Height (After Peng, 1983)

Rock Type Caving Zone Fracturing Zone

a b c a b c
Hard 0.640 16.0 8.2 0.366 2.0 29.2
Medium 1.433 19.0 7.2 0.488 3.6 18.4Hard

Soft 1.890 32.0 4.9 0.945 5.0 13.1
weathered 2.134 63.0 3.9 1.524 8.0 9.8

_ l0Oh**6,6 · ?lT~—F' * °· feet

h - Height of mining, feet
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greater than the maximum width or the depth of mining less

than the arch height, no arch will be formed although there

will still be load transfer along an arch-shaped path. Arch

shapes, as described in hapter 2, can be in the form of an

ellipse, a circle, or a parabola, with the most commonly-

used form being parabolic.

Using the load transfer concept, the maximum width of

the pressure arch is two times the load transfer distance

(LTD), which is given by:

LTD = -848 + 159ßn(D) (4-24)

where D is depth of mining of the lower seam in feet.

The height of the pressure arch can be derived as fol-

lows (Figure 4.12).

Assume a parabolic function:

y'° = Zpx'.

The tangential line MT to the parabola at (d, w/2) has

the function:

y·=§%(x·+x·„)=}-}%x·+§%x·„.

The slope of line MT is then p/y',, and

-$— = tanc
yo
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or

p = y',tan¤.

At the abutment edge (x'„=d, y'„=w/2), the slope of the

tangential line should coincide with the tangent of the

pillar loading angle tand.

Therefore, the arch is completely defined by the equa-

tion:

y'“
= 2px' = 2(¥tan¤)x' = (wtanc)x'

Now, let y' = w/2. Substituting and solving, we have

X Iy'=w/2 ” d ' wtana
”

4tana

Therefore,

w

Thus, the height of the pressure arch is determined by

the opening width (w) and the rock properties (tanc). It

must be noted that if the arch height from Equation (4-25)

is greater than the depth of mining, it must be concluded
i

that no arch will be formed.

Once the height of the pressure arch is determined, the



-117-

path of the pressure arch at the upper seam level can be

obtained by the equation (Figure 4.12):

x = ¥(1 — «/1-y/d) (4-27)

where x = distance from the ribside; y = distance from the

lower seam; and other variables as defined previously.

Influenced areas in the upper seam can thus be deter-

mined by the parameters associated with caving, fracturing

and the pressure arch.



V. GEOMECHANICS CLASSIFICATIONS

Because of the diversity and variations of geology and

of the structural settings in coal deposits, it is often

difficult to quantify many critical geologic factors in

ground control. Consequently, most are ignored in quanti-

tative evaluations, although many play a very important

role in upper seam stability and are actually in many cases

the dominating factors. This chapter develops a roof-

rating system for multi-seam mining to incorporate these

geologic factors.

5.1Ba.s.icfnr

When mining over a previously-mined seam, trough subsi-

dence, arching and block-shear mechanisms can be used to

evaluate the effects of interaction between seams. Appli-

cations of these mechanisms have met with varying degrees

of success for prediction of interaction damage. Studies

relating upper seam damage to strata subsidence, for

exmaple, have demonstrated considerable variation. These

variations are attributable in large part to a complex

interaction between geologic and mining factors. To

develop a realistic model for multi-seam mine design, it is

essential to incorporate the many geologic and mining fac-

tors involved in multi-seam mining. A roof—rating system

-118-
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is especially needed for multi—seam mining operations dur-

ing overmining. The rating system must be based on two

basic considerations, geologic and spatial, and must

include factors commonly found in geomechanics classifica-

tion systems as well as factors which are peculiar to mul-

ti-seam mining. Geologic factors describe the strata char-

acteristics and the structures under consideration, while

spatial factors define the geometric locations and orienta-

tions of upper seam structures with respect to the subsi-

dence trough, lower seam remnant structures and geologic

discontinuities.

It is conceivable that some factors will have a more

prominent effect on interaction and roof stability than

others. For example, the location of the roof structure

under consideration is usually more important than ground

water in terms of interactive effects on the upper seam.

This fact is taken into account by assigning different

weights to the various factors. The precise weighting can

be determined based on sources such as:

1. Existing classification systems;

2. Statistical analysis of case studies;

3. Engineering Experience.

Supposing there are n factors under consideration, then

the weight each factor receives must satisfy the following

condition:
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n
E w.=l (5-l)1-1 J

where wj = weight of each factor on roof stability.

For example, the spatial location Type R & G can be

seen from Table 3.5, i.e. when mining in areas over remnant

pillars or gob line areas, to be the most troublesome. Of
the 57 cases of Type R & G, 48 cases, or 84.2%, showed

appreciable damage while of the 36 cases of Type X, only

nine cases, or 25%, showed appreciable damage. Since 25%
of the cases in areas of Type X recorded damage, it can be

assumed that on the average, damage rate is 25% without

location effect. Then of the 57 cases in Type R & G,

57(.25)=14.3 damage cases can be assumed to be without the

effects of spatial location. Therefore, only

(48-14.3)=33.7 damage cases were associated with the

effects of location, which gives as percentage:

iäläéég-ääl = .574 = 57.4%

This number will serve as a guide when assigning a

weight to the location factor. On the other hand, a very

favorable rating of the M-Index will almost offset the

effects of spatial location, which should provide an indi-

cation as to the weight of the M-Index.

It should also be noted that any disturbance caused by
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mining of the lower seam will intensify the effects of

unfavorable geologic discontinuities.

Four distinct types of factors in multi-seam mining are

the elapsed time since mining of the lower seam, spatial

location of the roof structure, the M-index, and the condi-

tion and orientation of geological discontinuities. These

factors are extremely important in determining the magni-

tude of interaction effects. The following is a discussion

of how these factors and others affect the basis of the

rating system.

_ 5.2.1 Time Regie;

The effects of time are reflected in whether the inter-

action is purely active, active/passive, or purely passive.

These interaction states are defined as bwing when:

1) Undermining is currently active or concurrent with

upper seam mining, a purely active condition;

2) Undermining is complete but the ground is still in

the process of settling, an active/passive condition;

3) Undermining is complete and the ground has settled,

reaching a new state of equilibrium, a purely passive

condition.
u

Conceptually, if Ii is defined as an interaction func-
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tion, then for the three states of interaction, Ii will be:

Il = fl(xl,x2,...,xk,t,s)

· I2 = f2(xl,x2,...,xk,t)

I3 = f3(xl,x2,...,xk) (5-2)

where xl,x2,...,xk = the geologic and mining variables; t =

time after beginning of mining of the lower seam; s =

sequencing factor in simultaneous mining.

Case studies and statistical analysis presented in

Chapter 3 have shown that, in most situations, a period of

two years proves to be adequate, although in some instances

it may take five, ten, or even fifteen years for the strata

to settle. The effects of time factor on interaction and

the use of time in interaction prediction have already been

discussed in Chapters 2 and 3 (see also Figures 2.7 and

3.6).

