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ABSTRACT

This thesis presents the results of the surface
portion of a rock mechanics instrumentation program
designed to determine the rock mass response due to
longwall mining a thick coal seam utilizing shield-type
supports at the York Canyon Mine near Raton, New Mexico.
The data collected during this study was utilized to
develop a site-specific subsidence and strain prediction
model for York Canyon, New Mexico. This data is unique in
that it represents the results from mining super-critical
to sub-critical conditions in é known geologic environ-
ment with cross and along panel topographic variations.

Information from the surface instrumentation portion

of the program indicates the following.

1. Average maximum subsidence along panel center-
lines ranged from 51 percent to 84 percent of
the extracted seam height with a mean value of
64.2 percent. On the average, these values were
less than predicted from British National Coal

Board studies (NCB, 1975).
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Topography and geology greatly influenced the
magnitudes and distributions of surface move-

ments resulting from underground extraction.

The overlapping effects of subsidence and
failing chain pillars which separated the three
longwall panels resulted in reactivation and
extension of subsidence over previously mined
ground. This produced a broad subsidence trough
with humps over the pillars. The maximum subsid-
ence obtained over a single chain pillar was

3.7 feet.

Subsidence initiated at an average distance of
0.33h ahead of the face and was essentially
complete when the face was about 0.90h past the
point where subsidence was initiated (h = depth

of overburden).

The angle of draw for various locations over
the three 1longwall panels fluctuated consider-
ably due to the mountainous topography and
strong sandstone units present above the coal

seam. The average angle of draw for the demon-
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stration area was about 23 degrees. This wvalue
is considerably less than most results reported

in other parts of the world.

Horizontal movement data demonstrated the
severe effects of topography. Surface monuments
moved decidedly in the direction of topographic
lows creating very high tensile strains near
ridge tops and very high compressive strains in

gully bottoms.

Orientation of surface cracks was related to
both panel orientation and surface topography.
Cracks tended to develop sub-parallel to both

topographic contours and panel ribsides.
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INTRODUCTION

This thesis presents the surface results from a rock
mechanics instrumentation program titled: "Rock Mechanics
Instrumentation Program for Kaiser Steel Corporation's
Demonstration of Shield-Type Longwall Supports at York
Canyon Mine, Raton, New Mexico" (KSC Contract
No. RD-R-0174). The instrumentation program was designed
and implemented for Kaiser Steel Corporation's contract
with the U.S. Department of Energy titled: "Demonstration
of Shield-Type Longwall Supports at the York Canyon Mine,
Raton, New Mexico" (DOE Contract Number ET-74-C-01-9067,
KSC Contract Number RD-R-0250).

The objective of the surface portion of the instru-
mentation program was to determine the surface response
of the rock mass due to longwall mining a thick coal seam
utilizing shield-type supports.

The study was performed Dbetween May 1975 and
April 1979. The longwall panels monitored within the dem-
onstration area were denoted as 4-North (4N), S5-North
(5N), and 6-North (6N).

The final dimensions of the three demonstration

panels are tabulated in the following table.
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Panel width Length
4N 580 ft 1595 ft
5N 450 ft 2040 ft
6N 535 ft 1486 ft

Mining conditions ranged from super-critical over panel
4N to sub-critical over panels 5N and 6N. The depth of
mining along panel centerlines ranged from 257 ft to
403 ft over panel 4N, 393 ft to 495 ft over panel 5N, and
434 ft to 727 ft over panel 6N. Mining heights for panels
4N and 5N consistently ranged from 9.5 ft to 10 ft.
Mining heights for panel 6N were more variable ranging
from 8 ft to 12 ft.

The surface portion of the instrumentation program
was specifically designed to determine the occurrence,
timing and magnitudes of mining-induced surface sub-
sidence. Surface strains as they relate to subsidence

were also investigated.
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CHAPTER 1

MINE SETTING

This chapter presents information describing the
location, topography and geology at the York Canyon Mine

and demonstration area.

Location

The York Canyon Mine is located approximately 20
miles west of Raton, New Mexico and 13 miles south of the
Colorado-New Mexico border in T. 31N, R. 19E (Figure 1).

The three panel demonstration area was located ap-
proximately 3400 ft in from the Prospect Portal (Figure
2). Centerlines for the three panels were oriented
northwest - southeast, and the direction of face advance

was towards the southeast.

Topography

The regional topography in which the York Canyon
Mine is located is irregular, developed on variably resis-
tant; slope-forming beds of sandstone, siltstone, shale

and coal.
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Development of the topography is controlled by the
geologic framework. Positive topographic features are
generally capped by sandstone. Most topographic features
are developed along the north-south, east-west or
northwest-southeast trends which parallel the regional
joint patterns and geologic structure.

The topography over the mine area is composed of
three principal landform types: flood plains, valley wall
slopes and broad ridge crests. York Canyon and Road
Canyon are the principal drainages and controlled the
development of topographic landforms in the demonstration
area., Figure 3 shows the Asurface topography over the
demonstration area.

The topography over panel 4N consists of a dis-
sected, terraéed valley slope that connects the flood
plains of Road and York Canyons with the adjacent ridge
crest. The slope dips moderately to the southwest and
strikes northwest-southeast. The average slope angle is
between 8 and 9 degrees, but this represents slope seg-
ments of 10 to 20 degrees connecting level terraces. The
slope has been modified by a system of subparallel
gullies trending east-west separated by narrow ridges.
The difference 1in elevation from ridge tops to gully

bottoms varies between 100 and 200 ft and averages about
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175 ft. Two of these gullies intersect the centerline of
panel 4N. The panel centerline approximately parallels
the slope trend and elevations are higher -along the
headgate than the tailgate. Elevations over panel 4N
ranged from 7650 ft in the deepest gully bottom to
7900 ft at the south-east end of the panel.

The topography over panel 5N consists of a steeper
portion of the same terraced slope described for panel
4N. Slope angles for this panel averaged between 15 and
20 degrees. The same gullies which intersected panel 4N
are also present over panel SN but less defined. As with
panel 4N, the 5N centerline approximately parallels the
slope trend and elevations are higher along the headgate
than the tailgate. Elevations over panel 5N ranged from
7850 ft in gully bottoms to 8050 ft at the southeast
corner of the panel.

The topography over panel 6N consists of a ridge
crest with adjacent terraced slopes. Slopes over the
panel area average between 8 and 25 degrees. The panel
centerline runs approximately along the top of the ridge
and the ground surface slopes downwards towards both the
headgate and the tailgate. Over the last one-third of the
panel, the ground surface 1levels out with wvery 1little

change in elevation between the headgate and the
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centerline., Elevations over panel 6N range from 7800 ft
to 8200 ft. Elevations generally increased from the

beginning to the end of the panel.

Geology

Regional Geology

The York Canyon Mine is located in the southern part
of the Raton basin (Figure 4). This basin is a large,
arcuate structural and depositional trough that extends
roughly from Huerfano Park, Colorado, to Cimarron, New
Mexico (Pillmore, 1969, p. 125). The basin is asym-
metrical with a steep western limb and a gently dipping
eastern limb. It is bounded on the west by the foothills
of the Sangre de Cristo Mountains and on the east by the
Sierra Grande Arch (Johnson and others, 1966, p. 88).

