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I. INTROLUCTION

The Appalachian coalfields contain many mineable, contiguously
placed coal seams. Selection of the mining sequence of these seams--

- historically and currently--is based primarily on considerations of
seam ownership, availability and economics. Mining any seam can
seriously affect subsequent operations in coal seams both above and
below the one being mind. The effect is often detrimental to the
recovery, cost and safety of mining the subsequent seams.

The study of multi-seam mine ground control interaction may be
broken down into four parts: the transfer of overlying pillar lcads to
lower seams, the subsidence effects from a mined cut lower seam on an
overlying seam, the arching of stresses around mine openings, and
massive interseam failure (Haycocks and Karmis, 1981). This investi-
gation analyzes the multi-seam mine ground control mechanisms dealing
with pillar load transfer between seams.

Compressive locad concentrations under upper seam abutments and
pillars cause pillar crushing and failure in lower seams which escalate
recovery costs and jeopardize safety. Rib spalling, roof failure, and
floor heave are also typical lower seam phenomena attributed to over-
lying mine workings (Haycocks, et al., 1982). The undesirable conse-
gquences of seam interaction are limited by the distance the workings
are set apart. However, literature reports vastly differing inmerburden
thicknesses needed to dissipate the stress concentrations from overlying
workings. As vet, nc method, theoretical or empirical, is capable of

adaquately predicting the variation in stress transfer distance cited

bt



(3%

in the literature. Once the mechanisms responsible for this variation
are known, problem areas may be predicted and possibly eliminated.

This thesis defines geologic and geometric mechanisms of pillar
load transfer using experimental model trends. To verify the presence
of the mechanisms in the field, case studies from multi-seam Appalachian
room and pillar mines are analyzed.

The investigation is structured into three parts. First, passive
mechanisms controlling pillar load transfer behavior are examined using
pressure bulb theory. Second, active mechanisms of load interaction
are studied based on arching theory. Third, the above mechanisms are
used to find and establish design guidelines based on multi-seam mine
case studies. The experimental and analytical techniques used were

photoelastic modeling and finite element analysis, respectively.



IT. LITERATURE REVI

A study of literature shows that interaction between multi-seam
workings can extend over various distances. An investigation by Dunham
(1978) of British longwall mines clearly record the effects of inter-
action 415 feet below a rib pillar. Yet in another mine, no effect was
discernible in a roadway driven 90 feet below a rib edge. Widdas (1973)
reports that narrow barrier pillars and abutment loading of pillar edges
can cause disruption of workings at vertical intervals up to 800 feet.
In a study of South African room and pillar mining, Cook (1965) limits
the effect of interaction to the pillar spacing in the panel. The
National Coal Board (1972) recognizes that large pillars left in the
overburden of overlying seams, may serve to concentrate stresses which
can be transferred many hundreds of feet into workings below. Specific
examples of English mines support the reason for the Coal Board's
general statement. For instance, Fritzche and Potts (1954) cite inter-
active effects up to 210 feet, while Scurfield (1971) cites effects
ranging to 750 feet.

Few attempts have been made to quantify the variables controlling
interaction. An attempt by Dunham (1978) incorporating linear regres-
sion analysis and the National Coal Boards MRDE Roadway Monogram is
probably the most noteworthy. The study involved eighteen multi-seam
longwall mines in the United Kingdem. The following variables were
accounted for: seam depth, pillar width, opening shape, floor and roof
conditions, rate of face advance, vertical seam interval, age and geom-

etry of overlying workings. A multi-linear regression analysis of



these variables fitted by appropriate field values developed a predic-
tion equation for lower seam stability. Although the study included
many variables, it neglected the nature or geology of the innerburden.
The prediction equation was found unreliable, but it did show the sig-
nificance of geometry as a factor controlling lower seam stability.
Traditionally, multi-seam interaction has been explained by a more
general approach. There were several theories developed over the years
to explain phenomena observed in the mines related to weighting or
stress transference from adjacent seams. But basically, two concepts
are used to explain interaction--the concepts of arching and pressure
bulb formation. The pressure bulb concept suggests the pillar as the
major structural element influencing stress transfer. The other con-
cept, arching, assumes the opening as the major structural element

influencing stress transfer.

Pressure Bulb Concept

In the past, the analysis of pillar load transfer was handled by
assuming the pillar load to be uniform. The distribution of this ver-
tical uniform load was analyzed for a homogeneous, isotropic and elas-
tic medium. Only one pillar load need be examined, because the effects
due to additional loads may be resolved by the principle of stress
superposition. This principle, implying elasticity and small deforma-
tions, enabled the vertical stresses under any number of uniform loads
at various spacing to be analyzed.

Boussinesq (1885) was first to solve the dissipation of a point

locad with depth. The only parameters in the solution were the



magnitude of the load, and the vertical and horizontal coordinates of
the point in question under the load. The vertical stress under the
point load was independent of Poisson's ratio. However, the horizontal
stress under the point load included Poisson's ratio in its equation.
The integration of the point load solutions over a surface boundary
lead to the uniform load distribution solutions. Effectively the
_vertical load dissipated at a distance equal to three times the width
of the uniform load. TFadum (1948) considered the end or cormner effects
of a uniform load of rectangular shape. The result was the much faster
dissipation of the load. That is, the vertical stresses did not trans-
fer as deep for the uniform load on a rectangular area as for a strip
area. For example, the vertical load on a square area effectively dis-
sipates at a depth equal to 1.5 times the width of the applied load.

A study bv Huang (1968) explains that the accuracy of Boussinesq
derived solutions have varying degrees of success. The solutions are
considered for the most part comnservative to actual values of soil.
Because of the isotropic behavior of rock, the solutions are less pre-
dictive. Regardless, they are still used. Recently Peng and Chandra
(1980) considered the overlying pillars of a multi-seam mine to be uni-
formly loaded. The resulting stress contours or pressure bulbs extend-
ing below uniformly loaded plates were considered to define the areas
of pillar load influence. The locus of points where the pressure bulb
extinguishes or the region of zero influence may theoretically be im-
possible to define, but it exists according to St. Venant's Principal.

Although rock mass behavior is complicated, some of the variables



controlling stress transfer are insignificant, and the mathematical
solutions become more predictive. Giroud (1970) states that in most
cases the stress distribution depends only slightly on the material's
heterogeneity. Finite element studies using uniform loads by Morgen-
stern and Phukan (1968) and Hoeg and Christian (1968) found that ver-
tical stresses are essentially independent of stress-strain relation-
ships used in the analysis. Elastic behavior is likely to occur at
depths below eighteen hundred feet for typical coal mining strata
according to Fenner (1938) and Shoemaker (1951). The majority of
Appalachian room and pillar mines occur at cover less than one thousand
feet.

In an attempt to overcome isotropic behavior of pressure bulbs
under a uniform load, various mathematical solutions were developed.
The drawback is that only a few numerical evaluations of the solutioms
exist for certain cases. Mathematical solutions without numerical
evaluations have been given by Gerrard and Harrison (1971) for a half
space consisting of any number of anisotropic layers. A limited num-
ber of solutions by Gerrard (1967) illustrated the effect of layer
modulus on pressure bulb formation. The presence of rigid layering
concentrate the vertical stresses or condense the respective pressure
bulb size. A soft layer showed the opposite effect when compared to
the isotropic case. Although this study was a two layered mathematical
model, later cn Gerrard (1969) found similar results for the three
layer case. The presence of interfaces or anisotropy was first mathe-

matically modeled by Westergaard (1938). He assumed an elastic mass



to be reinforced laterally by horizontal inelastic sheets of negligible
thickness spaced at close intervals in the vertical direction, prevent-
ing lateral strain in the mass. This simulated extreme anisotrqpy and
produced values less than Boussinesq theory. Layering of a finite
thickness was first solved by Mededeligen (1966). The mathematical
solution contained two constants necessary for evaiuation before prac-
tical application. Hayashi (1966) considered the stresses along slip-
ping interfaces to be approximated by the Pascal distribution. The

importance of the friction coefficient was mathematically verified.

Arching Concept

Arching explains that interaction results from stress field dis-
turbances due to openings rather than pillars. The most commonly used
theory is the Pressure Arch Theory. It contends that the deflection of
nearby roof strata into a mine opening causes the weight of the remain-
ing overburden to transfer onto the solid abutment. The resulting load
on the abutments has a stress distribution which concentrates to a peak
at the abutment and eventually reduces to normal cover load some dis-
tance from the abutment. The distance between the peak stresses is
known as the pressure arch width. Tield observation found the maximum
pressure arch width to be a function of its depth (Hast, 1958). The
maximum width of the arch was empirically approximated as 15 percent of
the seam depth plus 60 feet. The shape was described by Holland (1963)
as elliptical and extending to a distance of twice its width above and
below the seam opening. Furthermore, a high pressure zone extends

around the periphery of the arch creating a de-stressed zone inside it.



Fundamental to the design of room and pillar mines incorporating
arch theory is the defining of the excavation in terms of its openings.
In order for an entire panel to act as an excavation or single opening,
the pillars must yield. This yielding causes the stresses to arch
around the entire section. Thus the effective opening width extends
across the entire panel. The panel pillars must be small enough to
yield yet large enough to avoid collapse. Rough guidelines are given by
Stefanko (1978). However, if the pillars are too large and no yielding
occurs, independent arches form around the openings. Conversely, if
the pillars are too small and collapse, a caving zone results. Usually
dome shaped, Peng and Chandra (1980) estimate the height of the dome to
extend 30 to 50 times the seam height above the seam. Stemple (1956)
was the first to recognize the importance of stiff strata such as sand-
stone in restricting the height of the caving zone. Strata above the
caving zomne may still sag and act with the caved area in arching
stresses. Thus, the extent of arching is controlled by both geometric

and geologic parameters.