Chapter 3 has identified the location of mining with

respect to lower seam structures as being one of the most

important factors affecting interaction in multi—seam min-

ing. The effect of spatial location is most noticeable when

the innerburden distance between the two seams is rela-

tively small. As demonstrated in Chapter 4, superimposi-

tion of strain and pressure from both sides of a remnant

pillar increase the intensity of disturbance. Upper seam
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damage is normally concentrated in the tension zone created

over gob/coal interface areas by trough subsidence.

To incorporate the effects of the spatial location fac-

tors into the classification system, the upper seam is

divided into different zones according to their location

relative to the subsidence trough and the remnant pillars.

In trough subsidence, three zones are identified: the ten-

sion, the compression, and the no-strain zone, as shown in

Figure 4.7. Narrow pillars tend to create more severe

problems than do wide pillars because a) narrower pillars

create higher stress concentrations at the lower seam level

and thus transfer higher stresses to the upper seam level;

and b) superposition of tensile strains from the two edges

of a pillar gives rise to higher strains than do wider pil-

lars. Structures over very wide pillars can be treated as

if they were located over abutments because interaction

between the two edges of the pillar no longer exists.

Entries placed inside the destressed zone over gob areas

will experience relatively few problems.

5.2.3 M;Ind.ex

To take into account the effect of the innerburden

thickness and of the mining height, the M-index is used for

classification. The M-index determines whether upper seam

mining is located in the caving zone, the fracturing zone,

or the subsidence zone. This relative index is a better
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measure than is the absolute value of the innerburden

thickness because, for a constant innerburden thickness, a

larger lower seam extraction height (smaller M—index) is

more likely to cause interactions than is a smaller one.

Furthermore, a seam lying very close to the lower seam will

most likely be in the caving zone, and thus will almost

certainly undergo severe damage. Using an average minimum

bulking factor of 1.1 (under pressure), the caving height

in terms of lower seam thickness can be given as

hc 11g =Et=l°

This indicates that when the M-Index is less than 10,

severe damage is almost certain to occur in the upper seam.

This analysis also agrees well with the nomogram shown in

Figure 2.7. From Figure 2.7, it can be seen that when the

M—index is less than 10, the damage factor is always less

than -100, indicating severe damage.

Discontinuities here refer primarily to joint sets in

the roof. A highly-jointed roof will almost invariably

cave after coal is extracted. The determining factors for

instability are the spacing, length and orientations of the

joints in relation to the upper seam layouts.

The effect of these joint sets is further manifested in
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multiple-seam mining. This manifestation results from the

fact that roof structures, with the presence of geological

discontinuities which are oriented in unfavorable direc-

tions, are very prone to the tension and high rock pressure

created by the subsidence of the strata and load transfer.

As an example, Figure 5.1 shows two extreme cases of orien-

tation of the joint set with respect to the subsidence

trough. Case (a) is the worst possible combination because

the strike of the joint system is parallel to the direction

of the trough, and the tension is exerting the greatest

negative effect on the joints. For the same reason, case

(b) is the best possible combination, as far as the direc-

tion of the joint set and that of the subsidence trough are

concerned.

Rating of the geological discontinuities is based on

Bieniawski's (1983) Rock Mass Rating system with modifica-

tions introduced by Grenoble (1985). Table 5.1 lists the

weights assigned to different strike-dip combinations.

According to Grenoble (1985), an influence coefficient is

assigned to each joint set in the roof by the calculation:

JIC = (EFAC)(DFAC) + SFAC (5-3)

where JIC = joint influence coefficient; EFAC = 1/cos(9);

8 = angle between the joint and the normal to the strike of

the entry (deg.); DFAC = weight factor due to the dip; SFAC

= weight factor due to the spacing.
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SFAC is 0.5 when the ratio of opening width—to-joint

spacing is between 1 and 2, and is 1 when this ratio is

greater than 2. A large JIC indicates that the joint set

is likely to cause problems while a low value means that

the joint will have little influence on roof stability.

Figure 5.2 shows a nomogram for estimating JIC. _

5.2.5There

are other factors which mainly affect the behav-

ior of roof structures. Classification of the distance to

the first competent strata is based on the studies per-

formed by Ealy et al. (1979) and on a roof-rating system

proposed by Kester and Chugh (1980). Rock structures con-

stituting the immediate roof are classified according to

study results by Moebs, Ellenberger, and others (1982) on

the relationship of geology to mine-roof conditions. Geo-

logic structures such as paleochannels, scours, slicken-

sides, and clay veins are not uncommon in the Appalachian

region, and have been identified as to contributing to roof

falls (Moebs and Ellenberger, 1982). These structural

anomalies, especially under the influence of strata subsi-

dence, constitute a discontinuity in the upper seam roof

and pose a potential hazard.

The rating of ground water is usually based on the

amount of water or joint water pressure and the sensitivity

of the rock to moisture. It should be noted that, in over-
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mining, ground water may be less of a problem after the

lower seam has been mined if water is drained to the lower

seam through cracks created in the innerburden. On the

other hand, depending upon the degree and extent of frac-

turing of the innerburden and overburden strata, surface

water may percolate to the upper seam, increasing the dif-

ficulty of upper-seam mining.

After careful examinations of current geomechanics

classification systems and factors peculiar to multi—seam

mining, a multi—seam roof—rating (MSRR) system is devel-

oped. The system includes the following seven basic par-

ameters:

1. Roof Rock — Type of rock constituting the immediate

roof of the upper seam;

2. Roof Structure Location - Location of the roof

structure in relation to lower seam remnant pillars

and/or the subsidence trough;

3. Joint Sets - Jointing system in upper seam roof

rock, including effects of joint spacing and orien-

tation;

4. M-Index - Ratio of innerburden thickness to excava-

tion height of the lower seam;

5. Distance to First Competent Stratum;
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6. Time Factor - Time elapsed since mining of the lower

seam (in years);

7. Ground Water - Ground water conditions and sensiti-

vity of rock to moisture.

The complete rating scheme is summarized in Table 5.2.

As can be seen, each parameter is classified into five

categories, with a rating ranging from very poor to very

good. A rating coefficient is assigned to each category.

Since each factor will necessarily have a different weight

according to its importance to upper·seam roof stability, a

weighted average rating is introduced for the final overall

rating in order to allow for maximum flexibility of the

MSRR system.

Let n = total number of factors being evaluated, „

wj = weight of factor j, given based on the total

number of factors under consideration;

RCji = rating coefficients as assigned in Table 5.2.

Then, the final overall rating is given as

r = §Z%§Sl (5-4)
J

If, for example, two factors are being evaluated with

weighting points of 10 and 20, and the rating for the

two factors are poor and very good, respectively, the ove-

rall rating is then,

L. = (l0)(—igI$ä0((2) = l_O
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indicating an overall good roof.

This weighted rating system allows the roof to be rated

in the absence of certain factors, as is often necessary in

mining engineering. As with any classification systems,

the engineer must exercise his judgement as to whether the

information on certain variables can be ignored and the

reliability of the rating if such is the case. The system

also provides flexibility for modification to widely dif-

fering applications, where some factors become more impor-

tant than others, or where factors need to be added to the

system.

