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PREFACE

The following course on engineering geology applied to underground coal mining is
being published at the request of geologists and engineers in government and industry. It
is an updated version of a 2-week course that was taught to geologists and engineers of
State and Federal governments, mining companies, and consulting firms involved in
designing, developing, and operating underground coal mines in Brazil. The course was
given in September 1984, in Sdo Paulo, S. P, Brazil, at the request of IPT (Instituto de
Pesquisas Tecnologicas).

The course has been updated to include geologic and mining information obtained by
the author on field visits to various coal mining areas of the Western United States, Yugo-
slavia,! and Brazil and modified as a result of comments by two U.S. Geological Survey
technical reviewers—Bion H. Kent and Mark A. Kirschbaum. Those parts pertaining to
coal mining, subsidence, and mine site selection were given in a 2-day course to geolo-
gists and engineers of the Federal and State governments and to mining companies in
April 1985, at Grand Junction, Colo. The outline was again modified as a result of com-
ments from class participants.

The course discusses in detail how the disciplines of geology and geotechnology, herein
called engineering geology, apply to exploration, design, and operation of underground
coal mines. It incorporates results of 25 years of research studies on geology and coal
mining by the author and also by many scientists in Federal and State governments, in
educational institutions, and in the mining industry.> It is intended for practicing scien-
tists, engineering geologists, and engineers. The course material is presented in outline
form to facilitate organization, retrieval, and presentation of all or any part of it for a spe-
cific use.

The basic goal of the course outline is to show how the disciplines of geology, geotech-
nology, and mining engineering can be integrated and used to make underground coal
mining safer, more efficient, and more environmentally acceptable.

IThe use of the terms Yugoslavia, Bosnia-Hertzegovina, and so on in this report reflects acceptable terminol-
ogy of the mid-1980’s.

The original manuscript of this report was completed and submitted in 1985; the author retired from the U.S.
Geological Survey in 1986. References and data have not been updated past 1987.
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Engineering Geology Applied to the
Design and Operation of Underground Coal Mines

By C. Richard Dunrud?

INTRODUCTION

RESULTS OF EXPERIENCE

Experience in the United States and in other countries
has repeatedly shown that proper pre-mine planning is
important to a successful and efficient underground mining
operation. The time and money spent in obtaining the neces-
sary geologic and geotechnical information, in order to plan
safe and efficient underground coal mines in advance of
mining, are only a small fraction of the costs that are often
incurred later to reduce hazards to life, property, or the envi-
ronment after mining is well underway. Hazards such as coal
mine bumps and rock bursts; underground fires, water infil-
tration, and flooding; and subsidence can cause costly rede-
sign and rebuilding, or may even force abandonment of
mines that were improperly planned initially. In addition,
valuable coal resources may be lost in the process.

Following are some examples of mining hazards and
environmental problems in the U.S.:

1. Coal resources and mining equipment have been
lost and miners injured or killed in mines that were not
designed to be compatible with the geologic and topographic
setting; bumps, rock bursts, squeezes, roof falls, and floor
heaves have caused premature abandonment of partially
mined areas.

2. Many miners have been injured or killed by roof
falls every year, particularly where the roofs are inherently
weak or where geologic features such as channel deposits
and slickensided surfaces weaken the roofs.

3. Many miners have been injured or killed each year
in the U.S. by mine explosions and fires.

4. In many areas of the U.S., subsidence and fires in
underground mines that were abandoned many years or
decades ago are hazards, because many of the areas are
becoming prime sites for residential and industrial growth.
For example, expenditures by the U.S. Department of the
Interior to mitigate emergency and high priority subsidence
and fire problems, on lands that have been developed above

3U.S. Geological Survey, retired; volunteer (Scientist Emeritus).

abandoned underground coal mines, reached a total of $175.7
million as of March 1985. This total does not include expen-
ditures by other Federal and State agencies (Theodore Ifft,
Office of Surface Mining, written commun., 1985).

PURPOSE

The primary goal of this report is to present, in a sys-
tematic outline format, information gained from studies and
experience of many geologists, engineers, and miners in the
U.S. and other countries in order to

1. Help geologists, engineers, and other mine plan-
ners design underground coal mines that are safer, more effi-
cient, and compatible with the environment by incorporating
the information presented herein.

2. Ensure that mine planners are more aware of some
of the more important geologic and geotechnical factors that
control or affect mining.

3. Show how geologic, geotechnical, and mining fac-
tors, commonly important to proper mine design, may be
incorporated into the planning and design phase of the coal
mining operations.

GEOLOGIC MAPPING

¢ Maps of geologic features are basic information sources
which are useful tools in selecting the best mine sites and
designing the safest and most efficient underground mines.

COMPILATION OF GEOLOGIC MAPS

« Involves gathering all needed information from (1) data
searches of library and company files, (2) field geologic
mapping, (3) drilling, logging, and on-site geophysics, (4)
analysis of stratigraphic framework and genesis of coal-
bearing rocks, and (5) remote sensing. For best results these
procedures commonly are done interactively and to some
degree concurrently.
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Profiles showing the general stratigraphic framework of coal-bearing rocks

of the Mesaverde Formation in the Paonia-Cedaredge area, Delta and Gunnison Counties, Colo. Drill hole information obtained
from published data from Eager (1978 and 1979), and unpublished data from U.S. Steel Corp., Colorado Westmoreland Inc.,
and Grand Mesa Coal Co. A, East-west sections from the Rollins mine to Anthracite Creek. B, North-south sections from Dutch
Creek mine to Wapiti Creek (headwaters of Coal Creek), Little Henderson Creek to Lick Creek, Currant Creek to Grand Mesa,
and Lower Leroux Creek to Upper Leroux Creek. From Dunrud (1989a, b).

2. Stratigraphic and petrophysical logs of drill
holes from computer databases of drilling-
log information services

IL Field Geologic Mapping (for example, Lahee, 1941,

p. 395-558)

» Comprises a systematic examination, analysis, and plot-
ting of coal, bedrock, and surficial deposits on a map or
series of separate maps

« One can often effectively make a bedrock, surficial, and
structural map concurrently in the field (example, fig. 1)

¢ For best results compile the geology (lithology, struc-
ture, and stratigraphic sections) on a topographic base map
in the field

< Portable microcomputers with capabilities to plot strati-
graphic sections can be useful during field compilation

« Mapping methods depend on such factors as detail
required, accuracy needed, and time available

A. Reconnaissance mapping—may be used where
preliminary information is needed to plan a
detailed study or where requirements for detail
and compilation accuracy are minimal, and time
is short; geologic features are located and trans-
ferred to a base map:

1. By pace (or odometer), compass, and altim-
eter traverses (a method that has been used
for decades)
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Mesaverde Formation (Gill and Hail, 1975) (Part)
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A-2. Cedaredge area, Delta County, Colorado; Section A (E-W): Rollins Mine to Oak Mesa

Figure 2 (above and facing page)—Continued. Profiles showing the general stratigraphic framework of coal-bearing rocks of the

Mesaverde Formation in the Paonia-Cedaredge area, Delta and Gunnison Counties, Colo.

By viewing stereographic pairs of aerial pho-
tographs in the field or with the aid of preci-
sion photogrammetric plotters (modern
method)

B. Detailed mapping (for example, Hayes and
Sanchez, 1979; Dunrud and Barnes, 1972)

1.

Map stratigraphic units, bedding attitude,

coal beds, lineaments, faults, and joints on a

topographic base map by:

a. Plane table and stadia rod using intersec-
tion or triangulation (for example,

Lahee, 1941, p. 506-526) or successive
iteration without the use of a stadia rod

Using the stereoscope and stereographic
pairs of aerial photos, landforms, distri-
bution of bedrock and surficial units,
and cultural features can be located by
inspection in the field and can be accu-
rately transferred to the topographic
base map; where outcrops of various
lithologies are extensive, this method
commonly is accurate and efficient for
geologists who (1) can see three
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Top of Bear? ("C")
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Top of Old King' coal
("A") bed or zone

/

Rollins Sandstone Member

Sandstone

L Stull Ditch section
{Gill and Hail, 1975}

Tongue of Mancos Shale

dimensions in stereographic projection 1983, p. 1805-1808; Molnia, 1983, p.
and evaluate landforms and (2) have 1808-1812)
experience with fitting landforms seen 2. Compile geologic information on orthopho-
in stereographic projection to topo- tographs that have been rectified to the topog-
graphic maps raphy of the image

c. Plotting geologic contacts and other a. Contacts and other information can be
geologicinformation ontopographic base plotted in true position and elevation by
maps from stereographic pairs of aerial inspection if photos and contours are
photos set up on a precision plotter; these accurately registered
are useful techniques where necessary C. Selection of geologic features and information to
(contacts, however, may not fit on map be mapped and described
accurately if topographic map was made 1. Locate, map, measure, and describe charac-
from photographs of adifferentscale than teristics of coal beds
are being used to plot the geology). (For a. Measure coal thickness at the outcrop

more detail see, for example, M’ Gonigle, where possible
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* Means that logs were determined from petrophysical logs

Distances between drill holes are to map scale . 100
unless otherwise indicated Complete Partial

0

b. Describe and measure structure (spacing
of layers, cleats, joints)

c. Measure coal quality and ash content of
coal in the laboratory; describe coal and
rock partings in the following format as
follows (Carol Connor, written com-
mun., 1984):

EXPLANATION

Surficial deposits

Sandstone

Sandstone interbedded with shale
Shale, mudstone, and (o) siltstone
Shaly sandstone

Coal bed

Mafic sill

Limestone

Crossbedded zones

Slickensided zones

Bioturbated zones

Calcareous zones

1- Description of coal bed(s)

a-

Banded
Bright matrix
Dull matrix

Nonbanded
Bright
Dull
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Figure 2 (above and facing page)—Continued. Profiles showing the general stratigraphic framework of coal-
bearing rocks of the Mesaverde Formation in the Paonia-Cedaredge area, Delta and Gunnison Counties, Colo.

2- Rock partings
a- Thickness
b- Lithology

2. Map important sedimentary rock units on
the topographic base (for example, Roehler,
1979; Sanchez and Hayes, 1979; Dunrud
and Barnes, 1972) to help determine:

a.
b.
c.

Structure

Overburden thickness

Lithology of rocks above and below coal
beds

Depositional environment(s) and domi-
nant geotechnical properties of the coal
beds and coal-bearing rocks

3. Determine stratigraphic framework of coal-
bearing rocks; this commonly involves:

Compiling coal sections (fig. 2) and
fence diagrams of the coal-bearing rocks
from geologic and geophysical drill-hole
data and measured sections of bedrock at
a vertical scale large enough to evaluate
the individual coal beds (commonly
1:600 to 1:50,000)

Correlating coal beds or coal zones
between drill holes and measured
sections

Determining where extra control points
from drilling or measured sections are
needed for reliable correlations; the reli-
ability of coal correlations and resource
calculation depends on an understanding
of the depositional environment of the
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GEOLOGIC MAPPING

CROSS SECTIONS OF FAULTS

11

MOHR-COULOMB STATE OF STRESS AT FAILURE

G,=Ygz

%
T (o)

G,

9=20"-25
REVERSE

i | 6
O, 0,
C,=Yg9z

9 =30
STRIKE SLIP

Figure 3. Classification of faults caused by various stress conditions, based on Mohr and Coulomb theories. Modified from Jaeger and
Cook (1979, p. 425-428); reproduced with permission of Chapman and Hall. v, average overburden density; g, gravitational acceleration;
z, overburden depth. 6, normal stress; T, shear stress.

coal and associated rocks, the location of
marker rock units, and distance between
data points; for example (fig. 2):

]-

The Somerset “B” coal bed, which is
the thickest coal zone in the Somer-
set (Colorado) area, can be accu-
rately correlated where drill holes
are spaced about 4,000-8000 ft
apart, because the extensive, regres-
sive, marine Rollins Sandstone
Member of the Mesaverde Forma-
tion provided a depositional envi-
ronment conducive to extensive coal
deposition and also contains a
marker horizon to correlate the coal
beds

The Hawksnest “E” coal bed (Som-
erset area), however, can be corre-
lated with reasonable accuracy only
where drill holes are spaced less than
about 2,000 ft apart, because it is
located in a deltaic sequence that has
no extensive marker horizon to help
correlate the coal beds

4. Map the faults—they are related to regional
stresses (fig. 3)

¢ They commonly control the layout of mining panels and
entries, and also control the location and orientation of long-

wall panels

« Analysis of the type(s) of faulting in an area can help pre-
dict the relative magnitudes and directions of principal
stresses that may be found during mining (Jaeger and Cook,

1979, p. 425-444)

a.