The majority of the stratigraphic sequence within
the Raton Basin is comprised of sedimentary rocks. The
section consists of alternating shales, sandstones and
siltstones, with lenses of coal. The sequence is divided
into five basic formations (Figure 5) which wvary in age
from late Cretaceous to Paleocene (Pillmore, 1969,
p. 125). The stratigraphic section represents the final

regression of the Cretaceous sea and the subsequent
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AGE FORMATION LITHOLOGY
POISON Medium- to coarse-grained sandstone
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=
" -
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|0 - - -
e | w
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deposition of sand, silt, mud and carbonaceous debris on
low-1lying flood plains, in coastal swamps and deltas

(Johnson and others, 1966, p. 94).

Site Geology

The York Canyon mine produces coal from the York
Canyon seam in the coal-bearing zone of the Raton forma-
tion (Pillmore, 1969, p. 134-135). The coal-bearing zone
consists of wvariably resistant, mostly slope forming beds
of sandstone, siltstone, mudstone and shale, with locally
occurring cocal beds of minable thickness (Pillmore, 1969,

p. 129).

Stratigraphy

The stratigraphic nature of the overburden above the
panel demonstration area was determined through field
observations and analysis of drill hole records. The
stratigraphic section above the panel demonstration area
is composed of two principal components. These components
are the rock overburden and an overlying veneer of un-

consolidated soils and weathered bedrock.

Soil Overburden:

The unconsolidated materials overlying the demon-
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stration area consist of colluvial and residual soils
with 1localized deposits of alluvial soils along gully
bottoms. The soils are generally composed of a silty
clayey matrix with some sand and angular to subrounded
fragments of sandstone. In general, soil deposits are
less than 6 ft thick. Colluvial and alluvial soils are
locally thicker attaining thicknesses of wup to 10 ft
along the bases of steep slopes and up to 25 ft in gully
bottoms.

The soil veneer is underlain by a fairly consistent
zone of weathered bedrock. Geophysical testing as well as
surface borings indicate that this weathered zone extends

to a depth of about 35 ft.

Rock Overburden:

The stratigraphy of the rock overburden above the
panel demonstration area 1is complex, representing dep-
osition of fine-grained sand, silt,'mud and carbonaceous
material on flood plains and in swamps (Johnson and
others, 1966, p. 96). The various lithologic units tend
to be relatively thin and exhibit rapid lateral wvari-
ations.

Nine surface boreholes were drilled over the 3-panel

investigation area (Figure 6). Each of these holes was
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geophysically 1logged and then interpreted by a Kaiser
geologist. Typical stratigraphic sections for the over-
burden above each of the demonstration panels are
presented in Figure 7. Table I summarizes the percentages
of the different rock 1lithologies found in each of the
surface borings. Table II summarizes the relative
abundance, the average bed thickness and the range in bed
thickness for each 1lithologic rock type encountered in
surface borings.

The major portion of the rock overburden is composed
of varying amounts of interlaminated to interbedded silt-
stone, shale and carbonaceous shale. These fine-grained
clastic units make up 55 to 82 percent of the overburden
section. Individual units tend to be laminated to medium
bedded and numerous thin to medium interbeds of sandstone
occur throughout. Fine-grained clastic units generally
lack strength and locally exhibit slickensided fracture
planes.

Sandstone units comprise from 12 to 38 percent of
the rock overburden. These units occur as widespread,
lenticular beds of variable thickness or as channel de-
posits. The sandstone beds are generally laminated to
thinly bedded, fine- to medium-grained quartz in a matrix

of silt, clay and calcareous cement (Stewart, 1977). Sand-
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stone beds vary in thickness from about 1 ft to a maximum
of about 39 ft. Channel sandstone deposits are similar to
bedded deposits in composition but exhibit more massive
structure and cross-bedding. All sandstone units are
competent and strong. Where these units outcrop vertical
to near-vertical slopes are common.

Coal comprises the remainder of the overburden sec-
tion in the panel demonstration area. These units are
thin, lenticular and discontinuous. The thickness wvaries
from about 1 ft to a maximum of about 9 ft. Coal units
are generally incompetent and 1lack strength (Stewart,

1977).

Geologic Structure

In the panel demonstration area, the coal seam and
surrounding units are essentially flat-lying with an
average strike of approximately N20°W. This trend is
modified by shallow folding and 1localized faulting

throughout the demonstration area (Stewart, 1977).

Joint Patterns

Jointing in the rock overburden is well developed,
exhibiting two major trends. The major joint set strikes

east-west and the minor joint set strikes about N12°W
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(Stewart, 1977, p. 25). Dips on both sets tend to be
vertical to steeply inclined towards the north. Joint
spacing averages 3 ft to 5 ft with a maximum spacing of

about 8 ft (Stewart, 1977, p. 25).

Faulting

The faulting encountered during mining operations in
the demonstration area is illustrated on Figure 8.
Faulting within the demonstration area consists of high-
angle, normal faults. Displacements across these faults
vary from less than 1 ft to about 6 ft (Stewart, 1977,
p. 27-28). The largest observed displacement was 15 ft at
the southeast end of panel 4N. While definitive data is
lacking, it appears that most faulting dies out in the
vertical direction. None of the faults encountered under-

ground could be traced to the surface.
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CHAPTER 2

SURFACE INSTRUMENTATION

A surface subsidence monitoring net was installed
over the three panel area to provide subsidence data for
accurate analysis and subsequent interpretation of sub-
sidence at the York Canyon Mine. The approach used for
this investigation was adapted from similar subsidence
studies developed by the National Coal Board (NCB) in the

United Kingdom.

Subsidence Monuments

Surface subsidence monuments were located in a
systematic manner to obtain the maximum information from
mine subsidence over the demonstration area. Panel loca-
tion, geometry, topography and maximum surveying visi-
bility in rough terrain were considered when 1locating

lines of subsidence monuments.

Layout of Subsidence Monitoring Net

The surface subsidence monitoring net for this study
consisted of a row of permanent surveying monuments
located along the centerline of each of the three long-

wall panels and rows of surveying monuments placed
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perpendicular to panel centerlines. One of the perpendic-
ular rows was intentionally located in a topographic low
and another was located on a topographic high. In
addition, diagonal rows of monuments were placed at the
ends of the ‘panels. These diagonals were originally
intended to cross through the panel corners. Most of
these monuments were misplaced due to changes in mine
planning after monument installation. Locations of the
surface subsidence monuments over the longwall demon-
stration area are shown in Figure 9.

A total of 251 surveying monuments were installed
over the three longwall panels. Only 176 of these monu-
ments were actually utilized due to early termination of
each of the panels. The monument lines extended between
0.50h and 1.4h beyond the perimeter of the panels. This
allowed for the determination of the final angle of draw
outside the panel area.