5.4w.ii;hLL;zp.erS.e.am

Methods have been presented for estimating upper seam

subsidence and strain in Chapter 4. In incorporating the

roof-rating system into damage prediction as a function of

maximum subsidence at the upper seam elevation, the follow-

ing empirical equation has been proposed:

DR = a„+bSmax+ax1+ax,+ax,+ax, (5-5)

where DR = damage rating, defined in Table 3.2; Smax is the

maximum subsidence at the upper seam level, and

X
_

{ 1 for roof rating j, j=1,2,4,5
j " O for all others.

Figure 5.3 shows plots of damage rating against maximum
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subsidence. If the roof rating is three, an average condi-

tion is indicated which is expressed by the first two terms

as:

DR = a, + bSmax.

Analysis using multiple linear regression with indica-
tor variables yields:

DR = 4.59Smax — 4.54 + Zajxj
n

(5-6)

where a,=—3.35, a,=-1.67, a,=0.0, a,=1.67, a,=3.34.

Since the magnitude of ground control problems in upper

workings can be elated to the magnitude of subsidence at

that elevation, it is also related to the magnitude of

strain at that elevation. Figure 5.4 plots damage rating
against maximum tensile strain in the upper seam. Tensile

strain can be calculated using Eq. (4-2).

In correlating the severity of damage to the magnitude

of strain, the stability factor as defined in Chapter 3 is

introduced. Plots of the stability factor against the

estimated maximum tensile strain are shown in Figure 5.5. A

positive stability factor indicates stable conditions while

a negative value indicates potential ground control prob-

lems.

Correlation of the stability factor with the maximum

tensile strain gives an empirical equation of the form:
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SF = A(e-B8-C) (5-7)

where SF is the stability factor; s is the maximum upper

seam tensile strain (1/1000); and A, B and C are constants

dependent on the roof rating (Table 5.3).

From Figure 5.5, it is readily seen that the stability

factor is always negative for roof ratings of four and

five. This results from the fact that the roof rating, by

incorporating the location and joint factors, is itself an

indication of upper seam stability. A roof rating of four

or five will usually mean a roof of highly jointed rock,

oriented in unfavorable directions, located in the high

stress concentration zone or the tension zone, among oth-

ers.
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Table 5.3 Constants for Stability Factor Evaluation

MSRR A B C

1 945 0.0130 0.53

2 740 0.0105 0.68

3 556 0.0081 0.90

4 425 0.0061 1.18

5 313 0.0041 1.80



VI. IMPLEMENTATION OF DESIGN CRITERIA

The ability to combat and control negative interaction

effects by designing an effective mining layout and effec-

tive measures of strata control is essential to achieving

mine safety and productivity. To this end, options for

improving upper seam stability are presented in this chap-

ter, along with recommended design procedures for overmin-

ing operations. To facilitate the application of the

design criteria, a computer program has been developed.

6.1 l1np.e.r.S.e.amIx1ineL.a;Lo11i.

6.1-1 G§D§Läl.Guid§li¤§S

Based on experience and on results from this research

effort, guidelines for minimizing interaction effects, in

areas where these effects are inevitable, are summarized as

follows:

1. Avoid driving entries in the tension zone, as this

zone is usually heavily fractured due to the low ten-

sile strength of coal measure rocks.

2. Use the destressed zone over the gob line areas, or

within the pressure arch if a pressure arch exists

for entries.

3. Use oversized pillars over isolated remnant pillars,

or offset entries from those entries bewlow, in the

-140-
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lower seam.

4. Reduce roof spans and number of entries.

5. Use yield pillars in order to protect entries where

long—term stability is essential.

6. Use other stress reduction techniques, such as pillar

softening, to shed load onto other areas.

6·l-2Great

attention must be given to the orientation of

openings in the upper seam with respect to lower seam work-

ings, stress field, and major geological discontinuities.

In the case of a single joint set, with its favorable

strike/dip combination in the preferred direction based on

trough subsidence and/or remnant pillars, the decision is

straightforward (Figure 5.2b). If, however, subsidence

favors one direction while the joint set favors another,

the benefits of each direction must be weighed against the

other. For seams with a large M—index and relatively uni-

form extraction in the lower seam, opening orientation

should be determined based on the jointing system. On the

other hand, if the two seams are lying in close proximity,

it may be more beneficial to base this decision on the

lower seam orientations and the subsidence trough. In

areas where high stress concentrations are expected in the

upper seam with well-defined pillar lines, then it may be

best to orient the openings in the direction of the pillar
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lines of the lower seam. Over gobline interfaces, if high

tension is identified for the upper seam, then openings may

best be orientated at an angle to the subsidence trough

which offset the effects of the tensile strain (Figure

6.1). In summary, prudent decisions can only be made after

all possible direction combinations and their effects on

upper seam stability have been evaluated.

6.1.3 Rillar_Laygu;s

Figure 6.2 shows possible layouts of upper seam entries

(pillars) over a long remnant pillar. In layout (a), only

two pillars support the transferred load, while in layout

(b) three pillars support this load. Each layout has its

advantages, depending upon load distributions. The two

pillars in layout (a) bear equal loads due to symmetry,

with higher load probably concentrated towards the two pil-

lar edges facing each other. In layout (b) there are three

pillars, with pillar #2 bearing the highest load and pil-

lars #1 and #3 bearing equal loads. It is possible that

the load on pillar #2 in layout (b) may exceed that on the

pillars in layout (a). This corresponds to a smaller angle

of influence in terms of stress transfer to the upper seam,

and to a more concentrated peak load towards the center

pillar.

An alternative to the two layouts above is to increase

the size of the two pillars in layout (a) or the size of
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pillar #2 in layout (b), as shown in layoutc (c) and (d),

respectively. This may be necessary when pillar sizes in

both layout (a) and (b) are not adequate to support the

concentrated load. Simple and mechanically correct, this

type of layout may not be easily put into practice, because

this would mean varying pillar sizes and possibly room

sizes, which makes cutting in actual operations somewhat

difficult.

If the remnant pillar is relatively square, then the

pillar layout must be considered in three dimensions.

Shown in Figure 6.3 are some possible Variations of pillar

layout with respect to the remnant pillar. As can be seen,

the number of pillars supporting the transferred load in

layout (a') is nine, while in layout (b') the corresponding

number is only four. The difference is proportional to the

square of the number of pillars in two dimensions. _

It can be seen that the problem is more complicated in

three dimensions but the same principles apply. The same

argument can be made for and against the alternative lay-

outs by altering the sizes of the pillars and rooms.