IIT. TINVESTIGATION OF INTERACTION

Variables Affecting Interaction

The variables affecting interaction may be classified as fixed and
mining variables (Haycocks, 1982). The fixed variables would include
innerburden thickness, innerburden physical characteristics, seam depth,
seam thickness, stress field, and coal characteristics. The mining
variables include dimensions and geometry; spatial location of entries,
mining method and height. The variables for each category are arranged
in decreasing importance. As a first step toward quantifying the pillar
load transfer mechanisms, three major variables were considered that
might affect stress distribution resulting from overlying mining activi-
ties. They are pillar geometry, stratification, and strata
characterist;cs.

a) Pillar geometry includes most variables which affect the stress
distribution across a pillar. The loading of a pillar is a function of
many variables. The percent extraction, pillar and opening dimensioms,
type of roof support, strength and compressibility of coal, surrounding
strata, cover load, type of mining, time, and seam inclination all
interact to form the stress distribution through a pillar. As yet, no
technique or procedure has been developed incorporating the above vari-
ables to predict pillar stress distribution. Furthermore, few studies
exist for Appalachia which detail the complete stress distribution
across a pillar. This reflects the high expense of instrumentation and
the specialized training and skills required for their use. However,

the factors controlling a pillar stress distribution may be qualita-

\O



tively assessed. Holland (1952) recognized the importance of pillar
width on the stressform across a pillar. For large pillars, the verti-
cal stresses peak inside the abutment and trough to cover load at some
deeper point inside the pillar. As the width of the pillar decrease
the trough stresses increase to values above cover load. Finally, for
high extraction or a small pillar, a near uniform stress distribution
results. Widdas (1973) found the peak stress value unchanged by vary-
ing pillar width. This is due to zone of broken coal surrounding the
pillar's solid core. Hobbs (1966) showed the broken rock capable of
supporting load. This yield zone, a product of high stress concentra-
tions exceeding coal strength, defines the location of the peak stress
in a pillar. Coates (1967) estimates the yield zone to commonly be two
to six feet into a pillar's interior. Wilson and Ashwin (1972) gave
the practical value for the yield zone depth as one and one-half percent
of the depth. However, Whittaker (1977) illustrated the importance of
surrounding strata in determining the location of the peak stress in a
pillar. Not only is the peak location subject to variatiom, so is its
magnitude. Widdas (1973) measured the peak stress magnitude to be three
to five times the cover lcad. Hast (1958) approximated peak abutment
stresses at twice the cover load. Explanations for the variation in
results for both peak stress and location are offered by Salamon (1974),
Coates (1965), and the U.S. National Committee for Rock Mechanics
(1977). One such theory uses a progressive failure of the pillar due
to extrusion of soft floor material from under the rib over time.

Widdas (1973) estimates such action to occur when soft floors exceed
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three feet in depth. Although the stressfcrm over a pillar may change
with time, Spedding (1976) states that the stress in a pillar can be
retained almost indefinitely. RBecause of the aforementioned complica-
tions involved in defining the load distribution of a pillar, the
modeling of a prototype mine layout is difficult. Consequently, the
load distribution of a pillar is best represented by a controlled
external load.

b) Stratification is the most characteristic feature of sedimen-
tary rocks. It is dominantly of mechanical origin. Jackson (1970)
classifies two distinct properties of sedimentary rock. The first is
stratification, a depositional property, and the second is splitting
characteristics. Splitting is secondary in origin and may be due to
groundwater, compaction or mining. Mine geology of the Appalachian
region shows the innerburden of two contiguous seams to be chiefly
shale and sandstone. To a lesser extent, clay, limestone and coal
rider seams may be present. However, all are sedimentary in deposition
and character. Shalé by definition shows bedding-plane fissility or
laminations. Fissility, or splitting parallel to bedding, is charac-
teristic of some claystones and many siltstones. Carbonaceous and
argillaceous shale tend to be extremely fissile. Sandstone, the other
main contributor to the innerburden, is characterized by a different
kind of bedding. Formed by currents of wind or water, the cross-
bedding of sandstone is depositional in origin. Quartz and lithic
sandstones frequently exhibit cross-bedding. Graywackes, on the other

hand, have a fine grained graded bedding and, when underlain by shale,
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flakes and chips are common. Although a bed is defined as a stratum
one centimeter or more thick, small scale tedding is often overlooked
in the defining of beds in geologic profiles. A tendency to group
sandstone or shale beds into a single lithology results in simplified
view of innerburden geology. Nevertheless, such stratification pro-
cedure is necessary for the practical modeling of the innerburden.

c) The strata characteristics may be mechanically represented by
their elastic properties. Of primary concern would be the relative
stiffness of the individual strata. The modulus of elasticity is the
measure of the stiffness or ability to deform under load. Generally
shale has a lower modulus of elasticity than sandstone. The modulus of
elasticity is not only influenced by the internal structure of the
rock, but its degree of fracturing as well., Obviously, a highly frac-
tured material would deform more than a solid material under identical
loading. Thus, fracture zones effactively lower the modulus of the
rock. Due to the high compressive stress concentrations below a pil-
lar, the floor is often fractured. Xing, et al (1972) have shown that
vertical fractures running parallel to the main axis of a pillar, are
crossed by more widely spaced shear fractures orientated vertically.
The spacing of the fractures ranged from 0.25 to 1.5 inches in mudstone
depending on the magnitude of the stress. Adler (1968) estimates the
depth of fracturing to be dependent on seam thickness, and to extend
above and below the pillar. The fracturing above the pillar is influ-
enced more by the opening width, however. In any case, the inner-

burden is likely to comnsist of fractures which effectively reduce local
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moduli and also complicate stress transfer in ways difficult to

simulate.

Photoelastic Approach

When a birefringent material is loaded and viewed under the
special light of a polariscope, fringes appear which are directly pro-
portional to the resﬁlting shear stress. This is the basis of photo-
elasticity.b Because other components of stress, in addition to shear,
are usually desired, various mathematical procedures were developed.
The most common method, the "Shear Difference", gives the horizontal
and vertical stress components for any point in the photoelastic
material defined by a grid. After loading, the photoelastic material
is examined under cross circular polarized light produced by the polar-
iscope. Alternating light and dark patterns cover the stressed areas,
the dark bands representing light interference are known as fringes.
The fringes are assigned an order, or number, which depends on boundary

conditions. The fringe order is directly proportional to the maximum

shear stress at a point or the difference between principal stresses.

Tmax

|

Tmax = maximum shear

01 = major principal stress
9, = minor principal stress
n = fringe order
f = material fringe factor

t = material thickness
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In order to resolve the principal stresses, the isoclinics are
needed. By adjusting the polariscope a plane polarized light field
yields the inclination of the principal stresses to the vertical for
any point on the grid. The grid must extend from a boundary. When it

extends from a vertical boundary the basic equation of equilibrium is

§ ox , 8§ Txy _
8x * sy 0

where cx is the horizontal stress component and
Txy is the shear stress component.

Integrating the above equation along the horizontal direction, X

X X

1 56:::; e = - L ssTg
X x 7
o] Q

the following expression is obtained.

fe) - g =_é.£2§zAX
Xy X AY

If the grid elements are square (AX=AY), the resulting equation for two
successive lateral stations along a grid, X and xl, is
GX = GX - A Txy
1 o}
where the difference of shear is defined by the shear above (A) a
station on the grid minus the shear below (B) it.
= T -
A Txy = Txy, - Txy,
Because the x-component of stress equals zero at a vertical boundary,

the above two equations combined may be written for any other statiom

(n) along the grid row.



15

The shear stress along the x-y plane is defined in terms of the experi-
mental output--the fringe order (n) and the principal stress
inclination (©).

Txy = E% gin 20

With the horizontal stress compornent known for all stations of the
grid, the vertical stress componsant (cy) is easily found.

g =0 - 2of cos 29
v b4 t

The accuracy of the above solution depends on the grid element
size. Typically, a 20 x 40 grid was used to define a 10 x 15 inch
area. That is, 800 stations from which both fringe order (n) and
principal stress direction (@) were determined. The analysis of this
quantity of data requires the use of a computer. Therefore, a computer
program was developed (Appendix 1).

The photoelastic experimentation was limited to a two dimensional
approach. Coates (1965) states that when opening length exceeds twice
or more opening width, two dimensional approximations are justified for
engineering purpose. This was evidenced by Heuzé (1970) who found only
small changes in stress along the length of pillars in a room and
pillar mine. Also, the additicnal constraint of plane stress analysis
was used. However, Frocht (1948) established that when lateral dimen-—
sions of a model equal or exceed four times the thickness, plane stress

theory gives excellent results, Such conditions were mnet.
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Finite Element Approach

In this mathematical technique a continuous solid is modeled as a
mesh of a finite number of elements interconnected at corner or nodal
points, The nodal points and elements are assigned numbers, and the
coordinates of the nodal points determined. Throughout displacement
the straight lines forming the elements remain straight. From this
the strains and stresses are then evaluated according to equilibrium
equations. The basic equilibrium equation for each element is of the
form

(£) = x| W
where (f) are the nodal point forces, (u) are the resulting nodal point
displacements, and k is the stiffness matrix of the system. Equations
of this type may be written for all elements in the mesh and these are
solved simultaneously to give the final values of nodal point stresses,
displacements, and element stresses.