Types of faults (fig. 3):

I-

Normal—maximum principal stress
is vertical and is approximately
equal to ygz (average overburden
density (y) times gravitational accel-
eration (g) times the coal depth (z) at
time of formation); the horizontal
compressive stress is small
Reverse—maximum principal stress
is horizontal and greater than ygz
Strike  slip—maximum principal
stress is horizontal and greater than
vgz; intermediate principal stress is
vertical and is about equal to ygz

5. Map the joints—fractures without displace-

ment—they commonly are

related to

sedimentation, compaction (depth of burial),
lithification, and tectonic stresses
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Figure 4. Rose diagrams showing the relation

N
between the trends of A, cleat; B, joints at the out-
crop; and C, lineaments in southwestern Pennsyl-
17° vania and northwestern West Virginia. From
28 McCulloch and others (1975, p. 28, 39, 44).
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Figure 4—Continued.
Rose diagrams. D, Orienta-
tion of cleat in various strati-
graphic positions in six coal
beds in West Virginia. From
McCulloch and others
(1976, p. 14).
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a. Steeply dipping to vertical joints

1- Commonly are oriented subparallel
to the strike and dip of bedrock in
local areas of the Western U.S.
2- Spacing, continuity, and definition
commonly are functions of lithology
and grain size, tectonic history, and
topography
a- Joints commonly are more
widely spaced and more exten-
sive in sandstones than in shales,
probably because the sandstone
units commonly are thicker and
coarser grained than the shales

b- Joints in a given lithology com-
monly are more closely spaced
together near drainages than
elsewhere, because horizontal
confining stresses are reduced
near drainages

¢- Inclined joints locally occur as
conjugate joint sets in the Pao-
nia, Colo., area and appear to be
related to a later tectonic activity
than the activity controlling the
vertical joints

b. Trends of joints can be measured by
direct observation with compass in the
field where bedrock crops out, or by
methods such as surface resistivity sur-
veys where bedrock is not exposed (for
example, Leonard-Mayer, 1984)

6. Cleatincoal—cleats commonly occur in coal
as two sets that dip steeply to vertically;
nearly perpendicular fracture systems are
called face cleats and butt cleats (McCulloch
and others, 1974; McCulloch and others,
1976)

a. The face cleats commonly are linear, con-
tinuous, and extensive (may be many feet
in length); they may cut across bedding
planes and other structural features; face
cleats commonly are about perpendicular
to the fold axes of anticlines and synclines

b. The butt cleats often are less linear, less
planar, less continuous, and less exten-
sive than the face cleats

¢. Before mining was mechanized, the ori-
entation of the cleats often controlled the
direction of mining, because it was
easier to mine perpendicular to the face
cleats than at an angle to them

d. The orientation and distribution of cleats
are still important in mining because

they provide avenues for methane and
water to flow through the coal beds

7. Lineaments—types

a.

Parallel to valleys and ridges: this type
appears to be related to dominant joint
trends in local areas of western Colorado
Crosscut valleys and ridges: locally par-
allel to faults and to fracture zones paral-
lel to faults in western Colorado

8. Relationships among structural features

a.

Steeply dipping joints, cleats and linear

features were found to be oriented sub-

parallel to one another in southern Penn-
sylvania and northern West Virginia

(fig. 4A-C)

Cleat orientation in deeper coal beds

may also be similar to cleat orientation

in overlying coal beds, where principal
stresses were similar at the time of for-
mation (fig. 4D; McCulloch and others,

1976)

Relationships are shown by equal-area

plots, such as poles to faults and joints

(Hoek and Brown, 1980, p. 61-86) and

rose diagrams (McCulloch and others,

1975, p. 27-53)

I- Facilitate statistical analysis of their
orientation in different structural
domains

2- Can be used to help determine prin-
cipal stress directions at the time of
formation

9. Intrusive rocks—knowledge of location,
geometry, and structure can be very impor-
tant in designing proper mine layout and
mining method

a.

Intrusive rocks, such as laccoliths, stocks, dikes, sills, and
complex intrusions, can change attitude and quality of coal
deposits and affect methane concentrations

Laccoliths—vertical and lateral intru-
sions which can split the coal strata; they
commonly change:

I- The attitude of coal above and below
alaccolith (fig. 5)

2- The coal rank and quality (coal rank
and quality may differ above and
below the laccolith because of dif-
ferent heat and chemical effects)

3- Coal rank and quality laterally and
vertically along lateral parts of the
intrusion

Stocks—predominantly vertical intru-

sions—commonly
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Barrier inlet deposits—commonly have a
major effect on barrier deposits and are inti-
mately related to both transgressive and
regressive deposits; may contain fewer bio-
turbated deposits and deposits with root
zones and coal zones and more cross-strati-
fied and trough cross-stratified deposits than
do deposits from prograding and transgres-
sive barrier processes
Preservation of coastal deposits (including
peat) during sea transgressions depends on
(a) rate of rise in sea level, or (b) rate of sub-
sidence (Leeder, 1982, p. 199) and (or) sed-
iment supply; there may be:
a. Total preservation, where transgression
18 rapid
b. Partial preservation, where transgression
1s moderate
c. Complete loss, where transgression is
slow

1L Paleotectonic Environment

« Must be favorable for continued peat accumulation (for
example, Stach and others, 1975, p. 5-58)

A.

Gradual and continual subsidence or rise in
ground-water levels that keeps pace with accu-
mulation of organic matter

Tectonic movements that reduce stream gradi-
ents and create environments favorable for the
formation of peat

For thick coal beds to form (perhaps thicker than
about 10 ft), tectonic lowering of the surface
must keep pace with peat accumulation; tectonic
activity also controls the position and trends of
rivers, lakes, deltas, and shorelines

1.

River and lake systems may be parallel to the
axes of sedimentary basins; the axes of thick
coals may also be parallel to the basin axes;
tributaries may be at large angles to basin
axes

Lagoonal coal deposits may be roughly per-
pendicular to river systems and may be par-
allel to the structures governing the
shorelines

Delta coal deposits may be at various angles
to the river and shoreline and basin axes

II.  Coal-forming Environments—factors affecting coal
thickness and quality

A. Depositional environment favorable for the for-
mation of peat (Friedman and Sanders, 1978, p.
199-302; Fairbridge and Bourgeois, 1978, p.
165-167)

1.

Flora must be available to form residual
organic matter

2. Conditions must be favorable for the accu-

mulation of organic material
a. Water must be poorly aerated (low oxy-
gen levels) and acidic (Graf, 1980) as
well as clear and stagnant with a con-
stant high water table (Stach and others,
1975, p. 10) to prevent oxidation of the
peat that has already formed
b. Sediment supply must be limited in
areas where peat is accumulating, or else
a bony coal or an organic shale or mud-
stone may result
Coal, particularly dull coals (clarites and
durites) and sapropelic coals, can form from
detrital organic matter (gyttja; see Fair-
bridge and Bourgeois, 1978, p. 394 for defi-
nition), that accumulates from the remains
of floating plants, algae, pollen, and spores
in lakes (Stach and others, 1975, p. 25-26)
The Permian Gondwanaland coals of South
Africa and Brazil are believed to have
formed in swamps between moraine depos-
its and retreating ice sheets, or on fluvial-
glacial fans (Stach and others, 1975, p. 16)

PEAT-FORMING ENVIRONMENT

cellulose preserved

. Cligotrophic Eutrophic to mesotrophic
Nutrient contant {low nutrients) {moderate to high nutrients)
high moor low moor
Physiography (ombrogenous),
or low moor
Water source rain dominant surf{ace and ground
dominant
highly acidic (pH <4) mildly acidic to nearly
. neutral (pH >4)
Geochemistry phenol rich , antiseptic;
oxygen rich septic; oxygen poor
low diversity; high diversity;
Plants xeromorphic; luxuriant
stunted
Degradation dominantly chemical, dominantly biological;

cellulose degraded

Corresponding coal

low ash (<10 percent);

high ash (>10 percent);

quality low sulfur (<1 percent) | high sulfur (>1 percent)
Major stable minerals kaolinite, quartz kaolinite, illite, quartz,
in coal pyrite, calcite

Primary associated
lithologies

sandstones, siltstones,
shales

shales, siltstones,
sandstones, limestones,
calcareous paleosols

Central Appalachian Basin
formations (Series)

Charleston Sandstone,
Kanawha Formation,
New River Formation,
Pocahontas Formation
{Lower to Middle
Pennsylvanian)

Dunkard Group,
Monongahela Formation,
Conemaugh Formation,
Allegheny Formation
{Middle Pennsylvanian
to Lower Permian)

Paleoclimate

tropical; ever wet

tropical; monsoonal

Figure 10. General relationships between peat-forming paleoen-
vironments and resulting coal quality in the Central Appalachian
Basin. From C.B. Cecil and others (written commun., 1984).
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IV.  Paleoclimate 2. Opensystem (volatiles are squeezed out dur-
ing compaction; probably the more common

under many geologic conditions)
E. Time required to form coals from peat in a pres-
sure cell at about 100°C ranges from 10 to 50

« In order to form low-sulfur, low-ash coals, the following
is considered necessary (C.B. Cecil, written commun., 1984):

A. Ever-wet climate (Stach and others, 1975, p. 9);

a climatic change from ever-wet to monsoonal
probably occurred where sulfur and ash content
increases (fig. 9)

Raised peat bogs—such as those found in

years (C.B. Cecil, oral commun., 1984)

VI.  Genetic Types of Coal (coal facies)(Stach and others,
1975, p. 18-26)

. A. Related to the components of the coal (macerals)
Sumatra and Indonesia today—may also be a
y—mayalsobeaway and minerals
to form low-suifur, low-ash coals (exam-
. B. There are two types of coals
ple—Pocohontas No. 3; C.B. Cecil, oral com- .
mun., 1984) 1. Autochthonous (peat formed in place)—
> . i f this t
1. Peatdomes, which commonly have the shape most minable coals are o .ls ype
of an inverted saucer, may be an example of 2. Allochthonous (plant detritus was trans-
how coals of low ash, content are formed ported considerable distances from where
2. Peat domes can form on any surface at any plfmts grew)—these coals are usually high in
elevation relative to surface or ground water mineral mgtt‘er ) L
where the ever-wet annual precipitation C. Macerals are divided into three groups, which in
exceeds about 24 in. (700 mm) (Stach and turn are divided into different types (for exam-
others, 1975, p. 9) ' ple, Stach and others, 1975, p. 55-108)
A necessary condition to form low-sulfur, low- L Vltrlmt'e Fwoody parts of plants)
ash coals may be that the peat develops from: a. Telinite—macerals with cellular struc-
1. Plants that grow in an acidic environment tures' f?om tree trunks, branchgs, stemtc,
where water source is only from rainfall (oli- b. Collinite—macerals of a gel-like consis-
gotrophic environment) tepcy . .
2. Plants that are producers of few limbs with c. Vitrodetrinite—translucent plant detri-
crowns, bulbous roots, and many spores .uils
(xeromorphic plants) (fig. 10) 2. Exinite
V.  Processes of Coal Formation (from organic material a. Sporinite—the exterior walls (skins) of
to coal) are thought to involve: spores and pollen
A. Volume reduction (compaction) of organic mat- b. Cutinite—remains of leaves, cuticles,

ter to form peat (peatification) (average ratio of
about 5:1) (Stach and others, 1975, p. 33-34)
Compaction of peat to form coal (coalifica-
tion)—based on percentage change in water con-
tent; Fairbridge and Bourgeois (1978, p. 169)
and Stach and others (1975, p. 17-18) suggest the
following ratios: (1) 2:1 for lignite, (2) 3:1 for
subbituminous B coal, (3) 7:1 for high volatile
bituminous C coal
The amount of compaction necessary for a given
rank of coal depends somewhat on the type of
plants involved, in addition to effective stress
1. Forest-type plants compress less than reed
peats or gyttja
a. Pteridosperm peats musthave compacted
about 7:1 to reach the coking coal stage
b. For durites of Carboniferous age formed
from gyttja, compaction may amount to
as much as 20:1 (Stach and others, 1975,
p- 18)

D. Two systems may be considered in coalification

1. Closed system (volatiles remain in system)

stems

c. Resinite—natural resins produced by
metabolism of plants

d. Alginite—remains of algae (boghead
coals)

e. Liptodetrinite—fine
remains

3. Inertinite (highly decomposed humus, char-

coal)}—macerals do not soften like vitrinite

and exinite groups during carbonization

(coking) process—commonly consists of six

basically different macerals (for details see

Stach and others, 1975, p. 95-108)

a. Fusinite—from charcoal; forms fusain
layers

b. Semifusinite—from partly charred plant
tissues

detrital  plant

¢. Macrinite—amorphous,
ground mass

d. Inertodetrinite—fine
remains of fusinite,
macrinite, or sclerotinite

nongranular

fragments  or
semifusinite,
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e. Micrinite—very small (approx. 1 um
(micrometer)) grains, apparently formed
from plant cells

f. Sclerotinite—hard, brittle remains of
fungus, spores, and bacteria (for details
see Stach and others, 1975, p. 95-108)

PROPERTIES OF ROCKS

L Physical Properties

< Are a function of density, rock strength, hardness, and
behavior during mining and commonly control the stability
of mine openings; strength and hardness are controlled by
rock texture, grain mineralogy, and type of matrix