6.2Simply stated, ground control in multi-seam mining

begins with determining the effects of interaction for a

given or proposed mining situation. A decision can then be
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made either to avoid the troubled area, to support it, or

to choose an alternative design. For application purposes,

the following procedures are recommended in designing for

an upper seam being mined over a previously—mined seam.

1. nfRsl.e;;an1;1np.ui;D.ai„a

Any design in engineering is only as reliable as the

input data provided. Therefore, it is of great importance

to investigate the geological and mining factors associated

with the two seams concerned. Careful mapping of the work-

ings in the lower seam will help to identify locations of

possible interaction. Other investigations are necessary

in order to detect any geological anomalies, which may be

the dominant factors in controlling the interaction mecha-

nism.

For design and planning purposes, mining in the upper

seam should be divided into the various categories dis-

cussed earlier, both vertically and horizontally, once the

lower seam workings have been identified. Such classifica-

tion according to mining location can help to identify the

correct mechanism to be used in analyzing interaction

effects. To aid in this classification, Table 6.1 summa-

rizes the various zones in which the upper seam can be

located and possible situations to be expected.
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3. o.fL1np.erS.e.am

Rock properties required in the design process and sta-

bility analysis can be obtained from in-situ and laboratory

testing on core samples of typical coal and its surrounding

rocks. The geomechanics classification system for multi-

_ seam roof rating (MSRR) developed in Chapter 5 can be used

to incorporate and quantify some geological and spatial

factors.

4-

The complexities of multi-seam mining dictates the use

of a series of evaluations in order to ensure the most

reliable design. The various methods discussed earlier can

be used to predict the possibility of any negative interac-

tion effect, as well as its location. Methods for stress

calculations can be used both in estimating the magnitude

of stress concentrations, and in identifying their loca-

tions. The subsidence method is used to delineate tension

zones and to calculate strain distributions. Results from

this analysis can then be used as a guide during later ana-

lysis and design.

5.Once the locations of possible interaction are identi-

fied, the stability of upper seam structures in these areas

must be evaluated, and options for improving ground condi-

tions devised accordingly. Damage in the overlying seam
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can affect the pillars, the roof, and the floor, depending

upon the location of mining, and on geologic and mechanical

properties of the structures involved. Once the stress

concentrations and strain distributions are calculated,

stability of these structures should be evaluated simulta-

neously. Sensitivity analysis should be conducted to study

the effects of individual factors on stability.

6.36.3.1 G.ener.a1. of RLIMELIM
To aid in the implementation of the design guidelines

and to facilitate various design processes, a computer pro-

gram called RUMSIM (Room-and-pillar Upper seam Mining SIMu-

latOr) has been developed for overmining which uses the

room-and-pillar method. The program takes a comprehensive

approach to the problem of computer-aided mine design by

incorporating a series of damage prediction methods, inter-

action mechanisms, design criteria, and means of minimizing

negative interaction effects. Primarily, it is built upon

results from this research and previous work, combining the

analytical methods, rules of thumb, and empirical relation-

ships which are used in practical designs.

The program is functionally divided into two parts. The

first part deals with data manipulation, including data

entry, error checking, and data modification. The second
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part of the program deals with evaluation of the data. The

user has two initial options for evaluation when using the

program: either a qualitative (Module A) or a quantitative

(Module B) analysis is available. Module A, or qualitative

analysis, allows the user to carry out a preliminary evalu-

ation of potential damage and interaction mechanisms, and

requires a minimal amount of input information. This

module includes such methods as subsidence factor, roof

rating (MSRR), stability factor, probability of interac-

tion, M-index, and damage rating. The quantitative analy-

sis involves more detailed stress and strain calculations,

and will eventually determine entry sizes and pillar dimen-

sions for any given mining situation. A macro flowchart of

the program is shown in Figure 6.4.

Specifically, the program can

• predict the magnitude and location of potential

interactive damage;
• calculate stress concentrations and strain distribu-

tions;
• design entry and pillar dimensions for a given

desired safety factor;

• recommend options for avoiding or minimizing interac-

tion effects and optimum design specifications for a

given set of input data; and

• perform sensitivity analysis by allowing the user to

interactively modify input data during any phase of



-152-

START

INITIALIZATION OF
PROGRAM DEFAULTS, SET
PROGRA LOGO

MAIN MENU:
1. DATA MANIPULATION
2. EVALUATION - MODULE A
3. EVALUATION - MODULE B
4. EXIT PROGRAM

| DATA:
CREATE, EDIT,
RETRIEVE, ETC.• MODULE A:

DUALITATIVE
EVALUATION

• MODULE B: STABILITY
DUANTITATIVE FACTOR METHOD

. EVALUATION
NO

CRITICAL
STOP STRESS. STRAIN M-INDEX METHOD

DISTRIBUTIONS

GEOMECHANICS
STABILITY OF CLASSIFICATION
ROOF, FLOOR
AND PILLARS

SUBSIDENCE
FACTOR METHOD

DISPLAY OF
RESULTS

Figure 6.4 Macro Flowchart of Computer Program RUMSIM
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program execution.

An important feature of the program, and one which dis-

tinguishes it from most other computer programs, is the

extensive on-line help it makes available to the user. This

includes a definition of variables, suggested values for

input data, explanations of empirical relationships and

interaction mechanisms. There are altogether 30 help

screens which can be accessed from anywhere in the program

at any time except during program execution. Figure 6.5

shows a help session focusing on the probability of inter-

action. This readily available help information not only

ensures smooth and accurate execution of the program, but

also serves as a technical guide to the user.

The program is written in Turbo Pascal to run on the

IBM-PC and compatibles, and is completely menu-driven to

provide maximum flexibility in application. Full—screen

editing allows data to be easily entered and changed so

that sensitivity analyses can be performed until an optimum

design is achieved. Output can be in the form of screen

display, hardcopy, or disk file. Graphics are used, when-

ever possible, to provide a better illustration and inter-

pretation of the results.

6.3.2 I1ai;a..Inp11;t and Ediiing
Data manipulation includes data input, data error

checking, data modification and data storage. Full screen
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data input is used for fully-interactive data entry and

data changes (Figure 6.6). The user can go to any field

within a screen or jump to any input page. Extensive data

error checking, based on bounds established from field data

and theoretical analysis, is provided to assure the best

accuracy of input data and reliability of the analysis.

Table 6.2 shows typical rock properties compiled for the

Appalachian coal fields.