The two-dimension plane strain finite element program used in this
analysis was written by Desai and Abel (1972) and utilizes both rec-
tangular and triangular elements., A typical model contains approxi-
mately 1,404 elements and 1,324 nodal points. The total model width
is 240 feet while total height is 420 feet. Poisson's ratio of all
materials is set at 0.25, Density of the rock is considered to be 150
pounds per cubic foot and density of the coal is set at 100 pounds per
cubic foot. Base nodes on the models were fixed in the X and Y

direction with side nodes free to move in the Y direction,



IV, PASSIVE INTERACTION MECHANISMS

When the load from the upper seam pillars is transferred unaltered
in magnitude or direction by lower seam mining, passive interaction
occurs, This condition would apply to ummined lower seams, or in the
case of mining, where pillars are large enough to prevent lower seam
yielding. In both cases, the load distribution received by the lower
seam would be the same. The effects of pillar geometry, innerburden
stratification, and innerburden strata characteristics on passive
interaction are studied by considering pillar loading, innerburden

layering, and layering modulus in a photoelastic approach.

Pillar Loading

Prior discussion revealed many variables which influence pillar
loading and its resulting stress distribution. It would be unrealistic
to model pillar loading from simulation of mine conditions, Further-
more, because the stress distribution across a pillar is difficult to
mathematically represent, pillar stressforms were represented by con-
trolled external loading on a photoelastic material. Four typical
pillar load distributions were chosen., They were named according to
the amount of stress reduction from the peak to trough of the load.
Because this stress reduction is a function of pillar width, the stress-
forms were of varying widths as well. The stressforms are illustrated
to scale in Figure 1. The 1-1 stressform would be typical of an iso-
lated remnant pillar or a pillar stump. This uniform load distribution

is assumed in the Tributary Area method of pillar design which,

17
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peak=1 peak=1
trough=1 trough=.85
(1-1) (1-.85)

/( i

peak=1
trough=.60
(1-.60)

| IR REER

peak=1
trough=.25
(1-.25)

Figure 1. ZExternal Load Distributions (peak stress=2.0
psi, 1-1 load width=1.2", 1-.85 load width=2.4", 1-.60
load width=2.4", 1-.25 load width=4.8").
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according to Duvall (1948), is only reliable at extraction ratios
exceeding 75 percent, For lower extraction ratios or increased pillar
sizes, the trough deepens, but no change is expected in the peak, The
1-.85 and 1-.60 stressform would respectively represent larger pillars,
The largest pillars of a room and pillar mine are the barrier pillars,
The central region of a large pillar may be stressed at cover load.

The trough would flatten out in such a region. This is illustrated by
the 1-,25 stressform which has the peak stress four times the cover
load stress of the trough. Regardless of their representation, stress-
forms vary widely in a mine layout and their effects should vary as
well on an underlying seam.

In order to achieve the desired stressform, two horizontal slcts
were cut into each edge of a photoelastic material pillar. This re-
duced the normally high stress concentrations found at the edge, By
varying the width of the pillar, the various stressforms were created.
A thick photoelastic layer was used to load the pillars to a peak
stress of approximately two pounds per square inch. The photoelastic
materials, polyurethane rubber (PSM-4), were machined by techniques
outlined by Neall and Haycocks (1974) and Neall (1975). The loaded
pillar was considered to act as én external load to the photoelastic
sheet on which it rested. The measured values of the pillar stress-
forms were obtained photoelastically at the pillar/sheet interface
where the zero isoclinic crossed. This indicated the presence of
vertical loading and made the computation of the stressform easy, The

pillar type loading dissipated at various levels throughout the photo-



elastic sheet. The stress influence level for a point below the
stressform was defined as the vertical stress at that point divided by
the peak stress in the externally loaded stressform. Figure 2 shows an
example of stress dissipation below a stressform. Other examples of
stress dissipation under the various stressforms of Figure 1 are locat-
ed in Appendix 3.

The results analyzed in Figures 3 and 4 are in terms of pillar
width, influence level, and trough depth. TFor all of the influence
levels examined, the same trend shows between stress transfer distance
and stressform. With respect to the pillar size, both the vertical and
horizontal stress transfer distances increase as the trough of the
stressform diminishes. The maximum stress transfer for pillars of
equal width is found in the uniform load, whereas, the minimum transfer
distance is associated with troughing of the stressform. The trend for
lateral dissipation is not nearly as strong as that of vertical trans-
fer where the range varied from 1.5 to 4 pillar widths. Although this
range is quite significant, it will be offset in terms of actual dis-~
tance transferred. This is due to the more deeply troughed stressforms
though less influential in terms of width, usually represent larger

pillars in the field.

Innerburden Modulus

In an attempt to isclate the behavior of stress dissipation or
transfer as affected by moduli, the following series of experiments
was set up. The first series tested the behavior of stress under the

1-.85 stressform. The second and third series tested the load transfer
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under 1-,60 and 1-.25 stressforms respectively., Five different base
materials of varying moduli were placed 7,5 inches below each stress-
form, A photoelastic sheet intervened the stressforms and base mate-
rials. To negate the affect of the interface between the base material
and the photoelastic sheet, rubber glue bonded the two. Without slip-
page or discontinuity, an interface has no effect on the stress trans-
fer, Because the base materials are opaque, the stress analysis was
limited to the photoelastic sheet.

In an experiment separate from the series, an opaque layer of modu-
lus one-third that of the photoelastic material was vertically extended
below a 1-.60 stressform to various depths. Stress analysis in this
case was limited to only the maximum vertical distance the stress trans-
ferred. Standard beam deflection tests were used to measure the moduli
of all the materials. The materials and moduli are listed in Table 1,
The stress bulbs or influence levels for two of the tests of series omne
are shown in Figures 5 and 6. The remaining tests of series one and
the results of series two and three are located in Appendix 3.

From visual inspection it was observed that a softer base matérial
served to distribute the load, whereas a harder base concentrated the
stresses, Figures 7, 8, and 9 illustrate these results and demonstrated
that when the stress influence factor is plotted against the distance
below the pillar for the different base materials, a non-linear curve
results, This curve is shaped similar to those predicted from mathe-
matical solutions of uniform loading, A linear trend results when bulb

depth is graphed with modulus ratio of the first or photoelastic layer
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TABLE 1
Modulus of Experimental Materials

Material Modulus (E) Modulus Ratio (E Base/E PSM-4)

Photoelastic 680 psi 1
PSM-4 material
(Polyurethane Rubber

[ Sponge Rubber 65 psi 1/10
Compressed Foam
Rubber 210 psi 1/3
Natural Rubber 320 psi 1/2
Neoprene 2400 spi 31/2
|_ Sheet Styrofoam 5300 psi 8

Beam Equations:

External Loadin E = PL3
&s 48 V. I
ma
59 1°
- : = =95
Self-Loading, E 384V I
max

Where: beam length
point load

material density

1/12 bh>
= midspan deflection

<+~ a9

max
beam base width
beam height

o

= o
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to the base material. The scaie for modulus ratio has a base of two,
This enabled equal comparison of different modulus material from the
isotropic case where the modulus ratio equals one, Because the scale
is exponential in nature, the resulting regression equations establish-
ing the linear trends are logarithmic, Each series of experiments,
representing several stressforms, showed the same trend of increasing
both lateral and vertical stress transfer by introducting a softer base
material. The analysis of series two and three is located in

Appendix 3. This trend held true even when the base layer was placed
deeper than the maximum transfer distance of the isotropic case. In
fact Figure 10 shows the results of extending a low modulus layer
directly below the stressform, The trend is linear for the vertical
stress transfer distance regardless of the layer's depth. This shows
the unimportance of the material's location and the importance of the

amount.

Innerburden Layering

The surface geometry of rock interfaces is complicated and diffi-
cult to simulate, The behavior of layer interfaces is controlled by
the degree of interlock, cementation, nature of adjacent materials, and
the effective normal pressure across the interface. Under passive con-
ditions, where strata deflection is limited, the high compressive
forces across the innerburden layering results in a no slip condition,
Lee and Chappel (1968) found the theory of elasticity valid when the
existing stress enviromment is sufficient to suppress potential slip

strains between interfaces, Results of photoelastic testing by Ergun
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{1970) show the stress distribution across an interface will be the
same as the continuous medium when no slip and no voids are present,
Thus any interruption of stress transfer due to laver interfacing would
be due to voids under passive conditicns. Active conditions, a result
of sufficient extraction in the lower seam to cause layer deflection,
would result in high shear stresses in the innerburden and a greater
potential for interlayer slippage.