A. Density—can be determined in the laboratory or
by geophysical logging methods
B. Texture—determine with hand lens or binocular
microscope
1. Grain size—phi scale—silty (<24 mm), very
fine (273 to 274 mm), fine (22 to 2-3 mm),

fragments

IL

medium (2-! to 22 mm), coarse (270 to 2!
mm), very coarse (2700 2! mm) (for exam-
ple, Leeder, 1982, p. 35)

2. Grain shape—angular, subangular, sub-
rounded, rounded (influences packing
framework)

3. Grain form—elongate to equidimensional
(influences packing framework)

4. Arrangement—packing framework (along
with grain size, shape, form and matrix or
cement controls porosity and permeability)

C. Grain mineralogy—quartz, feldspar, mica, others

D. Matrix or cement—clay matrix; cement may
consist of carbonates, silica, others (cementation
may occur by diagenetic processes after sedi-
mentation)

Sedimentary Characteristics (see, for example,

Leeder, 1982, p. 85-116; Klein, 1977; Lahee, 1941,

p. 80-89)

A. Bedding, laminations

Figure 11. Classification of sedimentary rocks by lithology, grain size, and matrix. From Dott, 1964, and Pettijohn and others, 1972 (in
Leeder, 1982, p. 283). Reproduced with concurrence of SEPM (Society for Sedimentary Geology).
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*Measured and indicated
coal can be summed to
demonstrated coal

Drill hole
{point of thickness measurement)

Measured coal*
0- to 1/4-mile
(0- to 0.4-kilometer) radii

Indicated coal*
1/4- to 3/4-mile
(0.4- to 1.2-kilometer) radii

Inferred coal
3/4- to 3-mile
(1.2-to 4.8-
kilometer) radii

Hypothetical coal
beyond 3 miles
(4.8 kilometers)

Inferred coal
3/4- to 3-mile
(1.2- to 4.8-kilometer) radii

Indicated coal*
1/4- to 3/4-mile
(0.4- to 1.2-

kilometer) radii

Measured coal*
0- to 1/4-mile
(0- to 0.4-kilometer) radii

CQq O\S‘ Point of thickness
{  geD measurement
0 1 2 IMILES
}7 — | I ; 1 |
0 1 2 3KILOMETERS

Figure 14. Plan view showing reliability categories of outcrop and drili-hole data for classification of coal resources, based on distance
from points of measurement. From Wood and others, 1983, p. 11.



ENGINEERING GEOLOGY AND UNDERGROUND COAL MINES

hoisting assembly that pulls the inner core
barrel when full

This system saves time and money com-

not overfilling core barrel, and not dropping
and redrilling core

C. Rotary drilling (drilling without taking core)

EXPLANATION

Claystone clasts--cobble size

/// / / Medium-scale crossbeds
\\\\\ 8mall-scale crossbeds
sz Contorted laminae

Sandstone
Ecwystone or clay shale
—
—— |Calcareous or dolomitic
0 © e
Conglomeratic
Carbonaceous or
woody material
@ Ripup clasts

A

pared to the conventional coring system at 1. Drilling is continuous except to insert
depths of more than about 400 ft according a{lother length of drill rod or to change the
to Cumming and Wicklund (1975, p. 64), bl_t lati dium is aic. £ g
but applicable depth may be about 300 ft in 2. Circulation me u]lm 15 air, ogm, orlxlng
sOme cases 3. fresh-waFer or sa t-water.mu usually is put
i o o in hole prior to petrophysical logging, where
Core barrel is removed frogl 1n§1de drll‘l pipe mud is not used in drilling
by small steel cable (wire line) without a. Drilling muds also can be used to protect
removing drill rods from hole against blowouts: use a mud that has a
Core quality depends on maintaining proper density great enough such that the
rotation speed, bit pressure and circulation, hydrostatic pressure of the mud is
Relative resis—
UNWEATHERED tance to GRAIN SIZE SOME INTERNAL
COLOR weathering LITHOLOGY RANGE CHARACTERISTICS
S & {Unconformity?
o Partly B
covered v
W\ 52
[~
Sls
2|5| 8 NN\
I 7] 52
PlolX By
O o _—
HE _—
&l 8| L/
=|0
=]
fm—
7777 3R
LA
- aannn nn !
Buff — — Small pebbles
Gray or Light l I Coarse sand
green Meduum Medium sand
Fine sand
Black Very fine sand
Purple Med. to coarse silt
Maroon Clay to fine silt

=== Subhorizontal laminae

><  Massive
Cht

Chert pebbles

Figure 15 (above and facing page). Geologic logs showing lithology, relative resistance to weathering, grain
size, and internal characteristics. A, Sample log; B, Log of the Upper Cretaceous Hunter Canyon Formation includ-
ing the Ohio Creek Member in western Colorado. From Johnson and May (1980, p. 7-9).
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greater than the pressure of the forma-
tion
D. Twin-hole drilling commonly involves

1. Core drilling an index hole for lithologic and
geotechnical control

2. Rotary drilling a hole near the core hole to
produce a straight hole of uniform diameter
in order to obtain better petrophysical logs

IV.  Locating Drill Sites
A. Use available information on structure and
thickness of the coal bed(s) from geologic maps

for best results

1. Select drill sites as needed to supplement
and augment outcrop information

2. Required spacing of drill holes for accurate
correlation of coal beds varies with deposi-
tional environment of the coal-bearing
rocks, but, as stated, may range from 2,000
to 8,000 ft (fig. 2)

3. Reliability categories for classification of
coal resources on the basis of distance
between data points have been standardized
by the USGS (U.S. Geological Survey) in
the following manner (fig. 14; Wood and
others, 1983, p. 2-11):

a. Measured—O0 to 4 mi from data point

b. Indicated—1s to 3 mi from data point

c. Inferred—34 to 3 mi from data point

d. Hypothetical—more than 3 mi

B. Locate position of drill site accurately with
respect to section, township, and range, latitude-
longitude coordinates (x, y), and elevation above

sea level (z)

1. Survey location to within a few centimeters
of horizontal and vertical position using, for
example,

a. Precision theodolite (about 1 second
accuracy) and distance measuring
device for establishing primary triangu-
lation stations to within an accuracy of a
few centimeters

b. Theodolite and distance measuring
device and level or laser for locating
drill-hole sites with an accuracy of a few
decimeters (about 1 ft)

C. Geologic logging

» Logging of drill core and drill holes commonly involves
obtaining lithologic, geotechnical, and petrophysical logs
(geotechnical and petrophysical logging is discussed in the
section “Geotechnical Studies”); geologic and geotechnical
logging should be done concurrently to save time and money

1. Logginginvolves examining washed and (or)
split core to determine lithology, primary and

secondary structure, and texture on a foot-by-
foot basis (fig. 15)

a. Lithology—can be determined by hand
lens or binocular microscope and noted
on log in writing or graphically

b. Primary sedimentary structures—such
as bedding, crossbedding, soft sediment
structures, biogenic structures—can be
observed with the naked eye, hand lens,
or binocular microscope and noted on
log in writing or graphically; secondary
structures—such as joints, cleat, frac-
tures, and faults—can be observed and
noted on log in writing or graphically

c. Texture—size, shape, and arrangement
of grains and matrix—can be observed
with binocular microscope or hand lens
for coarser grained rocks and logged
descriptively or graphically

V. Methods of Determining Coal Resources (Wood and
others, 1983)

¢ Definition of resource— “naturally occurring concentra-
tions or deposits of coal in the Earth’s crust, in such forms
and amounts that economic extraction is currently or poten-
tially feasible” (Wood and others, 1983, p. 19); the resource
may be hypothetical (undiscovered) or identified

¢ Reserve is differentiated from resource by being those
parts of an identified resource “that meet specified minimum
physical and chemical criteria related to current mining and
production practices, including those for quality, depth,
thickness, rank, and distances from point of measurement”
(Wood and others, 1983, p. 18-19) and which are economi-
cally extractible under existing environmental, legal, and
technological constraints

¢ Coal-bed thickness, quality (sulfur, ash, energy content
(in Bw/Ib or cal/g)), rank, structure, and overburden thick-
ness can all be measured, analyzed, and mapped at the same
time

A. Maps are usually made during drilling and
exploration, mine site evaluation, or early mine
design phases; map products should therefore
include
1. Thickness map(s) of the coal bed(s), includ-

ing use of reliability categories (fig. 14; see,
for example, Wood and others, 1983;
Roehler, 1979)

2. Dataon coal quality (calorific values, sulfur,
ash, moisture content)

3. Structure contour map(s) of the base or top
of the coal bed(s) of the area of interest from
measured sections, drilling, and logging;
contours commonly are constructed by hand
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Figure 16. Semivariogram of coal thickness showing data points that have been fitted to a spherical model; a, range, horizontal distance
at which curve becomes flat; C, sill, point at which curve becomes flat. Modified from Pierce and others (1982, p. 265).

or computer from drill-hole and outcrop
measurements

Thickness of the rocks between coal beds
(interburden maps) where more than one
coal bed is present

Overburden thickness map(s)

Thickness and geotechnical properties of
rocks beneath the coal

B. Coal-bed thickness commonly varies with direc-
tion for coal deposits; thickness may often be
most uniform parallel to the axes of deposition
and least uniform at right angles to this trend

1.

Thickness maps of small areas commonly
are compiled by hand-drafting methods,
using stratigraphic framework data to help
determine the distribution of the thickness,
rank, and coal quality data in relation to dep-
ositional environment

Mathematical-statistical methods can be
used to help provide the most reliable

estimate values, such as elevation of coal
bed(s), thickness, rank, sulfur, ash, moisture
content, calorific value between data points

a. Using these methods usually requires
that the values of the data points be
entered into a computerized data base
that has the flexibility and power to effi-
ciently process the information of inter-
est by various geologic, mathematical,
and statistical methods at various scales

C. Mathematical-statistical methods, such as Krig-
ing, have been used to obtain regional estimates
of coal thickness and quality between data points

1.

The Kriging method takes into account
location and spacing of data points and vari-
ance of data with a minimum of error vari-
ance (figs. 16-18; Clark, 1979; F.W. Pierce
and others, written commun., 1983; Pierce
and others, 1982; Mousset-Jones, 1980;
Rendu, 1982)
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Figure 18. Map of
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ters. From Pierce and oth-
ers (1982, p. 266).
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2. Values such as thickness, Btu, sulfur, mois-
ture, and ash content commonly have some
degree of regional or areal continuity, and
must be separated into homogeneous groups
or subsets, or regionalized by (1) coal bed or
zone, (2) depositional environment, or (3)
burned, weathered, or slumped areas

3. Estimate the value of a regionalized variable
at a point (called point Kriging) or over an
area (block Kriging)

a. Calculate statistical weights for the data

points
1- The estimates are obtained by sum-
ming the products of the sample
Township Range Area Kriged In-place 0.95 error
N. w. (acres)! thickness coal limits
(feet)!  (megatons) (percent)

50 79 12,084 101.56 2,172 +19
50 78 9,507 104.9 1,766 +11
50 77 10,018 123.3 2,185 +15
50 76 7,767 105.0 1,444 +14
49 79 8,669 98.9 1,518 +26
49 78 16,669 109.7 3,237 +13
49 77 21,056 135.1 5,035 +14
49 76 23,020 135.7 5,530 +12
49 75 273 130.8 63 +18
48 79 5,051 87.8 785 +17
48 78 23,041 106.7 4,353 +7
438 77 23,189 148.9 6,113 +9
48 76 21,703 125.6 4,826 +12
47 78 8,912 92.9 1,466 +20
47 77 22,489 121.1 4,821 +12
47 76 21,614 110.5 4,228 +8
47 75 3,103 87.6 481 +23
46 77 4,607 105.4 860 +10
46 76 22,617 105.8 4,235 +9
46 75 19,416 88.1 3,026 +12
45 77 7,486 116.5 1,543 +15
45 76 23,344 113.7 4,698 +9
45 75 22,610 101.2 4,052 +10
45 74 2,953 80.2 419 +24
44 77 10,323 115.7 2,114 +14
44 76 22,545 126.5 5,046 +10
44 75 23,639 104.5 4,374 +10
44 74 11,556 82.4 1,686 +29
43 77 15,833 107.8 3,020 +16
43 76 23,675 122.8 5,148 +12
43 75 23,667 104.4 4,375 +22
43 74 11,551 77.4 1,683 +20
42 77 13,818 87.2 2,132 +26
42 76 23,706 93.5 3,923 +27
42 75 23,667 82.0 3,422 +31
42 74 22,091 70.7 2,765 +18
42 73 410 72.0 52 +30
41 77 535 82.5 78 +50
41 76 12,697 72.4 1,627 +38
41 75 16,328 64.8 1,874 +24
41 74 4,903 71.1 617 +35

TOTAL (or average) 602,042  2(105.7) 112,700:4%

Values rounded for inclusion in table, but not for calculations.
2Average thickness value for deposit.