Input to the program includes:

I. General information
• Name and location of property

• Title of analysis
• Date and time of analysis

II. Lower Seam Data

• Seam thickness

• Number of openings (panels)

• width of each panel
• width and length of remnant pillars
• Percent of overall extraction
• Time elapsed after mining of lower seam

• Coal properties

III. Upper Seam Data

• Seam thickness
• Coal properties (unit weight, compressive

strength, shear strength, angle of internal fric-

tion, coal K factor, etc.)
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Table 6.2 Typical Properties of Coal Measure Rocks for
Appalachian Coal Fields

1. Coal k—factor

Coal Seam k—factor Average

Pittsburgh 5551-5862 5706
Pocahantas No. 4 4313-4825 4569
clintwood 4289-5205 4747
Elkhorn No. 4 6000-6250 6125
Harlan 8859-9458 9159
Marker 10120-1060O 10360

2. Pillar Loading Angle

Average a = 21°

3. Subsidence Parameters

Angle of draw = 28°
Tangent of principal influence angle: tanß = 2.3110.4
Inflection point = 0.2H
Critical subsidence: w/H = 1.2

4. Elastic Properties

Rock Unit Comp. Young's Poison's Friction
Type weight Strength Modulus Ratio Angle

(pcf) (psi) (x10‘psi) (deg.)

Coal 125 2,000 0.72 0.23 15.0
Shale 160 4,000 1.61 0.10 55.0
Sandstone 145 12,000 3.00 0.15 40.0

5. Rock Strength Classifications

Hard Rock: 0, = 5688 psi
Medium Hard Rock: 2844 < 0, < 5688 psi
Soft Rock: 0, < 2844 psi
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• Immediate roof—rock type and properties
• Roof-jointing system
• Immediate floor-rock type and properties i
• Location of mining in relation to lower workings
• Panel width

• Room—and—pillar size

• Number of entries

VI. Input for Both Seams
• Average overburden thickness (to upper seam)
• Percent of hardrock in overburden
• Average unit weight of rock in overburden
• Innerburden thickness
• Percent of hardrock in innerburden
• Tangent of principal influence angle
• number of beds in innerburden

• thickness of each rock type
• Average unit weight of each rock type
• Angle of draw of each rock type
• Elastic properties
• Ground water

The user has the option of editing any one of the four

groups or all input data, and of running a preliminary or a

detailed analysis at any stage, provided that the required

input information is supplied.



-159-

6.3.3 Olli-.DJ-li

As shown in Table 6.3, the complete output of the

program includes the following pages:

O. Title page showing the various phases of program

execution.

1. Summary of all relevant input data:

All major input data are output as a reference for

the results of the analysis.

2. Results from empirical analysis (preliminary):

This includes evaluation by all empirical methods,

as listed in Table 6.3. whether or not interaction

is likely or not is predicted based on results from

each method. A preliminary analysis will have only

the above three output pages.

3. Results from subsidence analysis:

This page defines the geometry of the lower seam

panel and displays the subsidence profile and strain

distributions. The number of points calculated

depends on the with of the panel.

4. Results from arching and caving analysis:

First, determination is made whether an arch will be

formed. If so, then the arch geometry is computed.

The most useful information contained in this page

is the height of caving and the width of the pres-

sure arch at upper seam level.

5. Results of roof stability analysis:
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Table 6.3 Outputs by Program RUMSIM

Page Title Output Parameters

O RUMSIM Running Title output showing various
. . . evaluation sub-procedures

SUMMARY OF Summary of relevant input data as
1 INPUT DATA a reference for output results

Roof rating (MSRR); damage rating
by subsidence factor; damage rat-
ing by linear regression model;

2 EMPIRICAL stability factor; critical M—in-
ANALYSIS dex and innerburden thickness

with and without time effect;
probability of interaction; max.
subsidence and tensile strain.

Max. upper seam subsidence; Max.
ARCHING width of arch; actual opening

3 ANALYSIS width; width of arch at upper
seam; height of caving and frac-
turing zone

Subsidence and strain distribu-
4 SUBSIDENCE tions as a function of the dis-

ANALYSIS tance from the left edge of the
barrier pillar.

Virgin stress; avg. stress con-
PILLAR centration; max. stress concen-

5 STABILITY tration; pillar sizes; F.S. vs.
ANALYSIS avg. stress and max. stress; F.S.

as a function of pillar sizes.

Depth of upper seam; virgin
ROOF stress; avg. stress concentra-

6 STABILITY tion; max. stress concentration;
ANALYSIS adjusted density of roof beam;

F.S. against comp. failure, shear
failure, or buckling.

Virgin stress; avg. stress con-
centration; max. stress concen-

FLOOR tration; floor config.; upper
7 STABILITY layer thickness; lower layer

ANALYSIS thickness; bearing capacity; F.S.
vs. avg. load and max. load.;
recommended S.F. for stability
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The roof stability is evaluated using the beam

theory and the voussoir arch theory. The three

basic modes of roof failure are all considered:

buckling (tension), compressive, and shear.

6. Results of pillar stability analysis:

Pillar stability is evaluated by computing the fac-

tor of safety using the pillar equation developed by

Bieniawski. Sensitivity analysis is also automati-

cally carried out, yielding the factor of safety as

a function of pillar sizes.

7. Results of floor stability analysis:

Floor stability is evaluated by comparing the bear-

ing capacity of the floor layer with the bearing

load. Both a single-layer and a two-layer configu-

ration can be evaluated.



VII. APPLICATIONS IN DESIGN

Three case studies are presented in this chapter to

demonstrate in detail the application of the methods of

analysis and of the design guidelines. Although RUMSIM was

used for all analyses, emphasis is here given to utilizing

the principles and interaction mechanisms involved in mul-

ti—seam mine design.

7.1 Case Study NQ, 1

7.1.1 Dgsgriptign

This case of mining operations in Monogalia County,

west Virginia (Table 7.1) was originally documented by

Stemple (1956) . The upper seam, the Sewickley, was being

mined over the previously—mined Pittsburgh seam, with time

lapse between operations ranging from a few months to sev-

eral years (Figure 2.2). The Pittsburgh seam was mined by

driving 20-ft. rooms on 90-ft. centers, with an overall

extraction ratio of 60% and of up to 85% where pillar

extraction was done. Mining in the Sewickley seam used a

similar system, with 20-ft. rooms driven on 70-ft. centers.

Pillars were recovered, split, or left in place, depending

on ground conditions and on cost of particular sections,

with a resulting extraction ratio of approximately 75%.

Experience of the mine showed that upper seam condi-

-162-
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Table 7.1 Documentation of Case Study No. 1

SOURCE OF INFORMATION: Stemple, 1956

NAME/LOCATION OF MINE: Monongalia County, WV.