In addition to the subsidence monuments, seven
turning point monuments were positioned at strategic loca-
tions outside the area of influence of current mining
activities. These points were positioned to provide
maximum visibility to the various rows of monuments. The
coordinates of the turning points were determined Dby

triangulation from known  York Canyon Mine control
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FIGURE 9. SUBSIDENCE MONUMENT LOCATION MAP
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stations. Kaiser Steel Corporation's survey system of

coordinates was used for all surface monument locations.

Monument Spacing

The appropriate distance between subsidence
monuments remains a matter of concern for subsidence
monitoring programs. The National Coal Board has sug-
gested a monument spacing of 0.05h to 0.1h. In the U.S.
the tendency is to increase this distance.

The monument spacing is important since horizontal
strains over the panel area are calculated on the basis
of monument spacing. The distance over which the average
horizontal strain is determined is termed the bay length.
Because of the continuously changing curvature of the
subsidence profile, the maximum horizontal strains calcu-
lated from measurements made over longer bay lengths are
smaller than those calculated on measurements made over
correspondingly shorter bay lengths (Kapp, 1973, p. 5).

Obviously there 1is a practical 1limit to the reduc-
tion of distance between monuments in the field,
especially in mountainous terrain. The time associated
with construction, monitoring and data reduction can
become excessive and therefore very expensive. Monument

spacings which are too close may result in measurement of



T-2378 26

apparent ground movements which record motion across a
single subsidence crack or of an individual joint block
across or in which they may be anchored. The horizontal
displacement across a single subsidence crack in conjunc-
tion with a small monument spacing can locally overwhelm
the true horizontal strains. Ideally, monument spacing
should include several subsidence cracks.

Because this study was conducted in mountainous ter-
rain, it was often impossible to establish a line of
sight directly between monuments. Multiple turning point
locations were necessary to monitor monuments over
actively subsiding segments of the subsidence net. For
these reasons, monuments were spaced on 60 ft centers
over panel 4N. This resulted in an average spacing ratio
of about 0.16h.

While the average spacing ratio above panel 4N was
greater than the maximum ratio of 0.10h recommended by
the NCB, subsequent monitoring experience indicated that
the 60 ft monument spacing provided satisfactory
subsidence data. As a result, it was decided to further
increase the monument spacing over panels 5N and 6N to
80 ft. This resulted in average spacing ratios of 0.18h

and 0.12h for panels 5N and 6N, respectively.
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The larger than recommended monument spacing proved
satisfactory for subsidence monitoring and produced rel-
atively smooth subsidence profileé. In accordance with
the British experience (Orchard and Allen, 1965, p. 625),
measurements of horizontal changes 1in ground 1length
between monuments yielded erratic results. The severe
topography and strong sandstone units present above the
coal seam apparently caused variations in horizontal
strain measurements even though spacing was large.
Monument tilt may also have been responsible for some of

the erratic results.

Monument Construction

Several types of monuments were used to monitor
subsidence over the three longwall panels. In order to
utilize the full sensitivity of the surveying instrumenta-
tion and provide the stability necessary for its use,
permanent monuments were constructed.

Monuments over panel 4N were constructed by grouting
5/8 in. rebar into a 1-7/8 in. diameter sinker hole
drilled 2-3 ft into bedrock. Concrete was then poured
around the rebar using forming tubes for constraint.
Trivot base plates were set into the concrete on top of

the monument. Monuments over panel 4N were between 4 and
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4% ft high. Several monuments of this type were lost due
to toppling.

Because of the problems with monument toppling and
construction difficulties on panel 4N, steel pipe monu-
ments were constructed over panel 5N and portions of
panel 6N. These monuments were constructed by mortaring a
2-in. diameter, schedule 80 steel pipe in a 3-in. diam-
eter, and 4-ft deep sinker hole. Trivot base plates were
then welded to couplings and screwed to the top of the
4 ft high monument pipes. Although no pipe monuments were
lost due to toppling failure, these monuments tended to
tilt severely on steep hillsides. This made it difficult
to level the reflecting mirrors.

Two types of monuments were used on banel 6N. Center-
line monuments were constructed by driving two 5 ft roof
bolts into the ground and pouring concrete around them
using forming tubes for constraint. These monuments were
generally between 2 and 3 ft high. These short concrete
monuments were very stable and subject to fewer tilt
problems than experienced with the tall monuments. The
cross-line and diagonal monuments for panel 6N were con-
structed with steel pipes in the same manner as those

above panel 5SN.
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Turning point monuments were constructed in a manner
similar to regular surveying monuments. For panel 4N,
these monuments were constructed of concrete set in a
3-ft deep hole that was filled with concrete. For panels
SN and 6N, turning point monuments were constructed of
steel pipes that were reinforced with a 12-in. diameter

concrete jacket.

Monitoring Program

The primary subsidence monitoring equipment con-
sisted of a AGA Geodimeter (Model 76) and a one-second
Wild T-2 theodolite for panel 4N and a Wild/Sercel DI-3S
distomat attached to a Wild T-2 theodolite for panels 5N
and 6N.

The surveying system used on panel 4N required both
an angle survey and a distance survey every time the
monuments were monitored. Horizontal and vertical angles
were first determined using the theodolite. When the
angle survey was complete, the T-2 was removed from the
turning point and replaced with the geodimeter. The
entire survey was then repeated measuring the distances
from the turning point to each survey monument.

The surveying system used for panels 5N and 6N

provided a nearly complete system that required only one
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survey each time the monuments were monitored. This
system measured exact slope distances and also determined
horizontal and vertical distances to each survey monu-
ment. The instrument also had the capacity to determine
relative coordinates of survey monuments. The combination
target/prism eliminated the potential error involved in
switching targets and prisms as was required on panel 4N.
The frequency of surveying was related to the rate
of longwall face advance. Monitoring frequency was main-
tained at one to two times per week during active sub-
sidence. After subsidence of a monument had nearly
stopped, surveying was reduced to bi-weekly, monthly and

finally bi-monthly periods.

Data Processing

The data recorded for each survey included the hori-
zontal and vertical angles from a turning point to a
subsidence monument. For panel 4N the geodimeter measured
the slope distance from a turning point to the subsidence
monuments. This value was recorded and subsequent calcula-
tions were necessary to determine the horizontal and
vertical distances. These values were then used to deter-

mine monument elevations and coordinates.
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Calculations were minimized using the DI-3S system.
This system measured the slope distance and then could
internally calculate horizontal and vertical distances.
Relative coordinates could also be calculated when the
proper horizontal angle was input. Values obtained from
each survey were compared to an initial baseline survey
conducted prior to mining. All calculations were manually

performed using programmable calculators.
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CHAPTER 3

ANALYSIS OF SURFACE SUBSIDENCE

Whenever a large quantity of material is mined under-
ground, the surface will move in response. In areas where
the thickness mined is small in relation to the depth of
cover, as in most coal seams, a surface subsidence trough
will be created. The formation of this trough results in
both wvertical and horizontal movement of the ground sur-
face. The magnitudes and development of surface sub-
sidence depend on the extent of mining, depth of cover,
and the geologic and topographic environment. Figure 10
represents a typical subsidence section with standard
nomenclature.

The extent and magnitude of the elements of surface
subsidence at the York Canyon Mine are presented in this

section.