Figure 11 shows the effect of an interface at 5.75 inches below a
1-.60 stressform. The flaring in of the stress bulbs at the interface
was attributed to small voids in the layer surfaces created by the
machining of them. 1In this and the following experiments, no slippage
was observed. To further test the effect of layering, the entire
photoelastic sheet under a 1-1 stressform was layered. Figure 12 shcws
the approximate stress dissipations for 2.0 layering. In order to
establish a trend, a series of experiments involving the degree of
layering were conducted. Layers 0.3 inch thick were extended below a
1-1 stressform to various depths, The layering extended to six differ-
ent levels below the stressform. An example from this series of tests
is shown in Figure 13. The remaining layering tests are located in
Appendix 3, The final layering experiment tested the effect of treated
interfaces on stress transfer, An interface 2.0 inches below a 1-.85
stressform was treated with "Teflon" (¢=43°) and chalk ($=26°). The
untreated interface with a friction angle of 37° was used for compari-
son. The static friction angles were measured by a sliding svstem

technique., Simply stated, the angle of friction is the angle at which
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sliding commences when twe layers cf the material are inclined, Yo
trend was established relating friction angls with influence bulb
behavior for the interface., Test resulis from the interface test are

located in Appendix 3. The lack of a trend was due to different nature

:

of chalk and "Teflon", perhaps reflecring differences in cohesion.
Figure 14 quantitativelv illustrates the effect of an interface at
two different depths on stress influence levels measured directly under
a 1-.60 stressform, Generally, the stress levels are reduced, Al-
though the lower interface appears more influential, an interface below
the iscotropic stress transfer distance has no affect. Figure 15 repre-
sents the fully layered conditions, Here, both the thick and thin lay-
ering served to concentrate and extend the stress transference. The
thin layering (0.3 inch) almost doubled the distance the stress trans-
ferred. The thick layvering, representing fewer interfaces, still in-
creased the stress transfer distance cver the isotropic case, but did
so at distance less than the thin layering. The influence of increas-
ing the degree of layering or number of interfaces is graphed in
Figure 16. This experiment which extended 0.3 inch layering to various
depths, illustrates the importance of discontinuity in stress transfer.
The more layers or levels of discontinuity, the deeper the stress
transierred. The increase is non~linear from the isotropic case. This

indicates the lower interfaces are more infiuential in increasing the

Hh

1
L

stress transier, his peint is emphasized in Figure 14 as well where
the lewer interface served to increase the stress transfer more than

the upper interface. Figure 17 examines the individual stress influ-
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ence bulbs. In some cases they were contained to the layering, and in
others they projected below the last interface of the layering, Wheth-
er within or below the layering, the layering served to transfer the
stresses deeper for all the stress levels. Figure 18 shows that the
lateral stress transfer distance remains the same regardless of the
amount of layers extended below the stressform. However, this appears
to be true only within sufficient layering, Sufficient layering for
the experiment was established after 65 percent of the maximum iso-
tropic stress transfer distance was layered, Up to this point the
stress bulb increased in width, however, when more layering was added,
the widths cutside the layering decreased while the ones inside the

layering remained comstant in width,
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V. ACTIVE INTERACTION MECHANISMS

Pillar loading was well defined for the upper seam, consequently
passive interaction mechanisms were best analyzed using the pressure
bulb concept. However, high compressive stresses transferring from
overlying pillars complicate lower seam loading. These stresses and
the extra weighting of the innerburden combine to induce possible
yielding in the lower seam pillars. As a result, the lower seam panel
effectively acts as a single opening transferring some of the stresses
which normally would have loaded the pillars to the panel abutments.
This change in lower seam loading during its mining is known as active
interaction and is best analyzed using the concept of arching. Because
of dimensional requirements arching is best approached by finite

element.

Arching

Arching explains the behavior of stresses around large openings.
Such openings are represented by longwall mines and sufficiently yield-
ing room and pillar mines. The pressure arch theory based on field
data is the most used arching theory. It estimates a high pressure
zone to arch in an elliptical shape above an opening, while the area
within the arch is de-~-stressed with respect to normal cover load.
Arching would redistribute transferred stresses away from underlying
pillars and concentrate them on the panel abutments. This would in-
crease the stability of the lower seam pillars. Figure 19 shows the

formation of arch about a 5 x 60 foot opening at 285 feet in the finite
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element model. The de-stressed zone within the arch is illustrated
along with the elliptical shape of the arch which is symmetrical both
above and below the opening. The height cf arching extended to a dis-
tance nearly equal that of the opening width. The height was defined
as the distance above the opening where the principal stresses differed
by at least 5 percent from the virgin stress field. Although a highly
extracted panel may be idealized as a single excavation due to yield-
ing, the pillars still carry load. TFigure 20 shows three 5 x 20 foot
openings separated by 10 feet. ©Notice that although the pillars are
loaded, the overall excavation acts to arch the stresses above it.
However, where lower extraction ratios or less stressed pillars occur,
overall panel arching extinguishes due to non-yielding pillars which
are usually large in size. Under such conditions, only arching above
the individual openings occur. The same three openings separated by
60 feet show individual, but not overall, arching. The stress vector
plot detailing two of the openings is located in Appendix 3.

To test the effect of pillar loading on arching over an under-
lying, yielding seam, a 5 x 20 foot opening was offset 25 feet over a
5 x 60 foot excavation. Figure 21 shows how the abutment stresses,
induced by the opening arched over the underlying excavation. The
shape of the arch was unchanged by either one of the abutments trans-—
ferring stress over it and to the sides of the underlying excavation.
When the same opening was centered over the underlying excavation, the
abutment stresses of the opening were noted to be considerably lower

than when an opening was not influenced by other excavations. This can
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be seen by examining the overlying opening in Figure 22 with Figure 23
which shows just a single opening at equivalent depth. The arching of
the lower excavation served to reduce the abutment stress magnitudes of
the overlying opening. Thus, arching of the lower seam may not only
serve to distribute the stresses more favorably, but also to reduce

overlying stress concentrations.

Arch Behavior

Geometry, layering, and layer modulus were all variables affecting
pressure bulb formation during the study of passive interaction. The
influence of layer modulus and geometry were illustrated using finite
element method. The effect of a stiff layer was analyzed by placing it
25 feet above a 5 x 60 foot opening and varying its thickness. The
5 x 60 foot opening was illustrated before in Figure 19. The arch ex-
tended 60 feet above the opening which was 285 feet deep. When the
same opening is overlain by a 10 foot layer with modulus five times
that of the isotropic case, the arch is extended by 15 feet. Not only
does the modulus of the stiff layer aid in increasing arch height, so
does the layer thickness. When the layer was tripled to thickness to
30 feet, the arch height increased to 80 feet. The stress vector plots
for the tests on modulus are located in Appendix 3. Thus, thick hard
layers in the innerburden would contribute to arch formation and favor-
ably increase lower seam stability by either arching overlying stress
concentrations to lower seam abutments or by lowering overlying pillar

stress concentration.
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Arching of the lower seam may interact with other openings causing
either de-stressing or stress concentration depending on the geometry
of the mining situation. Figures 24 and 25 show how the arches of two
5 x 20 foot openings interact at 25 and 55 feet apart, respectively.
The lower opening depth was 105 feet. The first figure shows relative
independence while the second shows the arches interacting. High
lateral stresses were noted in the innerburden between the two openings
when the arches interacted. However, for increased interaction, a de-
stressing zone results. Figure 26 illustrates the de-stressed zone
between two 5 x 60 foot openings 25 feet apart. The lower opening was
135 feet deep. Figure 27 illustrates how arching may result in high
stress concentrations. The 5 x 60 foot opening was 135 feet deep and
the 5 x 20 foot opening was 30 feet above it. Higher abutment stresses
resulted in the smaller opening as compared to the same opening of
equivalent depth in Figure 23. High arching stresses of the lower seam
may concentrate in overlying pillars causing them to fail. Under such
conditions, the overlying seam may arch as well. The arching inter-
action of the two contiguous seams may serve to create a de-stressed
zone in the innerburden provided the excavations are of close proximity

and are columnized.
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FPigure 25, Finite Element Stress Vector Plot
(2, 5x20 foot openings separated 55 feet, lower
opening at 305 feet).
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VI. CASE STUDIES

The mechanisms of mine geometry, innerseam stratification, and
strata characteristics were theoretically and experimentally verified
to control stress transfer behavior from overlying pillars to subadjac-
ent horizons. In an attempt to verify their presence in the field,
thirty-two case studies of Appalachian room and pillar mines were exam-
ined where the upper of two contiguous seams was mined prior to the
extraction of the lower seam. The case studies are referenced to pricer
investigations by Stemple (1955), Hasler (1951), and Peng and Chandra
(1980). The pertinent case information is listed in Table 2. General-
ly, the cover, innerburden thickness, and extraction ratios were quan-
titatively given. However, the geology of the innerburden was obtain-
ed from either lithological core logs or detailed descriptioms. Lower
seam stability was based on qualitative description of lower seam con-

dition. Instability was based on any disturbance in the lower bed

which sufficiently disrupted its mining.

Data Amnalysis

Prior to the extraction of the lower seam, a trend was developed
for the single upper seam using information from Stemple. It has long
been observed that extraction ratio must decrease as cover load in-
creases to maintain seam stability. Figure 28 plots the cover load of
a seam versus its extraction ratio for stable and unstable couditioms.
The linear approximated trend shows the requirement of decreasing

extraction ratio as seam depth increases. However, such a trend does



Case
MNo. Location

1 Raleigh Co.,
W. Va.

2 Raleigh Co.,
W. Va.

3 Dickenson Co.,
Va.

4 Kanawha Co.,
W. Va.

5 Kanawha Co.,
W. Va.

6 Kanawha Co.,
W. Va.

7 Kanawha Co.,
W. Va.

8 Kanawha Co.,
W. Va.

9 Kanawha Co.,
W. Va.

10 Wise Co.,

Va.