LOWER SEAM:
Bed Name: Pittsburgh
Thickness: 96"
Method of Extraction: Block system on 90* centers
Extraction Ratio: 85%
Immediate Roof: 6" to 12“ drawslate, overlain by

about 9* of shales and rider
coals

Immediate Floor: Shale, fairly hard

INNERBURDEN:
Thickness: 90*.
Percent of Hardrock: 15%
M-Index: 11.2

UPPER SEAM:
Bed Name: Sewickley
Thickness: 66"
Immediate Roof: Sandstone or strong sandy shale
Immediate Floor: Fireclay or shale, fairly soft

OVERBURDEN:
Cover thickness: 400*.
Nature of Strata: Shales, fireclays, thin coals,

several limestones, 10* to
25* thick and a sandstone up to
50* thick near the surface

TIME AFTER MINING OF LOWER SEAM: 4.5 years

GROUND WATER: Not present

ASSESSMENT GROUND CONTROL CONDITIONS:
Mining Sequence: Overmining
Location: Above robbed areas of lower seam
Description: Fractured roof, coal and floor;

mining difficult and expensive
Possible Mechanism: Pillar supported upper seam
Damage Rating: 3 — Considerable damage
Control Method: Use of continuous miner reduces

blasting effects
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tions were generally fair when three to four years had

elapsed since lower seam mining while simultaneous mining

caused the greatest difficulty. No disturbance was

observed where lower seam pillars were left in place. In

areas above robbed sections, all upper-seam structures

-roof, coal, and floor - had been fractured, making mining

difficult and expensive. Most of the damage was recorded

in areas over a line between the solid coal and the gob in
the lower seam. However, some of the greatest damage did

not occur directly above the edge of the remaining coal in
the lower seam. Instead, it occurred in areas over the gob
and away from the solid coal, usually at a distance of 50
to 200 feet from the edge of the solid coal (Figure 7.1).

7.1.2The

analysis of minimum M-index immediately suggested a

potentially unstable case in the upper seam, because the

actual M-index (innerburden) of 11.3 (90 ft.) was much less

than the required minimum M-index of 79, with a 0.86 proba-

bility of interaction (Figure 7.2). Figure 7.3 plots the

case study against the empirical M-index model. As can be

seen, even with a large error margin, the actual innerbur-

den thickness was still considerably less than the stabil-

ity requirement established by the statistical models.

Other results from empirical analyses are also found in

Figure 7.2, with all checked critical parameters suggesting
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Theory and Load Transference — Case Study No. 1
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Innerburden Thickness = 90 ft.
Lower Seam Thickness = 8 ft.
Extraction Ratio (LS) = 85%
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Figure 7.3 Empirical Analysis Using the M—index Method —
Case Study No. 1
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negative interaction effects.

In view of the fact that the most serious damage

occurred at a distance of 50 to 200 feet from the edge of

the solid coal, two possible explanations exist although

both tend to predict similar locations of damage in the

upper seam. The two possible mechanisms are, first, pres-

sure arching, and second, interseam shear failure by the

cantilever beam action assumed by the strata overlying the

goaf. The shear failure mechanism would predict that the

greatest damage would occur 63 feet from the edge, assuming

a constant angle of shear of 35 degrees for the predom-

inantly shale innerburden. Since the lower seam panel

width exceeds the maximum arch based on the load transfer

distance, the compacted waste material in the gob will act

as one abutment of an arch. Using the mining depth of 500

feet as the maximum arch height, an arch width of 767 feet

is estimated. This would put the load transfer path at 70

feet from the edge of the solid abutment.

The two mechanisms do not necessarily have to be mutu-

ally exclusive. In fact, it is not impossible for the

layered strata overlying the goaf fail in shear succes-

sively further out over the gob with each higher layer of

rock. Eventually, in the case above, an arch was formed

with one abutment resting on the solid coal and the other

on the caved material in the gob. This arching effect then

carried the damage in the upper seam out to a point away
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from the edge of the solid coal in the lower seam. The

fact that the pillars in the upper seam were of substantial

size and that all upper seam structures (coal, roof, and

floor) had been fractured over robbed areas is also proof

that both mechanisms can occur simultaneously.

7.1.3Qpi;ionsf9.r1mp.ri2;ring

In a situation as described above, interaction is inev-

itable if a high extraction ratio in the lower seam is

desired due to the large thickness of the lower seam, and

to the relatively small innerburden thickness. One pos-

sible solution is to mine the lower seam in multiple levels

and in a descending order, with total extraction of each

level. This will minimize the effects of bending and

shearing by providing a super-critical subsidence situation

with uniform upper-seam displacement. Back-filling of the

lower seam gob is another option for improving ground con-

ditions in the upper seam. Mining of the upper seam should

be done at least two years after the lower-seam mining has

been completed. Mining direction (mains) should be kept

parallel to lower seam pillar lines in order to reduce

chances of shear failure and to take advantage of stress-

relief zones over the gob. Where conditions permit, yield

pillars may be used in the upper seam to divert excessive

load concentrations to large pillars or to solid coal. In

very deep mining situations with heavy ground pressure and
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a fractured upper seam, longwall mining may be an alterna-

tive.

7.2 Case Siusly N.O.„.2.

7.2.1 Qesgription

This case of mining operations in the Campbell Creek

seam (upper seam) and the Eagle seam in West Virginia

(Table 7.2) was recorded by Su et al. (1986) . Figure 7.4

shows the mining plans of the mine under study. The upper

seam and lower seam are 6.0 feet and 4.5 feet in thickness,

respectively. The innerburden between the two seams is

about 200 feet thick, and is composed of thick interbedded

sandstone and shale beds. The overburden above the upper

seam is about 1200 feet thick.

The lower seam was mined more than 20 years ago by the

longwall method, with 300-500 foot panels and two rows of

40x40 foot chain pillars. Mining in the upper seam was

mainly accomplished by room-and-pillar method except in a

few locations. Floor heave was reported as the main prob-

lem when the mains of the Campbell Creek seam were devel-

oped in the area above the longwall panels in the lower

seam. Floor heave developed almost immediately after

entries were driven and continued for a period of four to

six months. The entry height of the 6-foot seam was reduced

to three to four feet. However, the roof remained intact
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Table 7.2 Documentation of Case Study No. 2

SOURCE OF INFORMATION: Su et al. , 1986

NAME/LOCATION OF MINE: Case No. 9, WV

LOWER SEAM:
Bed Name: Eagle
Thickness: 54"
Method of Extraction: Longwall
Extraction Ratio: Over 90%
Immediate Roof: Sandstone
Immediate Floor: Shale

INERBURDEN:
Thickness: 200*
Percent of Hardrock: 55%
M—Index: 44.4

UPPER SEAM:
Bed Name: Campbell
Thickness: 6.0*
Immediate Roof: Sandstone
Immediate Floor: Layered shale

OVERBURDEN:
Cover thickness: 1200*
Nature of Strata: Shale, sandstone, etc.

TIME AFTER MINING OF LOWER SEAM: 20 years

GROUND WATER: Not present

DAMAGE ASSESSMENT:
Mining Sequence: Overmining
Location: Over remnant pillars
Description: Heavy floor heave of up to 2-3*.
Possible Mechanism: Load transfer by remnant pillars
Damage Rating: 4 — Severe damage
Control Method: NA
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in all cases while the floor heaved, sometimes breaking up

in the middle of the entry.

7.2.2As

can be seen from Figure 7.5, the mains were being

developed almost perpendicular to the lower seam remnant

pillar lines. The remnant pillars left in the lower seam

in this case served to transfer a tremendous amount of

ground pressure to the upper seam floor due to the large

overburden thickness and relatively strong innerburden.