Vertical Movement

The magnitude of vertical subsidence is very depend-
ent on both the width of the panel and the depth of
overburden (w/h ratio). Depending on the value of the
width/depth ratio, excavations have been classified as

critical, super-critical and sub-critical.
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In European coal fields, critical subsidence condi-
tions normally exist where the w/h ratio ranges from 1.0
to 1.4 (Wardell, 1969, p. 36). The British National Coal
Board uses a value of 1.4 for critical conditions.
Critical subsidence conditions normally result in a U- or
V-shaped subsidence trough. For these conditions only one
point (usually at the centerline) reaches critical subsi-
dence (Smax)‘

Super-critical subsidence conditions exist when the
w/h ratio is greater than for critical conditions. Super-
critical conditions normally result in a flat-bottomed
trough. This trough is characterized by an area on the
ground surface reaching the maximum (Smax or critical
subsidence) that could have occurred from mining the coal
seam.

Sub-critical subsidence conditions exist where the
w/h ratio is 1less than for critical conditions. Sub-
critical conditions normally result in a V-shaped subsi-
dence trough. The maximum subsidence measured for these
conditions is less than for critical subsidence.

Using NCB values, the mining conditions for the
three longwall panels ranged from super-critical over

panel 4N to sub-critical over panels 5N and 6N. The

average width/depth ratios (using depths at panel center-
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lines) over the demonstration panels were 1.67 for panel

4N, 1.08 for panel 5N and 0.79 for panel 6N.

Subsidence Profiles

Although the formation of a subsidence trough is
3-dimensional, it is convention to portray the nature of
subsidence in 2-dimensional profiles. Final subsidence
profiles along the three panel centerlines are shown in
Figures 11, 12, and 13. In addition to the final
subsidence profiles, a centerline profile was also drawn
representing étabilized conditions after the four month
strike during mining of panel 6N (Figure 14).

The maximum vertical subsidence observed for each of
the three 1longwall panels was 7.1 ft (Monument 12N) for
panel 4N, 7.4 ft (Monument 5) for panel 5N and 8.6 ft
(Monument 12) for panel 6N. Maximum subsidence in terms
of the extracted seam height was 71 percent (Monument
12N) for panel 4N, 74 percent (Monument 5) for panel 5N
and 84 percent (Monument 15) for panel 6N. In areas where
maximum subsidence was obtained, the ratio of observed
subsidence to‘ extracted seam height ranged from 51
percent to 84 percent with a mean value of 64.4 percent.

The NCB predicts wvalues ranging from 63 percent to 79
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percent for the conditions over this demonstration area
(NCB, 1975, p. 9).

Centerline subsidence profiles for panels 4N and 5N -
(Figures 11 and 12) indicate that maximum subsidence
occurs under ridge tops and minimum subsidence occurs
under draws or topographic lows. This characteristic of
subsidence appears to be due to a "piling up" effect of
overburden in the topographic 1lows. The 6N centerline
profile (Figure 13) does not reflect this in terms of
absolute subsidence due to variations in extracted seam
height for that panel.

Figures 15 through 19 represent cross-section sub-
sidence profiles for perpendicular lines of monuments
over the three-panel area. Figure 15 is the perpendicular
profile for panel 4N. This figure shows a flat bottomed
subsidence trough indicating that panel 4N reacted in a
super-critical manner. The width/depth ratio for the loca-
tion of +this profile was approximately 1.7. Figdres 16
and 18 represent the north perpendicular profiles for
panels 5N and 6N. These U-shaped profiles indicate that
subsidence developed 1in a c¢ritical to super-critical
manner at the northwest ends of both these panels. The
width/depth ratios at the north perpendicular were 1.14

for panel 5N and 0.95 for panel 6N. Figures 17 and 19
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indicate that at the south perpendicular, subsidence over
panels 5N and 6N developed in a sub-critical manner.
Along this perpendicular V-shaped profiles developed. The
width/depth ratios at the south perpendicular were 0.92
for panel 5N and 0.95 for panel 6N.

The perpendicular profiles for panels 5N and 6N
(Figures 16 through 19) characterize the nature of subsi-
dence over the single chain pillars which separate the
three panels. Failure of the single chain pillar, coupled
with overlapping angles of draw, allowed additional sub-
sidence to occur over previously mined areas.

Figures 20 and 21 are perpendicular subsidence pro-
files showing the cumulative overlapping effects of sub-
sidence. From these figures, it 1is evident that the
overlapping effects of subsidence and the crushing chain
pillars actually resulted in a broad subsidence trough
over the entire demonstration area with humps over the
pillars. The maximum recorded subsidence which occurred
over single chain pillars was 3.65 ft and the minimum was
2.84 ft. The mean subsidence over a single chain pillar
was 3.17 ft. The magnitude of subsidence over chain pil-
lars appears to increase with increasing overburden depth.

Figure 21 shows the effects of simultaneously mining

panel 6-Left alongside panel 6N. Overlapping angles of
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draw and crushing of the double chain pillars in this

area resulted in 3.10 ft of subsidence over these pillars.

Subsidence Contours

Subsidence contour maps give a composite of all the
subsidence profiles. These maps show the magnitude and
extent of subsidence around the panel as a whole. Final
subsidence isopach maps for each panel were constructed
by plotting the ratio of total subsidence to extracted
seam height (Figures 22, 23 and 24). These maps provide a
very good dimensionless comparison of surface subsidence
resulting from different mining heights.

Subsidence coﬁtour maps also illustrate the effects
of topography on subsidence. Maximum subsidence is
located under topographic highs for all three panels.
Minimum subsidence is located under topographic lows.

Subsidence contours also indicate the differences
between super-critical and sub-critical panels. Subsi--
dence contours for super-critical panel 4N (Figure 22)
indicate a wide, flat-bottomed trough. Subsidence con-
tours for primarily sub-critical panels 5N and 6N
(Figures 23 and 24) are narrower and more elliptically
shaped. Maximum subsidence contour 1lines follow more

closely on either side of the panel centerlines than on
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panel 4N. This indicates that "U" or "V" shaped troughs
resulted from mining.

Figures 23 and 24 indicate that the point of zero
subsidence extends further outward on the tailgate side
of panel 5N and on both sides of panel 6N than would be
expected in virgin ground. This is due to the probable
crushing of the chain pillars which separate the three
panels.

Figure 25 is a subsidence contour map for the entire
demonstration area showing the cumulative overlapping
effects of subsidence. This figure indicates the nature
and extent of subsidence created by mining adjacent long-
wall panels. The cumulative subsidence contour map
clearly shows the surface response to leaving chain
pillars between these panels. This response is exhibited
in the form of humps over the pillars which did not

experience total subsidence.

Subsidence Distribution Over Ribsides

The distribution of vertical subsidence relative to
panel ribside for two selected lines of subsidence over
the demonstration area is shown on Figure 26. These
curves typify different results obtained for varying

conditions over the demonstration area. Subsidence dis-
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curves correlate subsidence in terms of angles from the
ribside. Ribside is defined as a vertical plane sep-
arating an unmined coal Dblock (chain pillar, barrier
pillar or unmined portion of a panel) from an adjacent
mined-out area. Ribside represents a solid-gocaf (cave)
interface.