values and their respective weight-
ing factors
2- The resulting weights have a mini-
mum error variance and are unbi-
ased
Probabilistic confidence limits of the
variable estimates can be derived from
the error variance (for general informa-
tion on the Kriging technique, for exam-
ple, see Mousset-Jones, 1980, chap. 1-4)

4. Select the model that best fits the spatial cor-
relations of the values by using such func-
tions as the semivariogram
a. The semivariogram is “a graph that

gives one-half of the mean squared dif-
ference of point values separated by any
distance h” (F.W. Pierce and others,
written commun., 1983) (fig. 16)
The validity of the semivariogram
model can be tested by cross validation
procedure, whereby a data point is
removed from the data set, its value is
estimated from the model using the
remaining data points, the point is put
back in the data set, and another point is
removed and checked until the variance
of all points has been estimated

The experimentally and mathematically

fitted semivariograms for an area are

compared (fig. 16)

I- Kriging of a particular block of coal
land can be done after an acceptable
model has been chosen

2- Estimates of the average value of
such aspects as coal thickness, sul-
fur content, or Btu values can be
made (fig. 17)

Figure 19. Tabulation of coal in-place in the Anderson
coal deposit by township in western Wyoming. Values in
millions of short tons (1 short ton equals 0.907 metric ton);
coal is assumed to weigh 1,770 short tons per acre-foot.
From Pierce and others (1982, p. 263).
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3- Kriging variance of selected values,
such as coal thickness or rank, can
also be estimated for the block or for
a particular point or points of interest
(fig. 18)

4- Estimates of coal tonnages can be
tabulated and statistical error limits
determined from tables (fig. 19)
without using intermediate isopach
maps that can be a source of error
and that provide no statistical error
limits

d. Point Kriging can also be used, for
example, to make contour maps of the
top, bottom, or thickness of a coal bed,
or of sulfur, ash, moisture, Btu values at
one or more points; the method can be
used to:

I- Produce a regularly spaced grid of
the estimated values

2- Evaluate the precision of the Kriged
estimate; maps can then be made
that show where need for additional
data is greatest (fig. 18)

a- Drill holes can be hypothetically
added in the Kriging process
and new error variance maps
made until the error variance is
at an acceptable level before any
more drilling is done

D. Surface modeling programs for microcomputers
and minicomputers can be used to make contour
maps from point data, such as drill holes,
observation points on outcrops, or Kriged data

* The basic concept involves making various two-dimen-
sional maps and three-dimensional perspective diagrams
from drill-hole and outcrop data

« This procedure facilitates analysis and plotting of
geologic data and virtually eliminates need for drafting

« The general procedures are as follows (Gardner and
Carter, 1986):

1. Create a uniform grid from the data, such as
x,y coordinates and elevation of tops and
bottoms of coal beds and other important
lithologies
a. Use a digitizing tablet and mouse to
enter x and y coordinates and elevations
of the ground surface and values of inter-
est at points on a working map

b. Calculate uniform grids of surfaces
comprising the ground surface and of
tops and bottoms of units of interest
from the scattered data files

2. Construct the necessary annotation files,
such as faults, polygon data (lease tracts,
land nets, others), planimetric data (roads,
towns, and other types of boundaries), and
necessary text information

3. Plot maps, cross sections, fence diagrams,
and perspective diagrams by combining the
necessary files for the product needed; name
the plot file, and transmit the file to plotter

GEOTECHNICAL STUDIES

« Involve the study and analysis of the strength, slake dura-
bility, engineering properties, and deformation characteris-
tics of the coal and associated rocks by field and laboratory
testing and by petrophysical methods

« These are important to mine design (for more details see,
for example, Peng, 1978, p. 43-51; Bell, 1975, p. 25-39)

FIELD AND LABORATORY TESTS ON COAL
AND ROCK

L Field Index Tests
A. Point-load strength test—a simple, inexpensive
strength test that can be done on coal and rock in
the field before the core is altered or disturbed

(for details see Reichmuth, 1962, p. 49-52;

Broch and Franklin, 1972; Hassani and others,

1980, p. 543-558; and Stimpson and Ross-

Brown, 1979)

1. Arapid field testing procedure for estimating
tensile and compressive strength (fig. 20)

2. Test involves hydraulically loading the coal
or rock to be tested by hardened steel points
with a 5-mm radius of curvature, recording
the gage pressure at failure, and converting
to the standard point-load index strength
relative to the standard 50-mm core diameter
(fig. 21)

3. Tests can be run on each core sample
diametrally and axially in a few minutes, in
sequence with drilling operations, before
rocks become altered from atmospheric
effects such as wetting or drying; tests can
also be performed on non-core rock samples
a. Core length must be equal to diameter or

greater for the test to be valid
b. Point-load index strength (Jg) is calcu-
lated by:
Iy=PID*
where: P = gage pressure in MPa
and D = core diameter or distance
between platens in mm
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c. Correct the point-load index strength
obtained on the core to a standard 50-
mm core diameter (15(50)) (fig. 21)

4. Uniaxial compressive strength of the core
tested can be estimated by multiplying the
standard index strength (Ig(50)), by 15 to 35,
based on results of tests by D’Andrea and
others (1965, p. 7) or by 22 to 35, with an
average of 25 or 28, based on results of
many tests by many investigators (Hassani
and others, 1980, p. 553) (fig. 22)

5. Anisotropic index—the ratio of axial to
diametral point-load strength for a given
rock sample—helps estimate behavior of
bedded roof rocks during mining; rocks that
are highly anisotropic commonly are thinly
layered or slabby and may require resin
bolts for adequate roof support

B. Slake durability test

» This is a rapid, inexpensive, standard index test to simu-
late the accelerated behavior of rocks when subjected to
wetting and drying, to estimate the resistance of shales,
mudstones, and other clay-bearing rocks to weathering pro-
cesses, and to evaluate slaking of mine roofs in response to
circulation of air with varying humidity levels (fig. 23; see,
for example, Franklin and Chandra, 1972, for more details)

1. The slake durability index test (I;) is per-
formed as follows:

a. Insert about 10 oven-dried lumps,
which weigh about 50 g each, into the
slake durability drum of standard sieve
mesh that is immersed in a distilled
water bath at a level of 2 cm from the
drum axle
Rotate the drum at 20 rpm for 10 min
Oven dry the material retained in the
drum sieve at a temperature of 105°C

d. Determine the percentage of the ratio of
the oven-dried weight before the slake
durability test to the oven-dried weight
after the slake durability test

2. A second-cycle slake can be obtained by
repeating the procedure on the same sample

a second time

3. Slake durability index values (in percent)
are:

Ist cycle—Iq; = (Wa1/Wp1) % 100,

2nd cycle—I o= (W3/Wpp) x 100,

where Wy, = oven-dried weight before drum
rotation
and W, = oven-dried weight after drum
rotation

5 millimeters

L D D
- -—
L L
Axial test Diametral test Irregular shape
A test
12 — | — T T
10

POINT LOAD INDEX, I, IN MEGANEWTONS
PER SQUARE METER
»
I

0
0 02 04 06 08 10 12 14 16
LENGTH:DIAMETER

1.8 20 22
B

Figure 20. The point-load index strength test. A, Point-load plat-
en, directions of loading, and necessary dimensions of rock in rela-
tion to core and irregular lumps. B, Varation of the point-load
index strength versus the ratio of core length to core diameter. Mod-
ified from Hassani and others (1980, p. 550).

Figure 21 (facing page). Graph to correct point-load index
strength to the standard core diameter of 50 mm. For example, the
index strength of a 75-mm core with a gage pressure of 1.8 MPa is
converted along curved line to the standard diameter to 2.3 MPa;
an index strength of 3.9 MPa for a 35-mm core is converted to 2.8
MPa along curved line. Modified from Hassani and others (1980,
p. 552).
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Figure 23 (above and overleaf). Log properties of a core hole located 7 mi north of Sheridan, Wyo. A, geologic properties; B, geotech-
nical properties. From Dunrud and Osterwald (1980, p. 10-11).
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Figure 23—Continued. Log properties of a core hole located 7 mi north of Sheridan, Wyo. B, geotechnical properties. From Dunrud and
Osterwald (1980, p. 10-11).
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IL Laboratory Tests

« Include the following (see, for example, Bell, 1975, p.
32-39, and also appropriate American Society for Testing
and Materials (ASTM) procedure manuals for details):

A. Tensile strength

1. Brazilian test

2. Pull-apart (direct-tensile) test

3. Point-load index test

B. Compressive strength

1. Uniaxial-—most
strength test

2. Triaxial

C. Shear strength

1. Direct shear

2. Determine from Mohr envelope-of-con-
fined-compressive-strength test

Porosity-permeability

Atterberg limits on crushed rock or soil

Coal hardness and strength tests (see Stach and

others, 1975, p. 285-292, for details) (important

values to know in order to select proper mining

equipment)

1. Vickers’ hardness test for microstrength

(attachment to microscope)

2. Mechanical strength index tests
a. Vickers’ macrostrength test (test over
larger area than microstrength)
b. Compressive-strength test on cubes 3
cm in edge length or on cylinders
c. Ball-mill-grindability test (ASTM stan-
dard test)
d. Hardgrove grindability test (ASTM
standard test) (index commonly
increases (coal easier to grind) with
decreasing percentage of volatile matter;
for example, Kent and Arndt, 1980, p.
40)
e. The Russian Protod’yakono hardness
“F”, which is approximately equal to 1
percent of the uniaxial compressive
strength (Kent and Arndt, 1980, p.
55-58); the uniaxial compressive
strength often decreases with increasing
sample size, with decreasing cleat spac-
ing, and with increasing percentage of
volatiles
1- Friability is related to size stability
by ASTM shatter and tumbler tests

2- ASTM drop shatter test
(D440-49)— results are in percent
of size fractions remaining

common  compressive

mmo

3- ASTM tumble test(D441-45)—used
to determine the relative stability of
1.0- to 1.5-in. size fraction after
tumbling for 1 hr—friability (in per-
cent) equals 100 minus the percent
breakage
f. Brabender structure test (tests done on
crushed samples)

ENGINEERING PROPERTIES AND
DEFORMATION CHARACTERISTICS
OF ROCKS

e Obtain from field and laboratory strength tests and (or)
downhole geophysical logging (see, for example, Cook and
Hood, 1978)

L Elastic Moduli

« Ratio of stress to corresponding strain within the propor-
tional limit (deforms according to Hooke’s law; segment
O-B in fig. 24A)

Young’s modulus
Bulk modulus
Shear modulus
Poisson’s ratio—the ratio of horizontal to verti-
cal unit strain where vertical stress is applied
IL Deformation (Macrostrain) Characteristics (see, for
example, Jaeger and Cook, 1979, p. 78-86; Peng,
1978, p. 52-56)
A. Elastic deformation (fig. 24A)
1. Strain of laboratory specimen increases in
proportion to increasing stress in the
region O-B
2. Failure may occur suddenly with a release of
strain energy where stresses suddenly
exceed the strength of the material
B. Ductile deformation—occurs in the pre-peak-
strength region (B—C) where the rock sustains
permanent deformation without losing its ability
to resist load
C. Brittle deformation or failure occurs in the post-
peak-strength region (C-D) where the rock
undergoes permanent deformation with a
decreasing ability to support stress
II.  Rock Strength

« Ability to sustain increased stress load while undergoing
deformation commonly decreases with:

oOwp

A. Decreasing confining pressure (fig. 24B)
B. Increasing pore-water pressure
C. Increasing temperature (Jaeger and Cook, 1979,
p- 89)
IV.  Time-dependent Deformation (creep) (see, for exam-
ple, Jaeger and Cook, 1979, p. 308-325)
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Figure 24. Graphs showing general deformation processes in
Co rocks. A, Normal stress (G) in relation to strain (€) in the proportion-
al (linearly elastic) region (O-B), ductile strain region (B-C), and
post-peak, brittle and failure region (C-D). Dashed lines show loci
o, of stress-strain points as stress is reduced and increased in the direc-
tion of arrows. B, Stress difference (6,—0,) curves in relation to
strain (€) showing rock strength as a function of confining pressure
for Carrara marble. All numbers on curves are confining pressure in
bars. Modified from Jaeger and Cook (1979, p. 79, 89); reproduced
with permission of Chapman and Hall.
/
/! 4 * Rocks commonly undergo the following stages of time-
o // ;/,’/ dependent deformation under constant stress:
A € A. Transient creep (strain rate decreases with time)
1. No permanent deformation can occur if the
6 _ i | . : . . rock is in the transient-creep stage
B. Steady-state creep (strain rate is roughly con-
stant with time)
1. Permanent deformation can occur if the rock
3260 BARS ..
is in the steady-state-creep stage
° 1650 BARS | C. Tertiary creep (strain rate increases with time)
D. Time-dependent deformation of the rock mass
may be different than time-dependent strain of
samples because the type, number, and orienta-
4 = tion of discontinuities increase with the size of
most rocks
V. Engineering Classification of Rocks (Hoek and
845 BARS Brown, 1980)
3 N A. Deere’s rock quality designation (RQD)
1. RQD=100 x length of NX core recov-
ered (>10 cm)/length of core obtained in
500 BARS interval (length of core may range from
(1) length of core run, to (2) length of
2 B core in lithologic interval, to length of
borehole)
1 235 BARS _ -
RQD Rock quality
<25 percent very poor
25-50 percent poor
0 X | X | . | ) | ) 50-75 percent fair
0 2 4 6 8 10 75-90 percent good

B €, STRAIN, IN PERCENT 90-100 percent very good
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B. Deere and Miller’s classification of intact rock strength (Hoek and Brown,

1980, p. 25):
Description niaxial compressive strength Examples of rocks
PSI kg/cm?2 Mpa

Very low strength 150-3,500 10-250 1-25 Chalk, claystone.
Low strength 3,500-7,500 250-500 25-50 Coal, siltstone, schist.
Medium strength 7.500-15,000 500-1.000 50-~100 Sandstone, hard schist, slate.
High strength 15,000-30,000 1,000-2,000 100-200 Granite, gneiss.
Very high strength >30,000 >2,000 >200 Quartzite, dolomite, gabbro, basalt.