Analysis by Equations (4-11) and (4-12) puts the estimate

of average stress concentration at 2.8, with a maximum of

4.2. This translates into a 5640 psi of ground pressure

before entries were driven, while the estimated bearing

capacity by RUMSIM was only about 3800 psi (Figure 7.6).

The floor, which consisted of thick layers of black to dark

shale, apparently failed due to excessive floor pressure.

The failure in the form of large convergence helped release

much of the transferred pressure, thus leaving the rela-

tively strong roof bed intact.

The extraction ratio in the lower seam was estimated to

be over 90%. Based on an average lower-seam mining height

of seven feet and an innerburden of 200 feet in thickness,

the critical M-index for upper—seam stability is 91 without

time effects. Time was not a factor in this case, as the

upper seam had been mined more than 20 years ago. The
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actual M-index was only 44, much less than the required 91

for stability. Results by other empirical methods also

indicated similar trends (Figure 7.7)

7.2.3 Qniions for

ImnroxingInteractionin this case was inevitable as mining was

to proceed into the areas over the remnant pillars in the

lower seam. Therefore, if in the future both seams can be

designed simultaneously for mining, it is recommended that

the upper seam be mined first. Total extraction is most

desirable and longwall mining will be able to handle the

high ground pressure better than will the room-and-pillar

method. In cases where mining must be done over a pre-

viously—mined lower seam, upper seam entries should be kept
in line with lower-seam pillar lines, placing them over gob

areas of the lower seam. Oversized pillars may be necessary

in the upper seam since the deep mining conditions will

certainly create high ground pressure. Also as described

in Chapter 4, an effort should be made to arrange the pil-

lars so that maximum pillar support is achieved (Figures

6.2 and 6.3)

7.3 Case Siudy N.O.„.3.

This case is taken from a report by Su et al. (1986)

regarding the same coal seams in west Virginia as examined
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in Case Study No. 2 (Table 7.3). The upper seam, the

Campbell seam, and the Eagle seam are 6.5 feet and 7.0 feet

thick, respectively. The two seams are separated by an

innerburden of approximately 190 feet, comprised inter-

bedded sandstone, shale, and coal seams. The overburden

above the upper seam is 1120 feet in thickness. Figure 7.8

shows the stratigraphic sequence and mining plans of the

two seams.

The lower seam has been mined extensively by the long-

wall method. Mining in the upper seam at the time of the

study was relatively new, and was by the room-and—pillar

method except in a few locations, where the longwall method

had been used. Relatively little problem was encountered

when entries were located directly above the gob areas of

the lower seam. However, when panel 7A in the upper seam

was advanced near the interface line between the gob and

solid coal (line AB, Figure 7.8), a major roof control

problem occurred in the upper seam. The problem continued

even after the face moved beyond the line AB. Eventually

the face was stuck and mining had to be abandoned. Later

it was found that there were cracks in the roof as high as

20 feet. Several rescue entries were driven in order to

reach the troubled face, and a new face was started 225

feet ahead of the old face in the same panel. No major

problem was encountered from the new face location onward

as mining the rest of the panel progressed.
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Table 7.3 Documentation of Case Study No. 3

SOURCE OF INFORMATION: Su et al., 1984

NAME/LOCATION OF MINE: Case No. 3, WV

LOWER SEAM :
Bed Name: Eagle Seam
Thickness: 84"
Method of Extraction: Longwall
Extraction Ratio: Extensively mined, >90%
Immediate Roof: Shale
Immediate Floor: Shale

INNERBURDEN:
Thickness: 190'
Percent of Hardrock: 60%
M—Index: 27

UPPER SEAM:
Bed Name: Campbell Creek
Thickness: 78"
Method of Extraction: Longwall
Immediate Roof: Shale
Immediate Floor: Shale

OVERBURDEN:
Cover thickness: 1120*
Nature of Strata: Mostly shale and sandstone

TIME AFTER MINING OF LOWER SEAM: NA

GROUND WATER: Not present

DAMAGE ASSESSMENT:
Mining Sequence: Overmining
Location: Over gob/solid coal interface areas.
Description: Cracks in roof as high as 20*,

Fallen roof; face was finally stuck.
Possible mechanism: Fractured areas in tension zone of

trough subsidence
Damage Rating: 5 - Very severe damage.
Control Method: NA
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7.3.2 Analysis

This example demonstrates two very important features

of overmining operations. First, the protective action of

the destressed zone was taken advantage of by driving

entries in the stress-relief zone. Second, negative inter-

action effects were inevitable due to tensile strain

created by the trough subsidence when the working face had

to cross the areas above the interface line between the

lower seam gob and solid coal. The adverse roof conditions

in this case were apparently due to dilation, as shown by

the fractures in the roof. However, such heavy damage

could have been anticipated by a simple analysis of the

subsidence trough.

Using the subsidence method described in Chapter 4, a

maximum upper seam subsidence of 2.8 feet was found due to

the mining of the lower seam, with a corresponding maximum

tensile strain of 12/lOOO occurring at a distance of 6 feet

into the gob. Output of the analysis on subsidence by RUM-

SIM is shown in Figure 7.9, in which upper seam subsidence

and tensile strain distributions are given. Using a tanß

of 2.0 and 60% of sandstone in the innerburden, the tension

zone was estimated to be 44 into the gob, with a width of

141 feet (Figure 7.10). This is the area where trouble

should be expected for the upper seam. The new face which

was started 225 feet from the old face did not erience

any problems because it was located outside of the esti-
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mated tension zone, even assuming an error margin of 50%

for the estimated tension zone width.

7.3.3Qpi;i;2nsfszrImxzr.o;Ling

As pointed out in the preceding discussion, the tension

zone could have been anticipated ahead of time if lower

seam workings had been mapped and an analysis of the trough

subsidence had been conducted. Careful mapping of lower

seam workings would allow the mine operator to exercise

better judgement so that panels in the upper seam could be

placed above the gob in the lower seam. Normally, the

driving of entries or advancement of faces in the tension

zone should be avoided unless there are particular reasons

for these actions. Back-filling of the lower seam gob is

another option for improving upper seam conditions.

Finally, reversal of the mining sequence of the two seams,

with complete extraction in the upper seam, is a desirable

alternative if seams are being designed for simultaneous

extraction.



VIII. CONCLUSIONS AND RECOMMENDATIONS

8.1Based on this research, the following conclusions are

made for room—and—pillar overmining operations.

1) The critical factors controlling interaction effects

are: innerburden thickness and characteristics, overburden,

lower seam height, lower seam extraction ratio, and loca-

tion of mining in the upper seam.

2) Failure modes identified in the upper seam are hor-

izontal dilation (tension/compression) due to trough subsi-

dence waves, stress-induced convergence due to high ground

pressure, shearing due to uneven support, and bed separa-

tion due to strata sagging and low bonding strengths.