Figure 26 typifies the nature of subsidence obtained
over a solid-goaf interface. Subsidence under these condi-
tions usually results in a relatively smooth S-shaped
curve. Maximum subsidence occurs at the panel centerline
and zero subsidence occurs outside the ribside.

Figure 27 typifies the nature of subsidence obtained
above a single chain pillar left between two mined-out
panels. Subsidence distribution over the single tailgate
chain pillars for panels 5N and 6N produced a terraced
curve. This terraced effect indicates that the chain
pillars have failed. The failure of the chain pillars
resulted in the effects of subsidence being detected over
a much larger angle from vertical than would be predicted
over a stable interface.

Studies by Hall and Orchard (1962, p. 423) show that
for panels with width/depth ratios greater than 0.7, the
subsidence inflection point (point of half maximum subsi-

dence) occurs at a distance from the ribside and over the
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cave of slightly greater than ten percent of the depth of
cover. The wvalues for the distances from ribside to half
maximum subsidence for all three demonstration panels are
shown in Table III. Table III indicates that the average
distance from the ribside to half maximum subsidence for
the three demonstration panels is 84 ft. This represents
an average of 19 percent of the depth of cover inside the
ribside or an angle of about 11 degrees. The difference
between the above figures and those reported by Orchard
and Allen for the United Kingdom can be attributed to
geology. The strong sandstone beds and steeply dipping
jointing at the York Canyon Mine resulted in subsidence
being 1located more centrally over the longwall panels

than would be expected in weaker geologic environments.

Subsidence Development

The manner in which subsidence develops from long-
wall mining can be illustrated by subsidence development
curves. These curves portray the dynamic nature of subsi-
dence for a point on the ground surface from initial
movement until subsidence has ceased. Since ordinate and
abscissa values are dimensionless, these curves are sensi-
tive to the depth and surface variations resulting from

the mountainous terrain present at the York Canyon Mine.
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A subsidence development curve was developed for
each centerline monument which underwent complete subsi-
dence. Examples of individual monument curves are shown
in Figure 28.

Figure 29 1is a composite of all +the individual
curves for the three panel centerlines. This curve repre-
sents an average subsidence development curve for the
demonstration area.

The average subsidence development curve indicates
that subsidence initiates (1 percent subsidence) approxi-
mately 0.33h ahead of the face position (h = overburden
depth). National Coal Board studies (NCB, 1975, p. 38)
mark the position of subsidence initiation at approxi-
mately 0.75h. The percentage of maximum subsidence oc-
curring when the face was located directly below a
station for the York Canyon Mine was 8.6 percent. This
value is much 1less than the 15 percent predicted by the
NCB (1975, p. 38). According to the NCB (1975, p. 38),
active subsidence is effectively complete (97.5 percent)
when the face is 0.7h beyond the point in question. At
the York Canyon Mine, subsidence was effectively complete
at 0.90h past the face. Table IV provides a comparison of
subsidence development values for the York Canyon Mine

and NCB studies.
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Subsidence at the York Canyon Mine exhibited a much
later start than predicted by the NCB. In addition, the
overburden at York Canyon took longer to stabilize. Both
of these differences may be attributed to strong sand-
stone beds in the overburden. Not only do strong beds in
the overlying strata retard initial subsidence but the
strong blocky nature of the overburden resists rapid

stabilization (NCB, 1975, p. 40).

Angle of Draw

The definition of limit angle as used in this report
is the angle of inclination from the vertical of the line
connecting the edge of the workings (ribside) and the
edge of the subsidence area (Figure 10). The phrase
"angle of draw" has the same meaning as limit angle and
the two are used interchangeably in this report.

The average angle of draw (limit angle) for the
demonstration 1longwalls was 23.1 degrees. This value
includes only 1lines of subsidence over solid-goaf inter-
faces. The angle of draw for lines over failing pillars
was not included in the average. The angles of draw over
failing chain pillars were significantly larger than the
average. Table Vv 1lists the angle of draw values for

various locations above the demonstration area.
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The wvalues calculated for the 1limit angle in a
number of observations made in different countries wvary
significantly (Wardell, 1959, p. 530). For instance, in

Holland values of 35 to 45 degrees were measured (Drent,

1957); 1in Great Britain 28-40 degrees (Wardell and
Webster, 1957; Orchard, 1957); in the lower Rhine
District 29-39 degrees (Flaschentrager, 1957); and in

Poland 19-34 degrees (Knothe, 1959).

Two factors which affect the 1limit angle are (1)
overburden depth and (2) geology of the beds overlying
the coal seam. It appears that the limit angle decreases
as the depth of cover increases (Hall and Orchard, 1963,
p. 428). It is also generally accepted that thick sand-
stone beds above the seam result in low values of the
limit angle (Knothe, 1959, p. 212 and Wardell, 1959,
p. 530). The angle of dip of jointing in the rock over-
burden 1is another prime factor affecting the ultimate
angle of draw (Crane, 1931, p. 1l1-14). Steep angles of
dip result in low limit angles.

Results from the York Canyon Mine failed to substan-
tiate the theory that deeper overburden results in a
decreased angle of draw. Angle of draw data was extremely
variable and depth of cover did not appear to affect the

angle.
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The dynamic angle of draw ahead of the advancing
longwall face averaged 18.3 degrees. Other studies
(Singh, T.N. and Singh, B., 1968, p. 257) have also
established that the dynamic angle of draw is less than
the angles obfained. over static ribsides. The wvalue of
the dynamic angle of draw is related to both geology and
the advance rate.

The average 1limit angles for the York Canyon Mine
were less than most results reported in other parts of
the world. These low 1limit angles can probably be attrib-
uted to the overlying thick sandstone beds and prominent

steeply dipping joint sets in the overburden.

Subsidence vs. Active and Inactive Mining

The York Canyon Mine was idle from December 24,
1975, through January 5, 1976; November 19, 1976, through
November 29, 1976; and December 6, 1977, through
March 27, 1978. These idle periods provided an excellent
opportunity to determine how quickly the subsiding ground
stabilizes after mining has stopped. All actively sub-
siding monuments were monitored on a daily basis just
before and after the idle periods began. The surface was
also surveyed on a daily basis just after the start of

mining at the end of idle periods to determine how
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quickly active subsidence resumed. Figure 30 shows the
behavior of an actively subsiding monument during each of
the idle periods.

Data from all three panels during idle periods
indicates that major subsidence ceases almost immediately
after mining stops. Residual subsidence continues after
mining stops throughout the idle period. This residual
subsidence rate is very minor compared to the rate of
active subsidence. Active subsidence resumed very soon

after the idle period was over and mining began.

Subsidence vs. Time

The fact that upward propagation of subsidence was
transmitted almost immediately to the surface and that
significant subsidence ceased almost as soon as mining
stopped makes the job of determining when subsidence will
be complete at  the York Canyon Mine relatively easy. As
soon as the critical influence area of the face inter-
sects the surface point, subsidence will begin. Subsi-
dence will then increase until the critical influence
area of the advancing face passes outside the surface
point.