TABLE 2

CASE STUDY INFORMATION

Est. No. Est. %

Bed Names Cover (ft.) Innerburden (ft.) Ext. Upper (%) Ext. Lower (%) Innerlayers Sandstone Stability
Beckley/ 450 285 85 80 4 - Unstable
Pocahontas No. 3
Beckley/ 450 270 90 90 8 27 Stable
Pocahontas No. 3
Upper/Lower 700 75 50 80 - 60 Stable
Banner
No. 2 Gas/ 450 90 50 60 3 60 Stable
Winifrede
Dorothy/ 300 280 65 75 12 30 Stable
No. 2 Gas
Belmont/ 150 140 60 60 - —-- Stable
Dorothy
Winifrede/ 500 200 70 80 8 30 Stable
Cedar Grove
Winifrede/ 1500 300 70 57 1 - Unstable
No. 2 Gas
Coalburg/ 300 260 75 80 i1 20 Stable
Winifrede
Taggart/ 1800 54 77 70 6 62 Unstable
Thacker

8¢



TABLE 2 (Continued)

CASE STUDY INFORMATION

Case Est. No. Est. %
_No. Location Bed Names Cover (ft.) 1Imnerburden (ft.) Est. Upper (%) Est. Lower (%) JInnerlayers Sandstone Stability
11 Harlan Co., taggart/ 2300 35 80 65 2 80 Unstable
Ky. Thacker
12 Floyd Co., Elkhorn No. 2/ 500 27 75 60 S 10 Unstable
Ky. Elkhorn No. 1
13 Cambria Co., Upper/Lower 450 115 85 85 8 28 Stable
Pa. Kittanning
14  1Indiana Co., Upper Freeport/ 100 200 80 60 - - Unstable
Pa. Lower/Kittanning
15  Alabama Thompson/ 500 380 60 62 - - Stable
Woodstock
16 Monongalia Co., Sewickley/ 600 80 85 65 8 22 Unstable
W. Va. Pittsburgh
17 Mingo Co., Upper/Lower 500 70 74 70 12 ~- Unstable
W. Va. Thacker
18 Mingo Co., Upper/Lower 450 70 70 70 - -= Stable
W. Va. Thacker
19 W. Va. Sewickley/ 1000 65 55 95 2 - Stable
Pittsburgh
20 Appalachian Unknown - 300 70 95 4 20 Stable

Region

6¢



Case
No. LLocation
21 Staffordshire
Area
22 Utah
23 Scotland
24 Cambria Co.,
Pa.
25 Cambria Co.,
Pa.
26 Cambria Co.
Pa.
27 Cambria Co.
Pa.
28 W. Va.
29 W. Va,.
30 W. Va.

TABLE 2 (Continued)

CASE STUDY INFORMATION

Est. No. Est. %

Bed Names Cover (ft.) Innerburden (ft.) Ext. Upper (%) Ext. Lower (%) Innerlayers Sandstone Stabilitry
Mass/ 1530 570 - - - - Unstable
Ten Feet
Upper/Lower 500-1300 40 90 - 2 - Unstable
Sunnyside
Upper/Lower 1160 71 - - 13 - Unstable
No. 1
Lower Kittanning/ 100 18 - -— 1 100 Unstable
rider
Upper Freeport 300 220 - - 18 32 Stable
Lower Kittanning
Upper/Lower 300 45 - -— 5 10 Unstable
Freeport
Upper/Lower 200 110 - - 8 40 Stable
Kittanning
Cedar Grove/ 200-350 80 - - 5 44 Unstable
No. 2 Gas
No. 2 Gas/ 1200 200 - - 11 52 Stable
Eagle
Winifrede/ - 300 70 - 8 20 Stable

No. 2 Gas

0%



TABLE 2 (Continued)

CASE STUDY INFORMATION

Case Est. No. Est. %
_No. Location Bed Names Cover (ft.) Innerburden (ft.) Ext. Upper (%) Ext. Lower (%) Innerlayers Sandstone Stability
31 W. Vva. Peerless/ 1000 25 55 95 3 - Stable
No. 2 Gas
32 Pa. Sewickley/ 200 85 - - 3 22 Stable
Pittsburgh

19
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not exist for the lower of two contiguously-mined seams. Interaction
affects the trending of stability.

The majority of multiple seam cases studied had 20 foot entries on
70 foot centers. This upper seam geometry was quite common and, as a
result, the extraction ratio of the seam would reflect relative pillar
size. Experimentally, the small, more uniformly-stressed pillars
transferred stress further in terms of their width, than did the large
pillars which had troughing stressforms. This mechanism is illustrated
in Figure 29 which plots the upper versus lower seam extraction ratios.
As the upper seam extraction increased, the stability of the lower seam
was adversely affected. Because lower seam stability is a function of
its pillar size or extraction ratio, this wvariable is plotted on the
horizontal axis for comparison. It was expected that the larger pil-
lars would inheritently be more stable for the various stresses sub-
jected by the overlying pillars. This, however, was not the case.
Conversely, smaller pillars in the lower seam were more likely to be
stable than large ones. This is represented by the increase in the
percentage of stable cases as the lower seam extraction ratio increas-
es. The mechanism of arching best explains why the smaller yielding
pillars are stable, while the large pillars, which receive higher
stressing from passive interaction, are unstable. This phenomenon
illustrates the interaction of both passive and active pillar locad
transfer mechanisms. The passive conditions hold until yielding occurs
during the extraction of the lower seam. As the innerburden stratum

deflects during mining, a lower seam arch forms and extends beyond the
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upper seam. Both pressure arch theory and finite element predict the
height of the arch to exceed the maximum innerburden thickness of 380
feet. Figure 30 shows the trend to be consistent over the range of
innerburden thickness examined. The stability cut-off point was an
extraction ratio of one. This emphasizes the importance of decreasing
pillar size in descending extraction sequences.

The mechanism of innerburden stratification is illustrated in
Figure 31. A similar linear trend was developed in the experimental
layering. Although the innerbeds numbered from 2 to 17, the trend is
unreliable beyond 10 innerbeds due to lack of information. A mono-
lithic innerburden requires at least a 52 foot seam separation for
stability, whereas a 10 stratum innerburden requires a separation of
at least 120 feet. The interfaces between shale, sandstone, and coal
defined the innerbeds. The last mechanism studied, strata character-
istics, showed the experimental and theoretical importance of layer
modulus of the innerburden. Softer layers contributed to pressure bulb
formation, while stiff layers restricted stress transfer from overlying
pillars and aided iﬁ arch formation over the lower seam. Figure 32
plots the percent sandstone in the innerburden versus the innerburden
thickness required for stability. The innerburden was comprised chief-
ly of shale and sandstone, the shale being of lower modulus than the
sandstone. The increased sandstone in the innerburden significantly
contributes to lower seam stability. The trend appears reliable over
the entire range of sandstone percentages. Required innerburden thick-

ness for stability differed from 42 feet for total sandstone to 110
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feet for complete shale innerburdens. Although sandstone is often
massive in nature, there was no correlation between sandstone and low
innerbed numbers. The trends exhibited by stratification and strata
module are independent. These trends, in addition to the geometric
trends of extraction ratio, provide valuable guidelines for multi-seam
mine design.

Profiles of multi~seam mine geology for sample seams in West
Virginia, Pennsylvania, Kentucky, Alabama and Virginia are located in
Appendix 3. Not only does the innerburden geology vary regionally, but
locally as well. The profiles from McDowell County, West Virginia of
Pocahontas Seams 3 and 4 illustrate the local variation possible in
percent sandstone and innerbed number of the innerburden. The remain-
ing profiles of the various seams studied reflect the limitless combi-

nations of shale/sandstone strata possible in the Appalachian regionm.



VII. SUMMARY

When the mining of the lower of two contiguous seams is planned
and the overlying seam has previously been mined or will be mined ahead
of the subadjacent seam, two types of interaction may be expected. The
first type, known as passive interaction, results from the transfer of
pillar and abutment stresses due to the overlying seam. The pillar
stress distribution is difficult to mathematically define, therefore it
was physically simulated using an external load on a photoelastic mate-
rial which served as the stress transfer medium. Since pillar loading
varies with extraction ratio, load distributions for several pillar
widths were assumed. In order to represent high extraction ratios an
external load of smaller width and near-uniform load distribution was
used. This idea was extended to include several pillar type loads by
increasing the width of the load distribution and forming a trough be-
tween the peak stresses of the pillar load distribution. The results
clearly indicated the deeper the trough, simulating larger pillars, the
less distance the stress transferred per pillar width. The stress mag-
nitude was greatest directly below the pillar loads for all horizoms.
This suggests pillar columnization as a means of reducing lower seam
roof problems. Because of the geological and physical complexities of
an innerburden, experimentation was not aimed at the modeling of a
prototype, but rather at establishing trends in stress transfer behav-
ior. Two other experimental trends, the presence of layering and low
modulus layers under pillar loading, served to extend its range of in-

fluence or transfer distance. The other type of multi-~seam mine
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interaction results from the mining of the lower seam. Known as active
interaction, it chiefly affects the lcad transfer by arching. Because
of high pressure exerted on lower seam pillars by innerburden weighting
and stress concentrations from overlying workings, yielding is likely
to occur as the fractured and stratified innerburden deflects toward
the lower seam panel. Incapable of supporting much load, the pillars
arch the stresses normally transferred to them into the panel abut-
ments. Effectively, the entire cross-section of the panel can be con-
sidered as a single opening, although the pillars still carry load.
Although the finite element method is not capable of modeling the frac-
tured and layer separated innerburden, it is valuable for isolating and
understanding the mechanisms of arch formation. The presence of a
stiff layer was shown to increase arch height. More important, the
passive load transfer of overlying pillars was significantly altered by
arching, and in some cases the overlying pillar load was reduced. In
an effort to equate the theoretically based trends and interaction
mechanisms to reality, case studies from Appalachian room and pillar
coal mines, where mining of the upper seam had previously taken place,
were studied. The theoretical trends confirmed the presence of several
stress transfer mechanisms. The first, reflected relative pillar size
where the extraction ratios of two contiguous seams were compared in
terms of stability or instability of the lower seam. As extraction
ratio increased in the upper seam, more cases of instability occurred.
This is due to the increased magnitude and stress transfer distance of