C. Deere’s classification of jointed rocks (for example,
Hoek and Brown, 1980, p. 25):

Description Joint spacing Condition of rock mass
Very wide >3 m (>10ft) Solid.

Wide 1-3m (3-10 ft) Massive.

Moderately close 0.3-1m (1-3 ft) Blocky.

Close 50-300 mm (2in.to 1 ft) Fractured.

Very close <50 mm (<2in.) Highly fractured.

D. CSIR geomechanics classification of jointed
rock masses:

vertical stresses and (2) horizontal stresses as modified by
(a) Poisson’s ratio effect, (b) sedimentation processes (load-
ing, compaction, cementation, diagenesis), (c) tectonic
stresses, (d) time-dependent deformation of rocks under ele-
vated stress and temperature at depth, and (e) recent, rapid
erosion that may cause unloading

1. Combines the more important aspects of
many classification methods into one classi-
fication (fig. 25A4)

E. NGI tunnelling quality index

1. Adds more information on properties of dis-  « The state of stress in coal and associated rocks commonly
continuities than CSIR classification (Hoek  can reflect their total loading history (Corlett and Emery,

and Brown, 1980, p. 27-34) 1959, p. 375-377)
F. Unified rock classification system (URCS) of |

o The vertical stress commonly is approximately equal
Williamson (1984) uses field-investigative

to the weight of the overburden (gravitational load-

methods for estimating degree of weathering,
rock strength, permeability caused by joints and
other discontinuities, and density (fig. 25B)

IN-SITU STRESSES

Stress at a point within the rock mass (for example, Jae-

ger and Cook, 1979, p. 371-383; Corlett and Emery, 1959;
Hoek and Brown, 1980, p. 93-101); primarily involves (1)

1L

ing) (24 MPa/km, 1 psi/ft, 24 kPa/m, where the aver-

age rock density equals 2.4 g/cm3 (2,400 kg/m3) (fig.

264A)

The horizontal stresses may range from about 0.3 to

5.5 times the vertical stress at depths ranging from

100 to 1,000 m below the surface (fig. 26B; Hoek and

Brown, 1980, p. 95-101); they may be caused or

influenced by a combination of:

A. Gravitational loading and the effect of Poisson’s
ratio, which increases with depth at slightly
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RANGES OF ROCK STRENGTHS
ATTRIBUTES OF ROCK MASS
Very high High Medium Low Very low
Point-load For this low range
: >8 Mpa 4-8 Mpa 2-4 Mpa 1-2 Mpa uniaxial compressive
Strength of! strength index test is preferred
intact rock
material Uniaxial _ 1 1-
1 compressive >200 Mpa 100-200 Mpa 50-100 Mpa 25-50 Mpa 10-25 | 3-10 3
Mpa | Mpa | Mpa
strength
Rating 15 12 7 4 2 1 0
Drill core quality, RQD,2 pct 90-100 75-90 50-75 25-50 <25
2
Rating 20 17 13 8 3
Spacing of joints >3 meters 1-3 meters 0.3-1 meters 50-300 millimeters <50 millimeters
3
Rating 30 25 20 10 5
Slickensided surfaces
Very rough surfaces . . or Soft gouge >5mm thick
. . Not continuous Slightly ropgh s1urfaces Sllghtly roygh surfaces Gouge <5mm thick or
Condition of joints No separation Sepa_rgtron <imm eparation <1mm or Joints open >5mm
4 Hard joint wall rock Hard joint wall rock Soft joint wall rock Joints open 1-5mm Continuous joints
Continuous joints
Rating 25 20 12 6 0
Inflow per
10 meters of None <25 liters/minute 25-125 liters/minute | >125 liters/minute
tunnel length
6 d Joint water or or or or
roun . pressure - |
water Ratio Major principal 0.0-0.2 0.2-0.5 >0.5
5 siress or or or or
General c letely d Moist only Water under Severe water
conditions ompletely dry (interstitial water) | moderate pressure problems
Rating 10 7 4 0

1Strength in Megapascals (Meganewtons per square meter).
2Rock Quality Designation.

A

Figure 25 (above and facing page).

Classification tables of geotechnical properties in jointed rock masses. A, Classification based on

part A of the classification of the South African Council for Scientific and Industrial Research (CSIR). Modified from Hoek and Brown
(1980, p. 25-26). B, The unified rock classification system (URCS). The classification systems are based on degree of weathering, estimated
strength, discontinuities, and unit weight (density). Modified from Williamson (1984, p. 347).

C.

D.

more than one-half the rate of the vertical stress
(10 MPa/km; 0.45 psi/ft; 10 kPa/m where Pois-
son’s ratio equals 0.3 and the average density
equals 2.4 g/cm3)

Stresses caused by intergranular adjustments of
grains during sedimentation, compaction (Cap-
per and Cassie, 1963, p. 99-100), and diagenesis

Tectonic stresses causing folding and faulting
(fig. 3; Jeremic, 1981b)

Time-dependent deformation, which may
increase with increasing confining stress and

temperature, can cause the vertical and horizon-
tal components of stress to eventually become
nearly equal (Heim, 1912, in Hoek and Brown,
1980, p. 95-96)

Recent, rapid erosion that forms steep cliffs,
deep canyons, and ridges may:

1. Cause areduction in vertical stress but retain
high horizontal stresses beneath canyons

2. Cause areduction in horizontal stress in cliff
and canyon walls but retain high vertical
stress beneath ridges and mesas
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DEGREE OF WEATHERING
WEATHERED
REPRESENTATIVE ALTERED
>GRAVEL SIZE <SAND SIZE
Micro fresh state Visually fresh state Stained state Partly decomposed state Completely decomposed state
(MFS) (VFS) (STS) (PDS) (CDS)
A B C D E
UNIT WEIGHT COMPARE TO
RELATIVE ABSORPTION FRESH STATE NON-PLASTIC PLASTIC NON-PLASTIC PLASTIC
ESTIMATED STRENGTH
REACTION TO IMPACT OF ONE POUND BALLPEEN HAMMER REMOLDING'
"Rebounds" “Pits" "Dents" "Craters" "Moldable"
(Elastic) (Tensional) {Compression) {Shears) (Friable)
(RQ) (PQ) (DQ) (CQ) (MQ)
A B C D E
>15,000 psi 2 8,000-15,000 psi 2 3,000-8,000 psi 2 1,000-3,000 psi 2 <1,000 psi 2
>103 MPa 55-103 MPa 21-55 MPa 7-21 MPa <7 MPa

1Strength estimated by soil mechanics technology.
2Approximate unconfined compressive strength.

DISCONTINUITIES

VERY LOW PERMEABILITY

MAY TRANSMIT WATER

Solid Nonintersecting Intersecting
Solid Solid (Latent planes open planes open planes
(Random breakage) {Preferred breakage) of separation) (2-D) (3-D)
(SRB) (SPB) (LPS)
D E
A B C ATTITUDE INTERLOCK
UNIT WEIGHT
Greater than Less than
160 Ib/fd 150-160 Ib/ft3 140-150 Ib/it 130-140 lb/ft 130 Ib/ft3
2.55 g/cm? 2.40-2.55 g/cm?® 2.25-2.40 g/em? 2.10-2.25 g/em? 2.10 g/em?
A B C D E

PETROPHYSICAL (GEOPHYSICAL)

LOGGING

* Very important to mine-site selection and mine design

* Involves drilling, downhole logging, measurement of
strength, and other physical properties previously mentioned
in the field and laboratory testing of representative core

samples of coal and rocks of key lithologies, particularly

near the coal beds

* Results of geotechnical testing of small samples, how-
ever, may not be representative of the bedded, faulted, and
jointed rock mass that they were taken from; the geomechan-
ics classification previously discussed (for example, Hoek
and Brown, 1980, p. 25-26) helps to take this into account
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Figure 26. Relation between measured vertical and horizontal

stress with depth. A, Vertical stress as a function of depth. Straight
line, approximate median. B, Ratio of average horizontal stress to
vertical stress with depth. Measurements are from Australia (47
points), United States (17 points), South Africa (17 points) Scandi-
navia (15 points), Canada (13 points), and other areas (4 points).
Dashed envelope encloses points. Modified from Hoek and Brown

(1980, p. 99-100).

« Results and operation of geotechnical logging and testing
can be computerized

L Petrophysical Well-log Analysis

« For example, see Asquith, 1982, for details; although the
book is petroleum oriented, its techniques can help deter-
mine lithology and ground-water resources

» Can often estimate or determine lithology and physical
properties of rocks penetrated by drill holes and determine
the location and thickness of coal beds and other rock units

A. Rock properties, such as porosity, water satura-
tion or hydrocarbon saturation, formation tem-
perature, and lithology can be determined or
estimated down an uncased, mud-filled, rotary
drill hole by analysis of standardized electric
logs, gamma-ray, gamma-density, sonic, neu-
tron, caliper, and temperature logs (fig. 27)

1. Determine porosity from sonic, density, and
neutron-density logs

2. Determine necessary parameters for water
saturation as follows (see, for example,

Asquith, 1982, p. 104-105):

a. Formation factor (F) from sonic-poros-
ity, density-porosity, and (or) neutron-
porosity logs

b. Resistivity of the formation water (RW)
from the corrected spontaneous potential
(SP) log or by other methods

¢. Resistivity of the formation beyond the
zone influenced by the mud (R[) from
the deep, alternating current, induction
log (Ri ) or the deep, direct current
laterolog Ry ¥

d. Determine bulk volume water (BVW) by
the equation:

BVYW =S x¢, where:

S, = formation water saturation
¢ = formation porosity (Asquith, 1982,
p- 98, 104-105)

e. Estimate formation temperature by mea-
suring the temperature at the drill collar
and at the bottom of the hole and assum-
ing a linear temperature gradient
between the two

B. Depth and thickness of coal beds can be accu-
rately determined from resistivity, conductivity,
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Figure 27. Zones around a mud-filled, rotary drill hole in a permeable sandstone. Mud filtrate
(mf) occurs in flushed zone inward from mudcake (inc) on walls of hole. Resistivity of freshwater
mud in flushed zone (R,,) is high because fresh water is the mud medium; resistivity of the invaded
(transition) zone (R;) decreases to the true resistivity of porous, water-filled sandstone (R, or R,).

d;, diameter of flushed zone (+hole); dj,

diameter of

flushed zone + invaded zone (+ hole);

dp.diameter of drill hole. Modified from Asquith (1982, p. 7, 10).
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Figure 28. Relation between lithology and petrophysical logs. A, Spontaneous-potential (SP), gamma-ray, resistivity logs showing sand-
stones (stippled), shales and mudstones (unpatterned), and coal (black) for an oil well test hole in the Somerset, Colo., area. B, Neutron-
porosity, gamma-density porosity, gamma-ray (GR), and caliper (CAL) logs showing detail of coal beds shown in A. Note that, in A and

(or) B, coal beds have diagnostic traces on gamma-ray, resistivity, and porosity logs.

natural-gamma, gamma-density, and sonic logs 1.
because of large differences of these properties
between coal and other rocks (fig. 284, B)

1. Coal beds have high resistivity, but low con-
ductivity, natural-gamma radiation, density,
density porosity, and neutron porosity

C. Lithologic logging can be done from a cali-

brated set of petrophysical logs (Asquith, 1982,
p.135-137

Rock types may be determined by cross-plot
methods:

a. Cross plot of formation resistivity (R;)
Versus sonic or neutron porosity or den-
sity and gamma-ray logs (Daniels and
Scott, 1982)

b. Lithology may also be accurately deter-
mined by statistical analysis (such as
Bayes decision rule) or multivariate
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Figure 29. Relation between geologic and geotechnical properties of rocks from drill core and petrophysical logs in the Somerset, Colo.,
area. Lithology of drill core is plotted along with fracture spacing (in centimeters), point-load index strength (/s, in MegaPascals), elastic
moduli (in kilobars), and bulk density (in grams per cubic centimeter).