3) The four basic interaction mechanisms associated

with overmining identified are: vertical load transfer,

trough subsidence, pressure arching, and massive interseam

failure. These mechanisms are quantified and used to ana-

lyze overmining interactions.

4) A qualitative approach to analyzing interaction

effects has been developed based on the results of statis-

tical analyses of case studies, and is used to perform pre-

liminary analyses of potential interaction sites with a

minimal amount of input information.

-185-
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5) For detailed stress and strain analyses of interac-

tion effects, quantitative relationships have been devel-

oped. These relationships are employed to determine opti-

mum upper seam pillar sizes, entry dimensions, and floor

stability for specified geologic conditions. Based on the

degree of predicted damage, a decision can then be made

either to avoid the troubled area, to support it, or to

choose an alternative design.

6) A roof rating system has been developed for overmin-

ing that is used to evaluate the effects of geological fac-

tors on upper seam stability. This geological character-

ization system has made it possible to numerically model

the effects of complex geological and structural condi-

tions. As a result, quantitative relationships between

upper seam damage and upper seam subsidence and tensile

strains have been developed.

7) Quantitative design guidelines have been developed

for designing optimum multi-seam mine layouts in overmining

using the room-and—pillar method. These include recom-

mended design procedures, guidelines on mine layout and

orientations, and options for improving upper seam stabil-

ity. Optimum mine design can be achieved that will improve

mine safety and productivity through advance planning. The

most important step is to identify lower seam remnant

structures by careful mapping, and to anticipate any poten-

tial interactive damage.
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8) To facilitate implementation of the interaction

mechanisms and design principles, and to aid in the design

of overmining operations, an interactive and user-friendly

computer program called RUMSIM has been developed. The

program incorporates all the results from this research and

previous work, and can be used to predict potential inter-

action and to design an optimum mine layout which will min-

imize interaction effects. It also includes a detailed

technical guide to help the user to understand the mecha-

nisms involved in the analysis. Testing on case studies

has demonstrated the effectiveness of the program.

8-2Ground control problems due to interaction will con-

tinue to be a major concern for many coal operators in

Appalachia because many coal seams must be worked in mul-

tiple horizons. The investigation presented in this dis-

sertation represents the first comprehensive efforts made

to address the problem of interaction in overmining oper-

ations. For general applications, the methods of analysis

and design guidelines presented here will provide the oper-

ator with sufficient design information to allow the over-

mining operations to be carried out.

However, these efforts are by no means exhaustive. Fur-

ther work is needed in establishing simple but practical
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methods for stress analysis on a three-dimensional basis.

Finite element and boundary element methods, with capabili-

ties of dealing with bed slipping, joints, non—linear rock

properties, and perhaps plastic failure criteria, should be

developed. Semi-empirical relationships based on paramet-

ric analysis using such methods can then be developed for

making stress calculations applicable to practical mine

design.

Such analytical work should be accompanied by compre-

hensive field monitoring and measurements of strata move-

ments in both passive and active modes of the subsidence

wave. Correlation should also be made between the geologi-

cal characteristics and strata behavior.

Yield pillars should be studied as to their effects on

multi—seam interaction and as to their effectiveness in

alleviating negative interaction effects.

Other areas of future research should include interac-

tion during multi—seam mining by the longwall method, opti-

mum mining sequence when more than two seams are involved,

harmonic mining of several seams in order to minimize

interaction effects, economic evaluations, and application

of expert systems that promise to bring expertise to the

fingertips of the mine operator.
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APPENDIX A UPPER SEAM STRESS ANALYSIS FOR DEEP MINING
CONDITIONS

when deep mining conditions exist, stress analysis can

be conducted using solutions adapted from elastic founda-

tion theories.

Mechanically speaking, lower seam structures can be

substituted with stress distributions on the lower seam

roof level. Methods of estimating lower seam load distri-

butions have been described in Chapter 4. This appendix

presents the basic equations which can be used for upper

seam stress analysis in deep mining conditions.

From elasticity, the vertical stress at a distance from

a concentrated load in a semi—infinite space (therein deep

mining conditions are required) is given by:

o = ZE ——väi1—1 (A.1)z n (x +z )

where x is the horizontal distance and z the vertical dis-

tance from the point of loading.

If stress distribution forms can be simplified into

rectangles or triangles, then the stress calculations can

be conducted by superimposition of the following three

basic forms of stress (Figure A.1). Also, for easier

computation, stress increments over the original stress are

used. The final stress status is obtained by superimposing
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Figure A.1 Basic Forms of Load Distribution
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the original stress and the calculated incremental stress.

Integration of Equation (A.1) over the width of B of

the uniformly-distributed incremental load (P) yields the

following equation:

·
_ g -1 B£2—x -1 B£2+x _ BPZ(Xz—Zz—Bzé4)cz ' n[ta¤ ( z )+tan ( z )] u[(x +z -B /4)+B z ]

(A.2)

E‘.o.r.war.d fJ;r.ian.gl.e

The incremental load distribution is given by

p(x) = (P/B>x (A-3)

where p(x) = load increment at x; x = distance from center

left of triangle; P = height of stress triangle; and B =

base length of stress triangle.

Substituting p(x) for q in Equation (A.1) and integrat-

ing, we obtain the following equation:

0; = -§§—[tan-l(§éE)-tan—l(§)]-gi Tijäääxgv (A.4)

Bacxward Triangls

The incremental load concentration is given by

p(x) = p - (P/B)x (A·5)
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where the variables are as defined previously.

Again substituting p(x) for q in Equation (A.1) and

integrating, we have

' _ _(B-x)P -1 x-B _ -1 E gg x-BOZ (tal]. (T)

tal]Threetypical forms of stress distribution most likely

to be associated with the remnant structures can be identi-

fied, each consisting of rectangles and triangles (Figure

A.2):

1. Wide pillar

2. Narrow pillar

3. Gob/coal interface

The vertical stress increment at any point (x,z) can

then be calculated by superimposing each individual rectan-

gle and triangle, with proper coordinate transformation.

After the stress increments is calculated, the total

stress is determined as follows, taking into account the

effect of strata weight:

- ° - IE.oz - 0Z + 0, 144 (A.7)

The final stress should also be adjusted for the effect
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of innerburden layering. According to Eghartner (1982),

the following factor 0 is applied to oz:

For layers greater than five feet in thickness,

0 = 0.0172n’ - 0.284n + 1.03 (A.8a)

For layers less than five feet in thickness,

0 = 0.00956n’ - 0.1977n + 0.9889 (A.8b)

where n = ratio of the vertical distance from the remnant

pillar to the width of the remnant pillar. For the

gob/coal interface, the distance into the solid coal at

which stress reaches primitive stress can be taken as equal

to the pillar width.

Therefore, the final stress at a point (x,z) above a

remnant structure is given by:

uk
0z = 002 (A.9)

where 0* = final stress at (x,z) after modifications to

compensate for the effects of innerburden weight and inner-

burden stratification.