small, more uniformly ioaded, pillars. Also, lower seam stability was
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maintained only when its extraction ratio was equal to or greater than
the upper seam extraction ratio. This suggests decreasing pillar size
when mining in descending order. The smaller the lower seam pillars,
the increased likelihood of lower seam stability. This active phenom-
ena is best explained by lower seam arching. The trend anticipated due
to layering surfaced in plotting the number of innerbeds or strata in
the innerburden against the innerburden thickness needed for lower seam
stability. Momolithic innerburdens were required up to 52 feet thick
for lower seam stability. Ten innerbeds required up to 120 feet of
innerburden for stability. This reflects the increase in stress trans-
fer due to layering. Another theoretical trend justified by the case
studies was the effect of hard strata in suppressing stress transfer-
ence: The percentage of sandstone in the inmnerburden was plotted
against the innerburden thickness needed for stability of the lower
seam. As predicted, the hard sandstone strata required a smailer
innerburden thickness. Values ranged from 42 feet for a total sand-
stone innerburden to 110 feet required for stability in total shale

innerburdens.



VIIT. CONCLUSIONS AND RECCMMENDATIONS

Based on the findings of this research, the following conclusions
can be made:

1. Two types of interaction occur in multiple seam room and pil-
lar mining-~passive and active. Passive interaction results from high
stresses of overlying pillars transferring to the lower seam. Active
interaction results when mining of the lower seam is extensive enough
to significantly alter the passive loading of the lower seam.

2. Both pressure bulb and arching analysis are valuable in
explaining multi-seam interaction depending on the situation being
analyzed. Pressure bulb analysis is useful in examining the pillar
load transfer mechanisms of passive interaction. Arching analysis of
the lower seam is useful in examining active interactionm.

3. Pillar load distribution affects the distance and magnitude of
load transfer. Troughing stressforms dissipate stresses faster and
with less influence than more uniform loads. TFor all stressforms,
pillar columnization probably represents the best method of minimizing
roof problems due to panel pillar loading.

4. Innerburden stratification aids in the vertical concentration
and transfer of pillar stresses. Interaction effects range from 52
feet for monolithic innerburdens to 120 feet or more where at least
10 strata compose the innerburden.

5. High modulus layering of the innerburden serves to inhibit
stress bulb formation, while low modulus layering increases both verti-

cal and horizontal transfer distances of overlying pillar loads. The
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range of interaction effects is from a minimum of 42 feet for total
sandstone to a maximum of 110 feet for complete shale innerburdens.
6. Lower seam extraction ratio must be equal to or greater than

upper seam extraction ratio to avoid interaction effects.

Recommendations for Future Investigation:

a) Development of a prediction equation for lower seam stability.

The study of pillar load transfer establishes linear trends relat-
ing the lower seam stability of two contiguously worked seams to the
following variables: innerburden thickness, percentage sandstone in
the innerburden, ratio of upper to lower seam extractions, and cover
load. A prediction equation for lower seam stability based on these
variables may prove reliable since the variables were verified, both
experimentally and in the field, as mechanisms of pillar load transfer.
Lower seam stability may be quantitatively assessed by assigning a
discretized scale to lower seam conditions. Multi-linear regression
analysis of field data would yield a suitable prediction equation for
lower seam stability due to the linear nature of the variables. The
regression analysis would reveal the relative importance or influence
each variable has in defining stability in addition to the competency
of the equation itself.

b) Field instrumentatiom.

A more accurate method of estimating pillar stress transfer to
lower horizons, than that of interpretation of lower seam conditions, is

accomplished by means of field instrumentation. By instrumenting upper
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and lower pillars, the stress transfer may be measured insitu and a
more refined understanding of stress transfer mechanisms will result.

¢) Study of load transfer between 3 or more seams.

Most investigations of multi-seam interaction consider the effect
of one seam or another. However, the interaction of several seams must
be considered as well. The load transfer between several horizons may
be complicated, but the mechanisms controlling it are likely to include

the ones already discovered.
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GUIDE TABLE FOR PROGRAM USE

Card one~-No. of grid rows, no. of grid columms,
peak stress in external load (psi).

Statement: READ, R, C, PEAK

Card set two--Vertical distance (in) from external
load horizon to each row.

Statement: READ, (YDIST(I),I=1,R)

Card set three--Fringe orders (n) across first
row and each successive row.

Statement: READ, ((N(I,J),J=1,C),I=1,R)

Card set four--Principal stress directions (9)
across first row and each successive row.

Statement: READ, ((THETA(I,J),J=1,C),I=1,R)

1. All matrices are set to accommodate a maximum
of 40 rows and 20 colummns. If a larger grid is
used, the dimensicns of the Declaraticn Statements
(lines 1 - 9) at program's beginning must be
increased.

2. The material fringe value of polyurethane
{PSM-4) is 0.23 psi/fringe/in.

If another photcelastic material is used,

the maximum shear stress TAU and the Y-component
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(formatted)
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of stress SIGMAY must be altered (line 34 and
line 111 respectively).
3. The material density of PSM-4 is 0.0385 psi/
inch depth.
If another photoelastic material is used, the
initial stress field ALPHA must be changed

(1ine 115).

All of the PRINT statements refer to ome of three
possible formats. The other format statements need
not be changed for they only identifv the output ma-
trix to be printed. The following three format

statements are capable of handling up to 20 columns.

Statement 102: FORMAT ('0',T10,20,(I12,4X))
Found on line 201, this statement conirols the

column numbering.

Statement 202: TFORMAT (' ',12,2X,20(16))
Found on line 202, this statement controls the

format of the PM matrix only.

Statement 302: FORMAT(' ',I2,4%,20(F6.2))
Found on line 203, this statement controls the

format of all matrices other than PM.

If more than 20 columns are used, space limitations
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may require the matrices to be printed in two

blocks rather than one.

Cautions 1. Lines 36-56 mark FLAG 1 at the 0 and 90 degree
isoclinics and attach the resulting sign (+ or -)
to the shear stresses. An alternating sign con-
vention is assigned from the model boundary com-
mencing with the minus sign. Grid values should
be adjusted or rounded-off to mark the appropriate
FLAG 1's.

2. Lines 76-108 mark FLAG 2 at the 45 degree iso-
clinics and attach the resulting sign (+ or -) to
the PM matrix which controls the relative magni-
tude of the X and Y stress components. An alter-
nating sign convention is assigned from the model
boundary commencing with the minus sign. Grid
values should once again be rounded-off to mark
the appropriate FLAG 2's. When no FLAG 2's are
set, the resulting PM matrix is positive. A
positive PM matrix results in a larger Y-component
of stress. An even number of FLAG 2's should be

set per row.



ADSTGY

ADTAU

ALPHA

cMi

DTAU

FLAG1

FLAG2

INFLTM

INFLTU

INFLX

INFLY

INFL1

INFL2
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GLOSSARY OF TERMS

vertical stress component adjusted to exclude body
loading.

average difference in shear stress between two
adjacent statiomns.

internal body loading due to weight of photoelastic
material

number of columns in a grid.

number of columns in a grid minus one.

difference in shear stress between a station above
and immediately below a particular station.
finishing point in a row for assigning flag signs
to a particular set of values.

marker for zero and ninety degree isoclinics so that
shear stresses can receive proper sign (+ or -).
marker for forty-five degree isoclinics to account
for situations where the X-component of stress
exceeds the Y-component.

influence level for maximum shear stress.
influence level for shear stress.

influence level for X-component of stress.
influence level for Y-component of stress.

major principal stress influence level,

minor principal stress influence level.



NC

NF

PEAK

PM

RATXY

RAT21

RM1

RM2

SIGMAX

SIGMAY

SIGMAL

SIGMA2

TAU

THETA

TTHETA

YDIST
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fringe order at a particular statiom.

column number

number of flags per row.

peak stress in external load applied.

plus or minus matrix for FLAG2.

number of rows in a grid

ratio of X-component to Y-component stress.
ratio of minor to major principal stress.

number of rows in a grid minus one.

number of rows in a grid minus two.

starting point in a row for assigning flag signs
to a particular set of values.

X-component of stress.

Y-component of stress.

major principal stress.

minor principal stress.

shear stress.

principal stress direction with respect to
vertical obtained from isoclinic at a particular
grid statiomn.

matrix which doubles the principal stress angle
with respect to vertical.

vertical distance from the external load horizon

to a row.