D. Lithology, fracture spacing (related to RQD),
point-load

analysis (such as principal component
cross plots) of digitized petrophysical
logs (see, for example, Delfiner, 1984;

Widdicombe and others, 1984)

Lithologic control can be obtained from 1.
core cuttings, mud logs, or from core

from wells in the area

strength,

slake durability,

and Gunnison Counties, Colo. (fig. 29)

modulus, and shear modulus from geologic, geo-
technical, and petrophysical logging were all
found to be correlatable in the Paonia area, Delta

Therefore, physical and engineering proper-
ties may often be accurately determined

from high-resolution, calibrated petrophysi-

bulk

cal logs where baseline core logs are avail-
able for comparison
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Figure 30 (above and facing page). Underground mine layouts contrasting geometry between two methods of mining. A, Typical longwall
mine layout in Carbon County, Utah. Heavy line, fault; U, upthrown side; D, downthrown side. 8E (LW) means 8 East longwall extraction
panel, 9E (R&P) means 9 East room-and-pillar extraction panel, and so forth. Each dot of the dotted lines, that are longitudinal to longwall
panels, and the one perpendicular to panels represents a subsidence measuring station. B, Room-and-pillar mine layout in Gunnison County,
Colo. Heavy lines, rock spars; dashed where approximately located. Diagonal line pattern, mined-out areas as of dates shown. 1,000 ft grid.
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COAL MINING METHODS AND MINE
SUPPORT PROCEDURES

CURRENT MINING METHODS

I Room-and-Pillar—probably the most extensively
used method in the United States

IL Longwall—becoming more extensively used in the
United States

III.  Shortwall—currently used only locally, if at all

IV.  Hydraulic—used only locally where geologic, hydro-
logic, and topographic conditions are favorable

PANEL-PILLAR MINE GEOMETRY

L Typical Layout of a Large Mine (fig. 30)

*  Where the dip of the mined coal bed is equal to or greater
than about 5°; layout consists of:

A.

Main-line haulageway(s) from mine portals or
shafts, which provide access, ventilation, and
haulage for much or all of the mine; they usually
are subparallel to the strike of the coal bed being
mined

Submains (often called slopes or raises), which
are driven off mainline haulageways to the
active mining areas to provide access, ventila-
tion, and haulage from the panel entries to the
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main-line haulageway; they commonly are sub-
parallel to the dip of the coal bed being mined
(fig. 30B)

Panel entries, which commonly are driven on the
downdip sides of the mining panels for access,
ventilation, and haulage from room-and-pillar,
longwall, or other active mining areas to the sub-
mains; these entries usually are subparallel to the
strike of the mine coal bed and consist of two- or
three-entry systems

Smaller mines may not have any main-line haulage-
ways connecting to slopes or raises; rather, the slopes
and raises may provide access, ventilation, and haul-
age from portals or shafts directly to the panel entries

MINING METHODS USED UNDER VARIOUS

I

GEOLOGIC CONDITIONS

Room-and-Pillar Mining Methods (see, for example,
Kauffman and others, 1981) (fig. 31)
A. Commonly are used effectively where:

1. The coal is lenticular or extremely variable
in thickness, or cut by rock channels (wants)

2. The current economic value of the coal
reserves does not warrant the capital invest-
ment costs of longwall mining machinery
(see, for example, Katell and others, 1976,
for capital investment and costs of operating
room-and-pillar mines)

3. The roof rocks are strong, relatively uni-
form, and have few slickensides and other
fractures, and the rock does not slake readily
when exposed to humid or alternately humid
and dry ventilation air

4. The dip of the coal bed is less than about 15°
(in the days before mechanization, coal
commonly was mined by room-and-pillar
methods in beds dipping from 45° to nearly
vertically)

Of the four basic methods of extracting the coal

by the room-and-pillar method, two involve pil-

lar extraction on the retreat, and two involve
advance and retreat mining (Kauffman and oth-

ers, 1981, p. 1-25)

Rooms and crosscuts are driven and pillars

extracted on the retreat from a set of panel

entries (usually three) driven on the advance to
the panel limit to establish haulage and ventila-
tion (fig. 31A4)

1. This is the most common method used in
coal mines in the Western United States
where pillars (formed when rooms and
crosscuts are driven) are extracted

2. It has the following advantages:

a. The roof in the panel areas does not need
to be supported for a long time, a major
factor in mine safety
Recovery of reserves is maximized

¢. Mining is done near (within the distance
of a few rooms of) solid coal that mini-
mizes the possibility of a squeeze

d. The section is easy to ventilate

3. The method is reported (Kauffman and oth-
ers, 1981) to have certain disadvantages in
some mining operations
a. Tonnage extracted per belt move may be

low

b. Average haul distance may be long

D. Rooms and crosscuts are driven on the advance

for the length of the panel; then the panel is com-
pletely extracted on the retreat (fig. 31B)
1. The method has the following advantages:

a. Tonnage extracted per belt move may be
high
Average haul distance may be short

¢. Easy to ventilate; maximum recovery of
reserves obtained unless a squeeze
occurs

2. The method also has disadvantages:

a. Roofs must be maintained over the life
of the panel; this may create severe roof
control problems, particularly in extrac-
tion areas

b. A squeeze may occur unless the pillars
are designed to adequately withstand
mine-induced stresses, and unless the
rock above and beneath the coal can
accommodate these stresses (see, for
example, Babcock and others, 1981, and
Wilson, 1981, for information on stable
pillar width)

I- Squeezes have forced miners to
abandon panels mined by this
method in Colorado and Utah, for
example, where abutment stresses
exceeded the strength of the pillars

E. Rooms and crosscuts are driven and pillars are

extracted on one side of the panel on the
advance; then rooms and crosscuts are driven
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5. Tilt and horizontal strain commonly
increase in direct proportion to increasing
thickness of coal mined or to decreasing
overburden thickness for similar mining and
geologic conditions (fig. 584, C; Wardell,
1971, p. 209)

a. For example, tilt and horizontal strain
commonly increase by a factor of 10 as
the coal thickness increases or the over-
burden thickness decreases by the same
factor of 10

E. Subsidence parameters, including tilt, curvature,

horizontal displacement, and horizontal strain,
can be determined from the vertical displace-
ments (sj, Sitq, Siz0....) at their respective points
(X;, Xiy1, Xii2....) using finite-difference meth-
ods (for example, Kunz, 1957, p. 125-166) and
deflection of laterally constrained plates, or
laterally constrained beams in two dimensions
(fig. 55) as follows:

Siv1795;

, ()

S; =28, 148,
2. Curvature (¢;):  ¢; = ‘_+2_7‘_+.1_’ 2)

2

L Tilt(m): m; =

3. Horizontal displacement (sz;):

(Sip1—5)
Shi = kh-_JrLl— @
4. Horizontal strain (e;):

e.:kh(si+2"2ii+l+si) @
- 7

5. Tilt and curvature can be determined from
vertical displacement measurements without
knowing plate thickness

6. Horizontal displacement and horizontal
strain can be determined in terms of vertical
displacement of survey monuments provided
that the thickness of major lithologic (rock)
unit (1), near the surface, behaves as a homo-
geneous plate and its thickness is known

7. Construction and use of finite-difference
tables from surveyed data, showing vertical
displacement, tilt, curvature, horizontal dis-
placement, and horizontal strain, are facili-
tated by the use of digital computers

Subsidence parameters, such as vertical dis-

placement, tilt, curvature, and horizontal strain,

may also be estimated by mathematically fitting

functions to representative subsidence profiles,

from areas that have been measured and

analyzed, in the following way:

1. Estimate the subsidence factor (a=5/f), from
fig. 53, for local conditions

2.

Fit a profile function to subsidence profiles,
such as the widely used hyperbolic tangent
equation, of the form:

s = Sk[tanh(AX)+ 1], ©)
or, because S=at (from fig. 53),
s = kat[tanh(AX) + 1] (5a)

where:

a. sis the vertical displacement at X (where
X=X,/d) (fig. 584), which is positive
and increases below the point of zero
subsidence like the parameter graph in
figure S8A

b. kcommonly equals 0.5

d is the overburden thickness

d. S is the maximum subsidence (maxi-
mum vertical displacement)

e. A is a constant, which appears to be a
function of the thickness and strength of
the overburden rocks

The values of the constant A in the hyper-
bolic tangent equation can be determined
iteratively by calculating s/S for various val-
ues of X/d on the subsidence parameter
graph (fig. 584) and letting A equal various
values until a best fit is attained

a. Calculations are facilitated with the use
of a digital computer

b. A computer program can be compiled to
(1) compute the Y (s/S) values for various
values of X (X, /d) in increments of 0.1,
(2) solve for the difference of the absolute
value of Y and the data point (B), and (3)
print the values of A, X,—~C (C = the ratio
of the horizontal distance from panel ribs
(ribside) to the point of inflection divided
by overburden thickness (d)), X, Y, B, and
D (the differences between Band Y) when
the values of D reach a minimum; the
same procedure is done for the curve
beyond the point of inflection

c. The listings below are the values and
largest differences in the absolute values
between calculated and measured values
of Y (s/S) for typical profiles above
mines in gently dipping coal beds in the
United Kingdom and in two active min-
ing areas and one abandoned mining
area of the Western United States, above
(A) and beyond (B) the inflection point
(fig. 58A):

e
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1- A=42, 0.003 (A) and A=5.8, 0.003
(B) for the United Kingdom (NCB,
1975, p. 12-14) (active)

2- A=4.4,0.03 (A) and A=5.6, 0.01 (B)
for the Paonia, Colo., area (active)

3- A=95, 0.04 (A), A=12.8, 0.02 (B)
for the Salina, Utah, area (active)

4- A=5.2,0.02 (A) and A=7.1, 0.01 (B)
for the Huntington, Utah, area
(active)

5- A=13.8,0.08 (A),A=6.8,0.05 (B) for
the Sheridan, Wyo., area (aban-
doned)

d. Differences between calculated and
measured values of Y are greater in aban-
doned mining areas than they are in the
active mining areas, because the profiles
In active mining areas were measured
during or shortly after mining, when
they are smoother and more mathemati-
cally definable than they are after the
mine area has been abandoned, when
continued adjustments in the overburden
and erosion, mass wasting, and deposi-
tion may affect the shapes of the profiles

4. Horizontal strain (e) may also be estimated,

using the empirical relation between
horizontal strain and curvature (c) proposed
by the National Coal Board (NCB) of the
United Kingdom (1975, p. 37):

e = 0.16¢7* (6)

G. Damage to structures; values calculated using
equation (6) commonly are low in the Western
United States compared to measured value,
however:

1.

Displacement, tilt, curvature, and horizontal
strain commonly cause damage to structures
such as buildings, railroad tracks, roads and
bridges, cables and pipes, canals, locks, and
sewers, and may involve litigation and
mitigation on the part of mining companies
(for example, Kratzsch, 1983; Stephenson
and Augenbaugh, 1978; Thorburn and Reid,
1978; Young and Stoek, 1916); for example:
a. Areas near water bodies or with high
water tables can be inundated by local
lowering of the ground surface (fig. S1E)
b. Stream gradients can be changed or
locally reversed and thus affect surface
drainage
c. The taller the building, the more vulner-
able it is to toppling failure due to tilt

2.

3.
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d. The greater the surface area of the build-
ing, the more it can be damaged by hor-
izontal strain; a building can be slightly
to very severely damaged by undergoing
extension or shortening; the degree of
damage, for a given type of construction
and material used, is a function of the
amount of extension or shortening in
relation to the length and width of the
structure; for example, according to the
NCB (fig. 59), a building with a maxi-
mum length of 100 m (330 ft) will
undergo a change in length of:

I- 3-6 ¢m (7.5-15 in.) where a hori-
zontal strain of about 0.0003-0.0006
occurs, causing slight damage

2- 12-18 cm (30-45 in.) where a hori-
zontal strain of about 0.0012-0.0018
occurs, causing severe damage

In [the former] Yugoslavia, in Poland, and in

countries of the former Soviet Union, maxi-

mum allowable deformations are classified
into groups on the basis of structural sensi-

tivity, as shown in table 1 (see p. 100)

(Osman Pehli¢, written commun., 1985)

Subsidence damage can be reduced by:

a. Designing partial extraction techniques,
such as longwall or room-and-pillar
extraction panels of subcritical width
that are bounded by barrier pillars capa-
ble of supporting the overburden, or by
room-and-pillar mining without extract-
ing the pillars (for example, Kaneshige,
1971; NCB, 1975, p. 98-99)

b. Backfilling the mined-out areas (Colaizzi
and others, 1981)

¢. Not building structures above or near the
mined-out areas, taking into account the
angle of draw

d. Building subsidence-resistant structures
(for examples, see Kratzsch, 1983, p.
441-497; Geddes, 19784, b, p. 579-596,
949-974)

H. The area affected by downwarping is usually

greater than the mining area

1.