Significant (1 percent Sm ) surface subsidence

ax

response associated with the critical area for the demon-
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stration longwall panels appears to start when the face
is approximately 0.33h from the surface point in question
and is essentially complete when the face is about 0.90h
beyond the surface point. The time taken for a point on
the surface to undergo 98 percent subsidence is simply
the time taken for the face to advance through the
critical area. For the 1longwall demonstration at York
Canyon, the total length of the c¢ritical area was (-)

0.33h and (+) 0.90h equaling 1.23h.

Horizontal Movement

Horizontal extension and compression are the causes
of the most commonly seen type of subsidence damage (NCB,
1975, p. 46). For this reason, it is particularly impor-
tant to determine the extent and magnitude of mining
induced horizontal strains which may cause damage tc
surface structures such as buildings, roads, and utili-

ties.

Horizontal Movement Along Centerlines

Figures 31 through 33 show the vertical subsidence
and the horizontal component of movement parallel to
panel centerlines for centerline subsidence monuments.

The maximum horizontal movement obtained along the panel
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centerlines was 7.9 ft (Panel 4N - Monument 10N). This
monument was located on a steep downslope which sloped in
the direction of face advance (Figure 31).

It is clear from the centerline movement figures
that there is an accumulation of overburden in topo-
graphic lows. This piling-up effect tends to decrease the
amount of subsidence in topographic lows and increase the
amount of subsidence over topographic highs. In areas
where there is a slope change from positive to negative
(ridge tops or valley bottoms), the amount of horizontal
ground movement approaches zero and also changes direc-
tion. From this data it is clear that surface topography
can be a controlling factor in determining the magnitude

and extent of horizontal movement of the ground surface.

Horizontal Movement Paths of Surface Monuments

In studies in flat terrain (Weir, 1966, p. 576), the
ground surface generally shifts towards the face as it
approaches a station. As the face passes under the
station, the direction of horizontal movement is reversed
and the surface approaches its original position. Figures
34 through 36 show the traveling horizontal movement
paths of three centerline monuments over the longwall

demonstration area.
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Figure 34 depicts the behavior predicted by the Weir
study. Monument 17 (Panel 6N) moved towards the face as
the face advanced. As the face passed under the monument,
the direction of horizontal movement was reversed and
approached its original position.

Figure 35 shows the effects of a steep sidehill
slope on surface movement. The monument in this figure
(Panel 5N - Monument 15), initially moved towards the
face and then reversed itself. In addition to this pre-
dicted movement, a very strong component of movement took
place in the downslope direction due to gravity and the
fact that the ground was not constrained in that
direction.

Figure 36 (Panel 6N - Monument 9) illustrates the
impact of steeply upsloping topography in the direction
of face advance. As the face advanced towards this monu-
ment, the ground surface moved downhill towards the face.
When the face passed under the monument, the tendency for
the direction of the monument to reverse and draw towards
the face was overwhelmed by the steeply sloping surface.
The lack of constraint in the downhill direction allowed
gravity to act on the moving slope, resulting in

additional downhill movement.
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Initial vs. Final Monument Locations

Figure 37 shows a plan view of the horizontal move-
ment of subsidence monuments over the longwall demon-
stration area. This figure indicates the 1initial and
final positions of subsidence monuments. Figure 37 also
indicates that surface topography strongly influences the
nature of horizontal movement of the ground surface.
Monuments over all three panels have a strong component
of downslope surface movement.

Monuments' over panel 4N tended to converge into
gully bottoms which traversed the panel. In addition, a
sidehill slope resulted in an additional component of
horizontal movement downhill towards the tailgate.

Panel 5N was 1oéated under a severe sidehill slope.
This sidehill slope also resulted in a strong component
of movement downhill towards the tailgate.

Above panel 6N, monuments tended to move towards the
begimming of the panel. This movement corresponds with a
general increase in topography from the beginning to the

end of the panel.

Horizontal Strain Distribution

The term strain as used in subsidence engineering

terminoclogy is the change in length over a given length
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of ground or structure. Its dimensions can either be
expressed as a change in length over a given length or as
a fraction of the unit of length. In this report, strains
are given in terms of micro-inches per inch in order to
allow for larger and more convenient values for graphing.
It is convention to describe positive and negative
changes in 1length as tensile and compressive ground
strains, respectively.

The average width/depth ratios over the demonstra-
tion panels ranged from 0.79 over panel 6N to 1.67 over
panel 4N. According to the NCB (1975, p. 25), maximum
extension (+E) for this range of width/depth ratios lies
almost directly over the ribside. In areas where the w/h
ratio is 1lower than 0.9, the greatest compressive in-
tensity should occur at the center of the panel. In areas
where the w/h ratio is greater than 0.9, less compression
can be expected near the center of the panel and a slight
hump is observed in the strain profile. Figure 38 illus-
trates the general distributions of horizontal strains
for sub-critical through super-critical conditions.

Horizontal strain was measured between monuments by
computing the component of horizontal movement along the
monument line and dividing this component by the station

interval. Fractional strains were then converted to
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strains in terms of micro-inches per inch by multiplying
each fractional strain by 1.0 x 106. Since these strains
were measured on sloping ground they had to be corrected
for ground slope. Ground slope corrections were performed
according to NCB methods (1975, p. 29-32).

Figures 39 through 41 show the horizontal strain
distribution over the ribsides at wvarious locations over
the three longwall panels. Horizontal strain distribution
curves 1indicate that maximum tensile strain over the
demonstration area 1is 1located just 1inside +the ribside
over the mined out area. These curves also indicate that
the position where tensile strains change to compressive
strains is located between 10 and 20 degrees inside the
mined area. The average position of this transition point
was 12 degrees. This agrees with studies indicating that
the position where tensile strains change to compressive
strains is located where subsidence 1is half the maximum
(Kapp, 1974, p. 11). The average position for half
maximum subsidence over the demonstration area was 11
degrees.

Direct measurement of horizontal strains often pro-
duced erratic results. The severe topography and strong

sandstone units present above the coal seam apparently

caused unusual variations in horizontal strain measure-
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ments in several locations. Monument tilt may also have

been responsible for some of the erratic results obtained.

Horizontal Strain Profiles

Figures 42 through 48 show the measured horizontal
strain profiles for final stabilized conditions along
panel centerlines and perpendiculars over the three long-
wall panels.

Centerline strain profiles clearly show the strong
influence of topography on surface ground strains.
Figure 42 (Panel 4N - centerline) shows that high tensile
strains can be expected over topographic highs and high
compressive strains can be expected in topographic lows.
This behavior is also indicated in the centerline pro-
files for panels 5N and 6N, although not so dramatically.
The effects of topography result in a centerline strain
profile with gr;ater strain variations than would be
expected for level ground. Level ground conditions would
theoretically produce a relatively smooth strain profile
with final strains close to zero or slightly negative.

Perpendicular strain profiles are more erratic in
nature and less conclusive (Figures 45 through 48). The
existence of failing chain pillars at panel tailgates

makes it difficult to determine whether profile wvaria-
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tions are a result of topography or the result of pillar
failures.