CONDUN S WN e

/ /[WATFIV BRIAN,PAGES=200,TIME=15

C

101

110

13

111

14

PROGRAM FOR INVESTIGATION OF PILLAR LOAD TRANSFER MECHANISMS

INTEGER R,C,FLAGL(40,20),FLAG2(40,20) ,RM1,CM1,PM(40,20)
INTECER RM2,NC(40),NF(40),S,F

REAL N(40,20) ,THETA(40,20) ,TTHETA(40,20),TAU (40, 20)
REAL ADSIGY(40,20),ALPHA (40),YDIST (40)
REAL DTAU(40,20),ADTAU(40,20),SIGMAX (40, 20) ,SIGNAY (40,20)
REAL SIGMA1(40,20),SIGMA2(40,20)

REAL INFLX(40,20), INFLY(40,20), INFL1(40,20), INFLTU(40,20)
REAL INFL2(40,20), RATXY(40,20), RAT21(40,20), TAUMAX(40,20)
REAL INFLTM(40,20), PEAK

DO 666 KKK=1,1

READ,R, C,PEAK

READ, (YDIST(I),I=1,R)

READ, ((N(I,J),J=1,C),I=1,R)
READ, ((THETA(1,J),J=1,C),I=1,R)

NC(1)=1

DO 101 M=1,C

NC (M+1)=NC (M)+1

PRINT 110

FORMAT('1', 'FRINGE ORDERS')
PRINT 102,NC

DO 13 I=1,R
PRINT 302,1,(N(T,J),J=1,c)

PRINT 111

FORMAT ('-', 'PRINCIPAL STRESS DIRECTIONS')

PRINT 102,NC

DO 14 1=1,R
PRINT 302,T, (THETA(I,J),J=1,C)

DO 1 L=1,R

DO 1 M=1,C

TTHETA (L,M)=ARCOS (0, ) /45*THETA (14, M)

CONTINUE

DO 2 T=1,R
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33
34
35

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

200
100

500
400
300

w &~

DO 2 J=1,C
TAU(I,J)=N(I,J)*0, 23*SIN(TTHETA(I,J))
CONTINUE
THIS PORTION OF PROGRAM CONTROLS SIGN OF SHEAR
FLAGL IS SET AT POSTTION WHERE SIGN OF TAU CHANGES
DO 100 I=1,R
NFL=0
DO 200 J=1,C
STNTTA=SIN(TTHETA(T,J))
WHILE (SINTTA.LE.),01) DO
NFL=NFL+1
FLAG1 (I,NFL)=J
SINTTA=1
END WHILE
CONTINUE
CONTINUE
DO 300 I=1,R
DO 400 M=1,NFL,2
L=M+1
S=FLAG1 (I,M)
F=FLAG1(I,L)
DO 500 K=S,F
TAU(T,K)=-TAU(T,K)
CONTINUE
CONTINUE
CONTINUE
RM2=R-2
DO 3 K=1,RM2
DO 4 L=1,C
DTAU (K+1,L)=TAU (K, L)-TAU (K+2,1.)
CONTINUE
CONTINUE
RM1=R-1
CM1=C-1
DO 5 M=1,RM2



66
67
68
69
70
71
72
73
74
75

76
77
78
79
80
81
82
83
84
85
86
87
88
89
20
91
92
93
94
95
96
97
98
99

(@}

[ 3e)

700
600

750

850

DO 6 NN=1,CMl
ADTAU (M+] ,NN+1)=0, 5% (DTAU (M+1 ,NN)+DTAU (M+1 ,NN+1))
CONTINUE

CONTINUE
DO 7 I=2,RMI
DO 8 J=2,C

STGMAX(T,1)=0.0
STGMAX (I,J)=SIGMAX(I,J-1)-ADTAU(I,J)
CONTINUE

CONTINUE

THIS PORTION OF PROGRAM ALLOWS SIGMAl1 TO BE IN EITHER THE X OR Y

APPROPRTATE FLAGS ARE SET AT 45 DEGREE ISOCLINICS
DO 600 I=1,R
NFL=1
NF(1)=0
DO 700 J=1,C

STNTTA=SIN (TTHETA(T,J))

IF (SINTTA,GE.0,9999) THEN DO
FLAG2(T,NFL)=J
NF (I)=NFL

NFL=NFL+1

END IF

CONTINUE

CONTINUE
DO 750 T=2,R

DO 750 J=1,C

PM(I,J)=-1

CONTINUE

DO 800 I=2,R
NFM1=NF (I)~1

IF (NF(I).EQ,0) THEN DO
DO 850 J=1,C
PM(I,J)=-PM(T,J)

CONTINUE
ELSE DO
DO 900 M=1,NFM1,2
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160
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

125
126
127
128
129
130
131
132
133

1000
900

800

17

92
91

41
40

12
11

MP1=M+1
S=FLAG2(I,M)
F=FLAG2(I,MP1)
DO 1000 K=S,F
PM(I,K)=-PM(I,K)
CONTINUE
CONTINUE
END IF
CONTINUE
DO 9 K=2,RMl
DO 10 L=1,C
STGMAY (K, L)=STCMAX (K, L)+PM(K, L) *ABS (N(K, L) *0, 46*COS (TTHETA(K,L)))
CONTINUE
CONTINUE
DO 17 T=2,RMl1
ALPHA(I)=0,0385%YDIST(I)
CONTINUE
DO 91 K=2,RMI
DO 92 L=1,C
ADSTGY (K,L)=SIGMAY (K,L)-ALPHA (K)
CONTINUE
CONTINUE
DO 40 I=2,RM1
DO 41 J=1,C
TAUMAX (I, J)=SQRT (TAU(T,J) *TAU(T,J)+0, 25% (ADSIGY(I,J)~SIGMAX (I, J)
C)* (ADSIGY (I,J)-STGMAX(T,J)))
CONTINUE
CONTINUE
DO 11 I=2,RMI1
DO 12 J=1,C
SIGMA1(T,J)=0, 5% (SIGMAX (I,J)+ADSIGY (I,J))+TAUMAX(T,J)
SIGMA2(T,J)=0, 5% (SIGMAX (I,J)+ADSIGY (I,J))-TAUMAX(T,J)
CONTINUE
CONTINUE
DO 42 I=2,RM1
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134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
-163
164
165
166
167
168

DO 43 J=1,C
INFLX(I,J)=SIGMAX(1,J) /PEAK
INFLY (I,J)=ADSIGY(I,J)/PEAK
INFL1(I,J)=SIGMA1(I,J)/PEAK
INFL1(I,J)=SIGMA2(I,J)/PEAK
INFLTU(1,J)=TAU(I,J)/PEAK
INFLTM(I,J)=TAUMAX (I, J) /PEAK
RATXY (I,J)=9999
IF (SIGMAY(T,J))44,43,44

44 RATXY (T,J)=SIGMAX(I,J)/SIGMAY(L,.J)
43 CONTINUE
42 CONTINUE

DO 45 1=2,RM1

DO 46 J=1,C

RAT21(T,J)=9999
IF (SIGMA1(1,J))46,47,46

46 RAT21(I,J)=SIGMA2(I,J)/SIGMAL(T,J)
47 CONTINUE
45 CONTINUE
PRINT 112
112 FORMAT('1','TAU MATRIX')
PRINT 102,NC
DO 70 I=1,R
70 PRINT 302,T, (TAU(I,J),J=1,C)
PRINT 113
113 FORMAT ('~','PM MATRIX')

PRINT 102,NC
DO 71 I=2,RM1
71 PRINT 202,1,(PM(I,J),J=1,C)
PRINT 116
116  FORMAT('1','SIGMAX INFLUENCE FACTORS')
PRINT 102,NC
DO 80 T=2,RM1
80 PRINT 302,I,(INFLX(f,J),J=1,C)
PRINT 190
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169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

190

81

117

82

118

83

119

84

120

85

193

86

121

87

FORMAT ('-','SIGMAY INFLUENCE FACTORS')
PRINT 102,NC

DO 81 I=2,RM1

PRINT 302,I, (INFLY(I,J),J=1,C)

PRINT 117

FORMAT('1','SIGMAl INFLUENCE FACTORS')
PRINT 102,NC

DO 82 I=2,RMl

PRINT 302,I, (INFLI(I,J),J=1,C)

PRINT 118

FORMAT ('-',"'SIGMA2 INFLUENCE FACTORS')
PRINT 102,NC

DO 83 T=2,RMI1

PRINT 302,T,(INFL2(I,J),J=1,C)

PRINT 119

FORMAT('1','TAU XY INFLUENCE FACTORS')
PRINT 102,NC

DO 84 I=2,RM1

PRINT 302,T, (INFLTU(I,J),J=1,C)

PRINT 120

FORMAT ('-','TAU MAX INFLUENCE FACTORS')
DO 85 I=2,RMl

PRINT 302,1, (INFLTM(I,J),J=1,C)

PRINT 193

FORMAT('1','SIGMAX TO SIGMAY RATIO')
PRINT 102,NC

DO 86 I=2,RMl

PRINT 302,T, (RATXY(I,J),J=1,C)

PRINT 121

FORMAT ('-',"SIGMA2 to SIGMAl RATIO')
DO 87 I=2,RMl

PRINT 302,I, (RAT21(I,J),J=1,C)

T6



201
202
203
204
205
206

102 FORMAT('0',T10,20(12,4X))

202 FORMAT (' ',12,2X,20(16))
302 FORMAT (' ',12,4X,20(F6,2))
666 CONTINUE
STOP
END
//DATA

[4
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DEPTH BELOW PILLAR (din.)

0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4,50
4.75
5.00
5.25
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TABLE 3

Experimental Results for Stressform Testing
Pillar size is 1.2".
1-1.0 Stressform.

(i.e., Stress distribution is uniform)

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 .2 L4 .6 -8
1.60 1.15 .90 .55 .30
1.85 1.45 1.00 .75 .15
2.05 1.45 1.00 .60 0
2.20 1.45 .95 .35
2.15 1.55 1.00 .20
2.40 1.55 .90 0
2.50 1.40 .60
2.45 1.35 .20
2.45 1.30 0
2.35 1.15
2.35 .95
2.25 .65
2.20 .15
2.00 0
1.85
1.45
1.00
.10
0

LATERAL
DISTANCE
FROM

PILLAR'S
LINE OF
SYMMETRY

(in.)
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TABLE 4

Experimental Results for Stressform Testing

Pillar size is 2.4"
1-.85 Stressform.