The limit angle (angle of draw) commonly

ranges from a few degrees to about 45°

a. The limit angle commonly is less (mea-
sured from a vertical reference) in over-
burden consisting of thick, strong
sandstones and limestones than it is for
weak shales and mudstones (Abel and
Lee, 1980)

b. The affected area therefore is less if the
overburden consists of thicker, stronger
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rocks than it is if the overburden consists

of weaker rocks
The area increases with increasing overbur-
den thickness in proportion to the limit angle
(figs. 51; 584, B); however, the area com-
monly increases at a lesser rate where the
overburden consists of thick, strong rocks
The area affected by subsidence in relation
to the mining area commonly is located

differently in steeply dipping rocks than in
gently dipping rocks; for example:

a.

In the United Kingdom and in the Zen-
ica coal field, Bosnia-Hertzegovina,
[former] Yugoslavia, where overburden
rocks are quite often saturated, the sub-
sidence depression commonly is offset
downdip relative to the mine area
where the rocks dip more than about



COAL MINE DEFORMATION

Figure 58 (facing page and facing column). Subsidence graphs
and map for predicting limit angle, displacement, tilt, and horizontal
strain. All overburden thicknesses are average. Strain curve for
Huntington, Utah, area not plottable at this scale. A, Subsidence
parameter graph showing s/ (ratio of vertical displacement at point
of measurement to maximum vertical displacement), tilt (m), and
horizontal strain (e), limit angle (¢), and critical extraction angle ()
based on measurements above active coal mines in areas near
Paonia, Colo. (dotted line; overburden 580 ft thick, rocks are of
medium (25 percent), low (70 percent), and very low (5 percent)
strength); Salina, Utah (solid line; overburden 875 ft, rocks are of
medium (35-45 percent), low (60-50 percent), and very low (5 per-
cent) strength); Sheridan, Wyo. (short dash; overburden 100 ft thick,
rocks are of low (10 percent) and very low (90 percent) strength);
Huntington, Utah (dash and dot; overburden 1,425 ft thick, rocks are
of medium (45 percent), low (50 percent), and very low (5 percent)
strength); and the United Kingdom (long and short dash) versus Xr/
d (ratio of horizontal distance between mining face or pillar line and
points of measurement to overburden thickness). Modified from
Dunrud (1984, p. 166, 168) and Dunrud (1987, p. 28). B, Conceptual
map showing contours of the ratio of s/5 for a rectangular extraction
panel, based on curve of subsidence graph for the Salina, Utah, area
(in view A). Dashed lines are predicted tensile horizontal strain;
long-dash and dot lines are predicted compressive horizontal strain.
C, Maximum tilt (M) and maximum horizontal strain (E) caused by
subsidence in the Western United States and the United Kingdom
(solid lines); circle, square, x, and triangle are maximum tilt calcu-
lated from subsidence profiles near Paonia, Colo., Salina, Utah,
Huntington, Utah, and Sheridan, Wyo., respectively; circled circle,
square, and triangle are maximum horizontal strain calculated from
curvature of the profiles from Paonia, Salina, and Sheridan areas.
Diamonds are compressive and tensile strain measured in the York
Canyon, N. Mex., area by Gentry and Abel (1978, p. 216); curves
are dashed where they extend beyond NCB data.

15° (NCB, 1975, p. 18; Osman Pehlic,
written commun., 1985)

b. Model studies by Kanishege (1971, p.
173-176) to simulate steeply dipping
rocks indicate that the point of maxi-
mum subsidence is offset updip from the
center of the mining area where the rock
sequences in the overburden are pre-
dominantly thick, but is offset downdip
from the center of the mining area where
the rock sequences in the overburden are
predominantly thin

4. Faults can change the area affected by sub-
sidence and also can localize displacement,
particularly where lateral stresses are low
and attendant frictional resistance along the
faults is less than shear stresses generated by
subsidence (fig. 60)

a. The area may be reduced where the
faults dip more steeply than the angle of
draw (fig. 60A)

MAXIMUM TILT (M) AND HORIZONTAL STRAIN (E),
IN TERMS OF S/d
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b. The area may be increased where faults
dip less steeply than the angle of draw
(fig. 60B)

c. Renewed offset can occur along faults
that transect the area affected by subsid-
ence (fig. 60C)

d. Faults affected subsidence area and sub-
sidence profiles in only minor ways in
the gently dipping rocks of the Hunting-
ton, Utah, area (fig. 57D); however,
renewed offset occurred in dramatic
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Table 1. Maximum allowable subsidence deformations for various
group classes of structures in [the former] Yugoslavia, in Poland, and
countries of the former Soviet Union

[From Osman Pehli¢, written commun., 1985; leaders (---), no data)

Maximum Allowable Deformations

Structural Tilt Horizontal strain Curvature
group (mm/m) (mm/m) C (><10_5 m1y
[Former] Yugoslavia:

I 25 24 29

I 10.0 4.0 5.0

11 15.0 8.0 8.3

I\Y 20.0 12.0 16.6
Poland:

I 1-4 0.5-2 -

11 4-7 2-4

it 7-10 6-8

v 13 9 -
Former Soviet Union:

I 4 2 -

I 8 4

it 12 6

v 20 8 —

GROUP CLASSES ACCORDING TO SENSITIVITY TO SUBSIDENCE
IN [FORMER] YUGOSLAVIA (also includes some major structural features
in Poland and countries of the former Soviet Union):

I - Very sensitive structures: includes main access mine shafts, large in-
dustrial structures such as power plants, major paved highways, dams,
large bridges, residential buildings more than two stories high; natural
features in this category include navigable rivers and large lakes.

II - Structures of medium sensitivity: includes mine ventilation shafts, in-
dustrial structures of secondary importance such as main railway sta-
tion, substations, distribution systems, and buildings with two stories
or less; natural features in this category include rivers, small lakes,
and very important agricultural land.

I - Structures of low sensitivity such as cableways, unpaved roads and
temporary roads, temporary wooden structures, prefabricated metal
structures or other temporary houses, underground mine workings,
and single-story residences.

IV - Structures of minor importance and of fow value that are not included
in groups I, II, III; agricultural land and forests are also included in
this category.

proportions in the same area along faults
near canyons, where lateral confining
stresses were low, as the underlying coal
was mined (fig. 68C)

I.  Subsidence duration—the time required for sub-
sidence to be completed—appears to depend pri-
marily on mining procedures (longwall, room-
and-pillar), on thickness, strength, and dip of the
overburden, and on the regional stresses and
stress history of a region

1. Subsidence ata point above critical or super-
critical longwall panels or room-and-pillar
extraction panels commonly can be predicted
to be complete to within 5-10 percent of the
total value when all the coal is extracted
within the critical area beneath the point (fig.
61A, B; for example, Wardell, 1954)

5 | | T T
EXPLANATION
Class AL Damage
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=}
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1 B \
—_— ]
3ICM——mM8mM 8]
0 I | | |
0 50 100 150 200 250

LENGTH OF STRUCTURE (L), IN METERS

Figure 59. Structural damage in relation to horizontal strain and
length of structure. Damage classification is as follows: (1) very
slight to negligible—local hairline cracks inside building; (2)
slight—several hairline cracks inside building; windows and doors
may stick slightly; (3) appreciable—local, small fractures can be
seen on building exterior; doors and windows are hard to open or
close; utility pipes (water, sewer, gas lines) are locally fractured,
split, or pulled apart; (4) severe—many utility pipes broken; open
fractures in building that require repair; window and door frames
are distorted; floors and walls bulging and out of alignment; support
is locally lost on beams, columns, and joists; (5) very severe—same
problems as (4) except damage is more extensive; partial or com-
plete rebuilding is required; support beams, columns, and joists are
Joose; windows are broken; floors and ceilings are tilted; walls are
bulged and buckled noticeably. Modified from NCB (1975, p. 49).

2. After mining is complete, subsidence may
continue in the critical area beneath a point
of measurement, where the panel width is
subcritical and the barrier pillars cannot sup-
port the weight of the overburden over the
long term (see the curve identified by trian-
gles in fig. 61B)

a. Van Besien and Rockaway (1987) found
that the mean delay time between min-
ing and downwarping (sag subsidence)
in 42 different abandoned room-and-
pillar mine areas, primarily in the
Eastern United States, was 37 years

3. Subsidence can be delayed or prolonged for
many years or even decades where the min-
ing areas are located in steeply dipping
rocks, compared to subsidence in mines
located in gently dipping rocks; for example:
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the unmined pillars do not support the weight of
the overburden, and where stoping can extend to
the surface above the cavities that are present
after pillar yield

Block Movement

A.

Consists of vertical displacement and (or) rota-

tion of large blocks of overburden in areas where

lateral constraint and vertical support are
reduced (fig. 68A-C)

1. Vertical displacement can occur along faults
or extensive joints near cliffs or steep slopes
where coal pillars left at the outcrop do not
have sufficient strength to support the
overburden

2. Both rotation and vertical displacement can
occur where coal barrier pillars are strong
enough to support the overburden, but where
coal pillars left at outcrops near cliffs or steep
canyon walls do not have sufficient strength
to support the overburden (fig. 68A—C)

Cracks formed by block movement commonly

are wider and more continuous than cracks

formed by downwarping; cracks formed by
block movement often are continuous from the
mine to the surface (figs. 51D, 68D), whereas
the cracks formed by downwarping commonly
occur in zones of maximum extension and may
only extend to the neutral surfaces of the rock

units that deform as plates (figs. 51, 55)

1. Surface and ground water can readily be
transmitted and intermixed with other aqui-
fers and to the mine through cracks caused by
block movement

2. Mine ventilation may also be disrupted by
the cracks

Mine Shaft Failure (see, for example, Taylor, 1975, p.
131-133; Littlejohn, 1979; and Down and Stocks,
1978, p. 238-240)

A.

Subsidence pits have caused severe hazards
above or near shafts that were not filled, were not
adequately designed, and where:

1. Shaftcaps, which are located at ground level,
fail by mass wasting, or erosion, or are dam-
aged by vehicles or vandals

2. Shaft plugs, which are located below ground
level, fail by rotting (if made of wood) or by
spalling or breaking where human activities,
wetting, mass-wasting, and (or) erosion
increase vulnerability

3. The shaft walls or linings below the caps or
plugs fail by rotting, cracking, and breaking

Current designs to prevent eventual hazards of

shaft failure include the following systems:

1. Completely fill the shafts with inert, nontoxic
material and cap the fill with a reinforced-
concrete slab (system probably stable unless

ground-water flow eventually causes under-
ground erosion of the fill material) (see, for
example, Down and Stocks, 1978, p. 239)

2. Cap open shafts below ground level with cir-
cular or pentagonal, reinforced-concrete
slabs with a minimum dimension of twice the
diameter of the shafts and 2-3 ft thick; ensure
that the shaft lining below is stable; construct
a vent pipe in the cap to prevent gas buildup;
backfill the slababove ground level, and erect
a permanent marker with a hazard sign (sys-
tem probably stable for about a century)

3. Use other procedures, such as inserting a
metal cone with a maximum dimension of
about 1.5-2 times the shaft diameter filled
with concrete, installed below ground level,
and marked as in 2 above (system was used
by the Office of Surface Mining (OSM) in the
Pittsburg-Nortonville area, Calif., in the early
1980’s to plug a deep, abandoned coal mine
shaft)

4. All shafts should be located on county, State,
and (or) Federal maps for future land-use
planning

The geologic and geotechnical properties of the

rocks in which the shafts are located play an

important role in the overall shaft stability; for
example:

1. Shaftsdriveninstrong, hard rocks which bear
little or no water and are not subject to slaking
from damp mine air, such as sandstones
cemented with carbonates, limestones, and
hard, durable shales, and capped with rein-
forced concrete caps or concrete cone plugs,
are likely to be stable for centuries

2. Shafts driven in weak, soft rocks and rocks
that transmit large volumes of water, such as
mudstones and soft marlstones and shales
alternating with poorly cemented, permeable
sandstones, are likely to become unstable in
perhaps a decade, unless completely filled
with nontoxic material that will not deterio-
rate in time when saturated; failure could
occur in the lining and cap or cone plug, par-
ticularly near the contacts between water-
bearing sandstones and weak rocks

COAL MINE FIRES AND EXPLOSIONS

Ignition of Fine Coal Dust and (or) Methane

Caused primarily by sparks or by spontaneous combus-
tion of coal dust in active or abandoned mines (for example,
Hertzberg and others, 1979)
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Figure 68 (above and following pages). Block movement above underground coal mines in Colorado and Utah. A, Map and cross section
in the Paonia, Colo., area showing the relation between a room-and-pillar extraction panel and tension cracks (solid wavy lines) which de-
veloped in the overburden (overburden thickness contour interval=100 ft); numbers by cracks indicate maximum width in centimeters; Kmvc,
coal-bearing member of the Mesaverde Formation; Qu, unconsolidated deposits consisting primarily of clay and basalt boulders. B, Map
and cross section showing rotation and vertical movement above a mine near Huntington, Utah. Base map prepared by author by photogram-
metric methods (1983). Qc, Quaternary colluvium; Ql, Quaternary landslide; Kpr, Upper Cretaceous Price River Formation; Kc, Castlegate
Sandstone; Kb, Blackhawk Formation; Ksp, Star Point Sandstone. '