Table VI presents the measured horizontal strains
associated with various ribsides under surface monument
lines. These strain values have been corrected for slope

using the NCB method (1975, p. 29-32).

Surface Damage

The amount of damage to the surface as a result of
underground extraction of a large quantity of material
depends mainly on the thickness extracted and the thick-
ness of overlying strata. In areas where the thickness
mined is small in relation to the depth of cover, the
surface usually does not fracture when the subsidence
trough forms. However, at the York Canyon Mine
approximately 10 ft of coal was extracted under a maximum
cover of 727 ft. This resulted in extensive cracking of
the ground surface. This surface cracking was the only
visible manifestation of surface subsidence. Figure 49
shows two cracks which formed over the study area.

Figure 50 shows the locations of observed tension
cracks over the demcnstration area superimposed over the

topography. It 1is evident from this figure that surface
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topography and panel orientation have a strong influence
on the development and orientation of surface cracks.

The development of surface cracks over panel 4N
indicates that more extensive development of cracks takes
place on upslopes and topographic highs than in topo-
graphic 1lows. This 1is due to the piling up effect of
overburden in the topographic lows which tends to keep
these areas in relative compression.

The orientation of surface c¢racks appears to be
controlled by both panel orientation and topography.
Surface cracks initially +tend to orient themselves
parallel to the advancing face, turning near the panel
edges in an attempt to also parallel the chain pillars
separating panels. This behavior is observed over both
panels 4N and 6N. Surface topography can alter these
expected results significantly as observed over panel 5N
and along the headgate side of panel 4N. Surface cracks
in these areas tended to orient themselves sub-parallel
with topographic contours.

Panel 5N was located under an extreme sidehill slope
which sloped down from the headgate to the tailgate.
Cracks over this panel developed over the uphill side of
the panel and not over the downhill side of the panel.

The mass shifting of overburden downslope kept the tail-
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gate side of panel 5N in compression and no cracks
developed. Over this portion of the panel, high compres-
sive forces resulted in the development of several
compressive ridges.

The first sign of surface cracks appeared from
almost zero to 200 ft ahead of the mining face. This
variance 1is apparently related to the changing dynamic
angle of draw. The dynamic angle of draw is a function of
geology, topography and rate of face advance.

As the face passed under cracks oriented parallel to
the advancing face, the surface went from tension to
compression. This resulted in these type cracks closing
behind the face. At this time nearly all cracks oriented
in this manner have completely closed and there is little
evidence that they ever existed. Cracks oriented perpen-
dicular to the longwall face (as over panel 5N) tended to
remain open as the face advanced with the exception of
cracks near the center of the panel. Cracks which devel-
oped over the headgate of panel 5N have remained perm-
anently open.

Most cracks which formed over the three longwall
panels ranged from 0.2 ft to 0.5 ft wide with little or
no vertical displacement. Several significantly 1large

cracks also developed over the demonstration area.
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Over panel 4N, a crack with 0.7 ft of vertical
displacement formed over the northeast corner of the
panel. The extreme vertical displacement of this crack
appears to be a result of a rapid increase in subsidence
from the'panel corner inward and also the lack of uncon-
solidated soil overburden in this area (Gentry, 1976,
p. 87).

The largest crack to open during the demonstration
occurred over the entries separating panels 5N and 6N .
(Figure 50). This crack was positioned at the base of a
rather 1large sandstone cliff and opened up as panel 5N
mined past. This crack opened to a width of about 2.5 ft
at its widest point.

The only other significant c¢rack to appear was
between Monuments 14 and 15 over panel 6N. This crack was
approximately 1.5 ft wide and had a vertical displacement
of about 1.5 ft near the center of the panel. The forma-
tion of this crack appears to be related to a very strong
sandstone unit which is a cliff former at the same

elevation in nearby areas.
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CHAPTER 4

DEVELOPMENT OF PREDICTION MODELS

Evaluation of surface subsidence results at the York
Canyon Mine have shown that the mining environment is
significantly different from the British experience.
Because of this, empirical subsidence and horizontal
strain models were developed for the York Canyon Mine
based on subsidence data obtained from monitoring the
three longwall demonstration panels. The survey data for
each of these panels is contained in the three interim
technical reports for the rock mechanics instrumentation

program at York Canyon (Gentry, 1976, 1978 and 1979).

Model Construction

The development of the subsidence and horizontal
strain models for the York Canyon Mine followed the basic
techniques and underlying assumptions presented by the
National Coal Board's Subsidence Engineers' Handbook
(1975).

The models developed for this report are based on
measurements obtained from monitoring seven end 1lines
(centerlines at ends of panels) and five 1lines perpen-

dicular to panel centerlines. These lines extended from
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above the mined-out panel to above unmined coal sur-
rounding the panel. Subsidence monuments were monitored
before, during and after mining-induced subsidence had
occurred. These models represent a rather intensive
effort in a restricted area and are not intended for use

in other mining or geologic environments.

Subsidence Model Construction

In order to evaluate the subsidence data, it was
first necessary to correct the original survey data for
ground slope. This correction was performed by projecting
subsidence monument positions onto a horizontal plane
which intersects the ground surface above the ribside.
Figure 51 illustrates this slope correction procedure.
Slope correction proportionately lowers and decreases the
distance between monument positions upslope from the rib-
side and raises and increases those downslope from the
ribside.

After ground slope corrections had been made, all
subsidence data was rendered dimensionless in order to
compare various depths of ribside and panel widths as was
done in the NCB model. The distance from the centerline
was presented in terms of the ribside depth. Subsidence

was presented in terms of the maximum subsidence measured
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along the line of monuments. Maximum subsidence and rib-
side depths for each line of monuments is given in Table
VIi. Using this data, slope corrected non-dimensional
subsidence profiles were constructed for each 1line of
subsidence monuments by plotting the percent of maximum
subsidence versus distance from the panel centerline in
terms of ribside depth. Figure 52 presents three typical
dimensionless subsidence profiles for 1lines over the
demonstration area. Profiles for each of the 1lines
utilized for model development are presented in
Appendix A.

Data points on dimensionless subsidence profiles rep-
resent individual subsidence monuments whose positions
have been corrected for ground slope. Each profile rep-
resents a unique effective panel width to ribside depth
ratio. In order to consistently evaluate end lines and
incomplete crosslines, an effective panel width was em-
ployed which 1is defined as twice the slope corrected
distance from the panel centerline (maximum subsidence)
to the ribside. Table VII gives the effective panel
widths and width-depth ratios for each line of subsidence.

Data was extracted from the dimensiconless subsidence
profiles and utilized in developing the subsidence model.

From each profile, the distance from the panel centerline
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(half the effective panel width) to the position of 100,
85, 90, 80 percent - - - - 10, 5, and O percent of max-
imum subsidence was obtained. The data obtained from the
dimensionless subsidence profiles 1is presented in Ap-
pendix B. Statistical curve fitting for the distance from
the centerline (maximum subsidence) versus effective
panel width was performed for the various percentages of
maximum subsidence. All distances were rendered dimension-
less by dividing by the ribside depth. Linear, power,
logarithmic, exponential and inverse equations were
tested. The best fitting set of curves were utilized to
form the subsidence model. For the subsidence model,
linear (O through 10%), logarithmic (20 through 50%) and
power (60 through 100%) equations were used for model
development. A small degree of curve smoothing was
necessary to compensate for some mathematical aberrations.