A. Fire and explosion potential increases with
increasing methane content and increased frac-
turing of the coal, which increases the permeabil-
ity and allows the gas to be released rapidly into
mine workings

greater in areas where high stresses have

caused microfracturing and macrofracturing

of the coal, such as:

a. Near igneous bodies that have intruded
into the coal and associated rocks

1. Inthe mining areas of Bosnia-Hertzegovina, b. Near channel sandstone deposits
[former] Yugoslavia, methane content in the In the United States, the former Yugoslavia,
coal increases with depth and with increasing and Brazil, for example, methane is often
thickness of the coal bed or zone concentrated to a higher degree than in other

2. Inthe Paonia and Redstone, Colo., areas, the areas near or along extensive faults, fault

methane content in the coal commonly is

intersections, and joints
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C. Many explosions have occurred in mine work-

ings near faults or fault intersections; for
example:

1. OnMar. 14, 1970, SO miners were killed and
39 were injured by a fire and explosion in a
double-lift longwall section of a coal mine
near Breza, Bosnia-Hertzegovina, [former]
Yugoslavia (M.  Osmanagic, written
commun., 1984) (fig. 69B)

a. The explosion occurred in an entry that
was driven up to a fault near the intersec-
tion with another fault

b. The ventilation had been shut off for 8
hours, causing an accumulation of 150
m3 of explosive methane-air mixture in
a blind entry

c.  Miners were sent to the longwall without
first checking for methane; within 30
seconds after the ventilator fans were
turned on, a spark, static charge, or some
electrical defect ignited the explosive
mixture

d. Men near the explosion were killed by
the blast, heat, and toxic gases (mostly
carbon monoxide), but miners many
hundreds of feet away from the explo-
sion site were killed by the toxic gases
produced by the explosion

2. On Sept. 11, 1984, 34 miners were killed by
the first explosion in the history of coal min-
ing in Brazil; the explosion occurred in an
underground mine near the town of Crici-
uma, Santa Catarina, Brazil

a. Theexplosion occurred in workings near
a fault after the ventilation had been shut
off for a number of hours

b. About 100 kg of dynamite, which was
stored in the mine area, also was set off
by the explosion, causing severe damage
to the mining machinery

c. The miners were killed instantly by toxic
gases (mainly carbon monoxide) and by
the blast and heat as they walked toward
the mine area

In some cases, explosions have been caused by
ignition of fine coal dust, which was dispersed
near the face, by sparks from continuous mining
machines and longwall cutting devices

Two Principal Hazards of Explosions to Miners
A. The shock wave, flying objects, and heat can

cause injury or death (for example, Nagy and
Mitchell, 1963)

B. Death can occur (within seconds or minutes)
from carbon monoxide (CO) poisoning or from
an inadequate oxygen supply

1. Carbon monoxide is the main product of
incomplete combustion and is nearly always
present after an underground explosion

2. Oxygen levels also often are reduced by the
combustion process

IV.  Reduction of Explosion Hazards in the United States
in the Last 50 Years

o There were 1,674 fatalities from 1936 through 1958, but
only 335 fatalities from 1959 through 1981; explosion haz-
ards have been reduced primarily because:

A. Greater volumes of fresh air are now circulated
near mining faces, where most explosions
originate

B. A transition from DC power to AC power has
occurred, along with the use of safer electrical
equipment

C. Better methane-detection methods now exist in
the United States and in other countries

1. Inthe Brezamine in[former] Yugoslavia, for
example, methanometer monitoring systems,
which continuously monitor the gases in the
mining sections from the surface, will auto-
matically shut off all electrical power when
the methane content exceeds 1 percent; these
systems have reduced explosion hazards in
active mining areas (M. Osmanagic, oral
commun., 1985)

2. Such a system prevented a possible serious
explosion on Sept. 30, 1982, when a large
pocket of methane was released into the
Breza mine by a large roof fall, causing a
highly explosive mixture to build up quickly
on the longwall

a. The volume of methane was so large
that it took 10 days to ventilate the sec-
tion from an explosive level of 9.2 per-
cent methane and 4.1 percent CO; to a
safe level of 1 percent methane, even
with ventilation rates doubled (M.
OsmanagicC, oral commun., 1985)

D. Methane drainage procedures have been used
locally to remove methane before mining begins
(for example, Perry and others, 1978; Elder and
Deul, 1974); drainage methods can involve:

1. Dirilling vertical holes from the surface
ahead of mining faces

2. Drilling horizontal holes within the mine
ahead of mining faces
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Figure 69 (facing page). Maps showing sites of coal mine explo-
sions in Colorado and [former] Yugoslavia. A, Location of a coal
mine methane explosion in Pitkin County, Colo., on April 15, 1981.
Modified from Richmond and others (1983, p. 14). No scale given.
Dot, location of one or more fatalities. B, Site of methane explosion
in a double-lift longwall mine near Breza, Bosnia-Hertzegovina,
[former] Yugoslavia, which killed 50 miners (X, one or more fatal-
ities) and injured 39 on March 14, 1970. The explosion occurred
near the intersection of two low-angle faults (heavy lines, faults,
showing dip) (M. Osmanagic. written commun., 1984).

3. The saving, rather than loss, of significant
amounts of methane that can help conserve
energy resources

V. Fires and Explosions in Abandoned Underground
Coal Mines

A. Ignition may be spontaneous where coal dust,
moisture, and oxygen occur in combustible pro-
portions (for example, Kim, 1977)

B. Explosions can occur where hot areas or flames,
resulting from spontaneous heating and combus-
tion, come in contact with methane and (or) coal
dust

1. Flames and smoke emitted from subsidence
pits in the Sheridan, Wyo., areain 1979 were
a severe hazard to people and animals until
brought under control (Dunrud and Oster-
wald, 1980, p. 30-44)

C. Theoxygen needed to sustain combustion comes
through poorly sealed portals or shafts, or
through subsidence cracks and pits (Dunrud,
1984, p. 181-182)

D. Once ignition occurs, combustion is sustained
and accelerated by ventilating through poorly
sealed portals or shafts or through subsidence
cracks or pits

E. Voids produced in the burning coal and the soft-
ened roof rocks (softening caused by the heat
and steam) produce more subsidence, which, in
turn, accelerates the burning process by promot-
ing the circulation of more fresh air

1. The burning process often is sporadic
because caving above the fire area can tem-
porarily reduce ventilation

F. Noxious and toxic chemicals, steam, and smoke
are introduced into the atmosphere

1. In the Sheridan, Wyo., area, for example,
traces of carbon disulfide, carbon oxysulfide,
carbon monoxide, methane, and organic sul-
fur compounds were detected in gas samples
(Dunrud and Osterwald, 1980, p. 31-32)

G. Although the procedure is often very difficult,
fires have been contained, controlled, or

extinguished by such procedures as the following
(for example, Johnson and Miller, 1979):

1. Constructing trenches around the fire and
filling them with incombustible material
(isolation trenches)

2. Covering the fire with a thick blanket of
incombustible material (smothering)

3. Flooding and permanently submerging the
fire area (flooding)

MINE SITE SELECTION, DESIGN, AND
OPERATION

« Experience has shown that the time and money spent in
obtaining the necessary geologic and geotechnical informa-
tion needed to plan, design, and operate underground coal
mines before mining will pay large dividends; the invest-
ment will result in safer, more efficient, and more productive
mines

< For example, the following geologic, geotechnical, and
mining factors are considered in designing underground
coal mines in [former] Yugoslavia (M. Osmanagic, written
commun., 1984):

L. Depth, thickness, and dip of the coal bed or coal beds
(and thickness of rocks between beds)

1I. Structural, geologic, and geotechnical properties of
the rocks above and below the coal bed(s)

III.  Methane and water content of the coal and associated
rocks and tendency of the coal to ignite spontaneously

IV.  Amount of allowable surface subsidence, planned
extraction ratio, and type of mining equipment to be
used

V. Projected productivity of the labor force and health
and safety factors of the miners

VI.  Price of coal and cost of extracting the coal (profit
ratio). This factor controls whether or not the coal
will be mined and, therefore, controls the other five
factors

« In addition to these factors, other factors should be
considered in the United States, such as:

VII. Coal quality (rank, chemistry, ash content, and
combustion characteristics)

VIII. Planned mining methods (in view of subsidence lim-
itations, air emission standards and environmental

restoration)

IX.  Stress history of the proposed mining site (based on
geologic evaluations of orogenic history and type of
faulting, and perhaps in-situ stress measurements)
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Figure 70 (facing page). Flow diagram showing possible steps
in mine site selection, mine design, and operation of underground
coal mines. Modified from Dunrud (1984, p. 189).

MINE SITE SELECTION PHASE

* Commonly involves the following steps (fig. 70) (for
example, McCulloch, 1977; Vaninetti and others, 1980;
Vaninetti and others, 1982; Stephenson and Allison, 1982;
Bunnell, 1982)

I Compile Regional Overview Maps (there may be
more than one or several potential mining sites)

A. Use a scale of 1:50,000 to 1:250,000; include
available geologic information, land ownership
data, information from remote sensing imagery,
and field studies

B. Show bedrock, coal zones, structure contours on
key horizons, and surficial deposits

1L Drill and Log Coal-bearing Rocks; Obtain Regional
Data, such as:

A. Geologic information (coal thickness, cleat, per-
meability, depth, and structure), by logging drill
core and interpreting the petrophysical logs
made in core and rotary drill holes

B. Geotechnical properties (physical properties,
engineering properties, compressive and tensile
strength, and slake durability) of the core from
field and laboratory tests on the core and analysis
of petrophysical logs (for example, Daniels and
Scott, 1982)

C. Economic factors (overall economics based on
mining depth and method, haulage, markets for
the coal in view of coal quality, energy content,
and chemistry)

HI.  Construct Regional Derivative Maps, Graphs, and
Tables Showing:

A. Coal thickness (figs. 17, 71A), coal quality, coal
structure (cleat, bedding), and overburden thick-
ness (fig. 71B) in enough detail for selecting the
best mine site(s) in the region of interest

1. Various state-of-the-art computer systems
with mapping, profiling, and block diagram-
ming programs can greatly facilitate con-
struction of derivative maps (for example,
McCulloch, 1976; Kork and Miesch, 1984)

2. Geostatistical analyses, such as point and
block Kriging, can facilitate analyses of coal
thickness, structure, quality, and strength of
rocks above and beneath the coal beds

B. Stratigraphic sections showing coal correlations,

thickness trends, and stratigraphic framework of
the coal-bearing rocks (for example, fig. 2)

C. Fence diagrams that show stratigraphic frame-
work in three dimensions may help determine
the general depositional environment (fig. 72)
D. Coal-resource estimates using maps or tables
(fig. 19) by section and (or) township
E. Faults, joints, and lineaments
1. Coal-cleat orientations can often be esti-
mated from orientations of these structural
features (see, for example, fig. 4) and by
cleat trend studies of coal cores
F. Areas previously mined
G. Land ownership
IV.  Expansion and Reiteration of the Process

» The preceding steps are repeated, with additional map-
ping, drilling and logging, and remote-sensing work, until
mine planners have enough information to select the best site
(fig. 70)

A. Select the best mine site or sites, acquire land,
and go to the mine-design phase when the deci-
sion to mine is made

MINE DESIGN PHASE

» Steps of this site-specific phase may include the follow-
ing:

L. Compile Site-Specific Geologic Maps

» Use ascale ranging from about 1:5,000 to 1:25,000; show
lithology, structure, and surficial deposits in the mine area;

maps are similar to those made in the site-selection phase but
are more detailed

A. Obtain site-specific information from studies at
the outcrops, drilling and geologic and geotech-
nical logging, and by using low-altitude aerial
photographs with the stereoscope and (or) preci-
sion stereoplotters

1L Do Site-Specific Core Drilling and Rotary Drilling

» Obtain data for geologic, geotechnical, and petrophysical
logs, similar to those used in the site-selection phase but
spaced more closely as needed

A. Spacing of drill holes commonly is governed by
depositional environment, in addition to common
distance considerations, for reliable classifica-
tion of coal resources (figs. 2, 14); for example:
1. Drill hole spacing of about 1/4 mi to 1 mi
may be adequate to obtain the necessary
information for the “B” and “C” beds near
the top of the Rollins Sandstone Member in
the Somerset, Colo., area

2. Spacing of about 1/8 mi to 1/2 mi commonly
is needed to obtain enough information in
the “D” and “E” zones located 200400 ft
above the Rollins Sandstone Member, where
the beds thicken and thin in short distances
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