Detailed statistical <curve fitting results for
subsidence are presented 1in Appendix C. Correlation
coefficients for each percentage of subsidence and each
of the equations is presented. In addition, plots of the

best fitting curves for each percentage are included.

Horizontal Strain Model Construction

In accordance with the British experience (Orchard
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and Allen, 1965, p. 625), measurements of horizontal
changes in ground length between monuments at the York
Canyon Mine vyielded erratic results. Even though rela-
tively smooth subsidence profiles were obtained, the
severe topography and strong sandstone units present
above the coal seam apparently caused variations in hori-
zontal strain measurements. Monument tilt may also have
been responsible for some of the erratic results ob-
tained. The erratic strain measurements prevented develop-
ment of usable strain profiles from measured data. The
NCB method of constructing strain profiles from subsi-
dence profiles was therefore employed. This approach util-
izes subsidence-induced ground slope and curvature in
order to predict horizontal strains.

Before continuing with the strain model development,
it 1is necessary to examine the relationships between
ground slope, curvature, strain and subsidence. These
relationships were extracted from the NCB's Subsidence
Engineers' Handbook (1975). Figure 53 presents a graph-
ical representation of the various strain related wvari-
ables.

Slope is defined as the difference in subsidence

between two points (bays) divided by the distance (2)
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between the points. The differential slope (8) is the
difference between the slope of one piece of ground from
that of the adjacent piece of ground (Orchard and Allen,
1965, p. 625).

Since curvature 1is a continuous change in slope
between adjacent 1lengths of ground, it is in fact the
same thing as differential slope. A smaller radius of
curvature (p) results in greater ground curvature and
thus greater strain. Strain is therefore proportional to
1/p.

Since the curvature (86) is a very small angle, the
radius of curvature (p) is then equal to the bay length
(%) divided by the curvature (6) in radians. Strain is
thus proportional to curvature (8§) divided by the bay
length (2). The mathematical relationships are shown

below.

p = /6

~

Strain < 8/2

From the subsidence profiles, the values of
subsidence for points at recommended intervals (bays) of

0.05 times the ribside depth were tabulated. These values

were subsequently used to determine the slope between
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points and the differential slope between bays (8). The
value of (8) divided by the bay length (&) is related to
horizontal strain by the following empirical equation

developed by the National Coal Board (1975, p. 37).

(strainz)

8/% = 5024

It is essential to note whether the signs of the
calculated strains are positive (tension) or negative
(compression). The NCB method fixes the location where
the strain changes from tension to compression at the
point where subsidence is 50 percent of the maximum subsi-
dence in the profile. The convex curve from the limit of
subsidence to the transition point (50 percent of maximum
subsidence) yields positive strains and the concave curve
‘along the bottom of the trough yields negative strains
(NCB, 1975, p. 36). Once strains have been calculated, a
strain profile can be drawn by plotting the percent of
maximum strain versus the distance from the panel center-
line in terms of the ribside depth. Figure 54 represents
the strain profiles developed from  the subsidence
profiles presented earlier (Figure 52). Each strain
profile represents a unique effective panel width to

ribside depth (w/h) ratio.
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As in the subsidence model, the strain profiles were
used to extract data for development of the horizontal
strain model. From each strain profile, the distance from
the centerline to the positions of 100, 80, 60, 40 and
20 percent of maximum tension and compression were
obtained. The data obtained from strain profiles for
model development 1is presented in Appendix D. The same
statistical curve fitting was performed on this data as
in the subsidence model. The distance from the centerline
versus the effective panel width was evaluated for each
appropriate percentage of maximum tension and compres-
sion. The best fitting set of curves were then plotted to
produce the horizontal strain model. For the strain
model, linear (+0.2E), logarithmic (+0.4E through -0.4E),
and power (-0.6E through O0OE) equations were used for
model development. As with the subsidence model,'minor
curve smoothing was necessary to compensate for some
mathematical aberrations.

Detailed statistical curve fitting results for hori-
zontal strains are presented in Appendix E. Correlation
coefficients for each percentage of strain and each of
the equations is presented. In addition, plots of the

best fitting curves for each percentage are included.
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Analysis of Subsidence and Strain Models

The subsidence and horizontal strain models devel-
cped for the York Canyon Mine are based on subsidence
profiles with effective width/depth ratios ranging from
0.80 to 1.72. In areas where maximum subsidence was
obtained, the ratio of observed subsidence to extracted
seam height ranged from 51 to 84 percent with a mean
value of 64 percent. The angles of draw ranged from 8.6
to 36 degrees with an average of about 23 degrees. The
horizontal strains calculated from the subsidence
profiles were generally lower than measured wvalues. The
maximum measured value for tension was 35,630 u-in/in.
The mean value for maximum tension was 18,480 u-in/in.
The maximum measured value for compression was
31,830 u-in/in. The mean value for maximum compression

was 15,230 u-in/in.

Subsidence Model

The subsidence model developed for the York Canyon
Mine is presented in Figure 55. This set of curves pre-
dicts the shape of the subsidence profile. When this
model is compared to the NCB model (Figure 56) signif-

icant differences are noted. The York Canyon Mine model
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produced a much tighter set of curves than the NCB model.
This indicates that subsidence resulted in greater ground
curvature and tilt than predicted by the NCB model. The
York Canyon Mine model shows subsidence located more
centrally over the panel. The extent of subsidence ef-
fects outside the longwall panels at the York Canyon Mine
is less than predicted by the NCB. This is illustrated by
the fact that the York Canyon Mine model places the
ribside between 0.05S and 0.10S as compared to 0.20S for
the NCB model (S = maximum subsidence). The average limit
of subsidence for the York Canyon Mine model is
positioned to represent an average 1limit angle of 23
degrees. The maximum observed limit of subsidence
represents a limit angle of 36 degrees. The NCB limit of

subsidence represents a limit angle of 35 degrees.

Horizontal Strain Model

The horizontal strain model developed for the York
Canyon Mine 1is presented in Figure 57. This set of curves
predicts the shape of the strain profile. The NCB strain
model is shown 1in Figure 58. Because the strain curves
were developed from subsidence profiles, the resulting
York Canyon Mine curves show a similar tightness to those

observed 1in the subsidence model. This indication of
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greater ground curvature substantiates the higher than
NCB predicted horizontal strains obtained at the York
Canyon Mine.

In addition to the curves for predicting the shape
of the horizontal strain profile, a graph for predicting
the maximum strain for wvarious width/depth ratios of
panels has also been developed (Figure 59). This graph
was developed using the maximum tensile and compressive
strains measured over various ribsides in the demonstra-
tion area. The data used for developing maximum strains
is presented in Appendix F. The maximum strains
calculated from this graph are much higher than would be

predicted by the NCB.
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