(i.e., Stressform in pillar troughs at 857% of peak stress)

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 22 o4 -6 -8
0.75 1.15 .90 .80 .65 .45

1.00 1.25 .95 .85 .65 .45

1.25 1.40 1.00 .80 .60 0

1.50 1.65 1.10 .85 .60 LATERAL
1.75 1.80 1.25 .90 .55

2.00 2.00 1.35 .95 .55 DISTANCE
2.25 2.35 1.60 1.05 .60

2.50 2.50 1.75 1.10 .55 FROM
2.75 2.60 1.80 1.10 .55

3.00 2.95 2.00 1.05 .55 PILLAR'S
3.25, 3.05 2.15 1.05 0

3.50 3.25 2.35 1.05 LINE OF
3.75 3.45 2.40 1.00

4.00 3.50 2.50 1.05 SYMMETRY
4,25 3.50 2.50 .80

4.50 3.55 2.30 0 (in.)
4,75 3.65 2.05

5.00 3.65 1.75

5.25 3.80 1.50

5.50 3.75 1.30

5.75 3.70 1.05

6.00 3.70 .05

6.25 3.60 0

6.50 3.55

6.75 3.40

7.00 3.10

7.25 2.90

7.50 2.65

7.75 2.30

8.00 2.00

8.25 1.30

8.50 0
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TABLE 5

Experimental Results for Stressform Testing
Pillar size is 2.4".
1-.60 Stressform.

(i.e., Stressform in pillar troughs at 60% of peak stress)

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 -2 -4 -6

1.25 1.50 1.15 .85 .60

1.50 1.65 1.20 .85 .65

1.75 1.80 1.30 .95 .70

2.00 1.95 1.35 .95 .65 LATERAL
2.25 2.05 1.45 1.00 0

2.50 2.20 1.60 1.00 DISTANCE
2.75 2.35 1.65 .95

3.00 2.45 1.75 .90 FROM
3.25 2.65 1.80 .90

3.50 2.90 1.90 .85 PILLAR'S
3.75 2.95 1.80 .65

4.00 3.10 1.85 .10 LINE OF
4,25 3.35 1.80 0

4.50 3.60 1.75 SYMMETRY
4.75 3.80 1.65

5.00 3.90 1.45 (in.)
5.25 4.00 1.1

5.50 4,25 .30

5.75 4.40 0

6.00 4.25

6.25 3.90

6.50 3.25

6.75 1.95

7.00 .95

7.25 0
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TABLE 6

Experimental Results for Stressform Testing
Pillar size is 4.8".
1-.25 Stressform.

(i.e., Stressform in pillar troughs at 25% of peak stress)

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 .2 4 .6 b
0.75 2.90 2.55 2.25 1.50 1.20
1.00 3.20 2.65 2.35 1.75 .85
1.25 3.65 2.75 2.35 1.70 0
1.50 4,30 2.95 2.50 1.75 LATERAL
1.75 4.75 3.05 2.50 1.70
2.00 5.00 3.10 2.55 1.55 DISTANCE
2.25 5.45 3.15 2.45 1.35
2.50 5.80 3.20 2.45 1.00 FROM
2.75 6.00 3.25 2.35 .05
3.00 6.45 3.30 2.25 0 PILLAR'S
3.25 6.55 3.40 2.30
3.50 6.85 3.40 2.20 LINE OF
3.75 6.95 * 3.40 2.05
4,00 7.00 3.45 1.85 SYMMETRY
4.25 7.00 3.50 1.85
4,50 6.95 3.45 1.50 (in.)
4,75 6.90 3.90 0
5.00 6.75 3.45
5.25 6.45 3.45
5.50 6.25 3.50
5.75 5.75 3.35
6.00 5.60 3.30
6.25 5.25 2.75
6.50 4.50 1.00
6.75 4.00 0
7.00 3.40
7.25 2.00

7.50

o
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TABLE 7

Experimental Results for Modulus Testing
Pillar size is 4.8".
1-.25 Stressform.

Base material at 7.5" below pillar is 1/10%* modulus of top layer.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 2 -4 -6 A

0.75 2.95 2.45 2.25 1.80 1.15

1.00 3.10 2.50 2.30 1.95 1.00

1.25 3.50 2.50 2.25 1.85 .65

1.50 3.65 2.65 2.10 1.65 0 LATERAL
1.75 3.90 2.75 2.05 1.50

2.00 4.05 2.95 2.05 1.55 DISTANCE
2.25 4.15 3.00 2.10 1.60

2.50 4.45 3.05 2.05 1.45 FROM
2.75 4.85 3.00 2.00 1.00

3.00 5.15 3.25 2.05 1.00 PILLAR'S
3.25 5.75 3.50 2.10 .90

3.40 6.10 3.75 2.10 0 LINE OF
3.75 6.45 3.85 2.15

4.00 6.75 4.00 2.30 SYMMETRY
4.25 7.00 4.05 2.55

4.50 7.50 4,35 3.00 (in.)
4.75 7.55 4,40 3.15

5.00 7.65 4.55 3.30

5.25 - 4,50 3.50

5.50 - 4.55 3.70

5.75 - 4,60 3.80

6.00 - 4.55 3.75

6.25 - 4,65 3.70

6.50 - 4.80 3.85

6.75 - 4,90 3.80

7.00 - 4,85 3.95
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TABLE 8

Experimental Results for Modulus Testing
Pillar size is 4.8".
1-.25 Stressform.

Base material at 7.5" below pillar is 3.5% modulus of top layer.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

20 22 o4 -6 24

0.75 2.85 2.65 2.35 1.50 1.05

1.00 3.00 2.75 2.40 1.55 .85

1.25 3.30 2.95 2.55 1.45 .40

1.50 3.45 3.05 2.45 1.45 0 LATERAL

1.75 3.50 3.00 2.40 1.25

2.00 3.55 3.05 2.50 1.00 DISTANCE

2.25 3.75 3.20 2.60 0

2.50 4,00 3.40 2.75 FROM

2.75 4.10 3.45 2.45 '

3.00 4.40 3.45 2.50 PILLAR'S
- 3.25 4.60 3.50 2.40

3.50 4,45 3.40 2.35 . LINE OF

3.75 4.35 3.25 2.45

4.00 4.45 3.25 1.60 SYMMETRY

4,25 4,35 3.15 0

4.50 4,20 2.90 (in.)

4.75 4,15 2.70

5.00 4.00 2.10

5.25 3.75 1.00

5.50 3.25 o

5.75 2.70

6.00 2.50

6.25 2.00

6.50 1.45

6.75 1.10

7.00 .50

7.25 0
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TABLE 9

Experimental Results for Modulus Testing
Pillar size is 4.8".
1-.25 Stressform.

Base material at 7.5" below pillar is 8.0%* modulus of top layer.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 22 24 6 b
0.75 3.20 2.55 2.15 1.85 .65
1.00 3.55 2.75 2.20 1.85 0
1.25 3.85 2.90 2.20 1.70
1.50 4,00 2.90 2.20 1.65 LATERAL
1.75 4.10 2.90 2.30 1.55
2.00 4,15 2.90 2.25 .55 DISTANCE
2.25 4.30 2.85 2.25 0
2.50 4,30 2.85 2.15 FROM
2.75 4,45 2.85 2.00
3.00 4.25 2.70 1.60 PILLAR'S
3.25 4.10 2.55 1.20
3.50 3.80 2.35 1.10 LINE OF
3.75 3.60 2.05 .70
4.00 3.35 1.90 .10 SYMMETRY
4.25 3.10 1.40 0
4.50 2.60 .95 (in.)
4.75 2.45 . 80
5.00 1.95 .65
5.25 1.60 .10
5.50 1.35 0
5.75 1.10
6.00 .95
6.25 .60

6.50 0
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Experimental Results for Modulus Testing

Pillar size is 2.4".

1-.85 Stressform.

Base material at 7.5" below pillar is 1/10*% modulus of top layer.

.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
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.0
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.25
.45
.55
.60
.55
.60
.60
.50
.25
.20
.25
.25
.45
.65
.85
.20
.15
.15
.25
.40
.45
.55
.60
.70
.80
.85

.4

1.15
.20
.25
.20
.20
.15
.05
.75
.60
.55
.45
.35
.45
.40
.45
.65
.65
.95
1.00
.95
.95
.05
.15
.20
.20
.30

b e e

= e e

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)
.8

.80
.95
.85
.70

0

LATERAL
DISTANCE
FROM
PILLAR'S
LINE OF
SYMQETRY

(in.)
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TABLE 11

Experimental Results for Modulus Testing
Pillar size is 2.4".
1-.85 Stressform.

Base material at 7.5" below pillar is 1/2* modulus of top layer.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 -2 4 -6 -8
0.75 1.55 1.05 .70 .45 .20
1.00 1.85 1.10 .80 .50 .15
1.25 1.85 1.25 .85 .50 0
1.50 1.95 1.35 .90 .55 LATERAL
1.75 2.25 1.50 1.00 .55
2.00 2.45 1.65 1.00 .50 DISTANCE
2.25 2.60 1.85 1.05 .45
2.50 3.00 2.00 1.10 .50 FROM
2.75 3.30 2.20 1.10 .35
3.00 3.70 2.35 1.10 .35 PILLAR'S
3.25 3.85 2.45 1.15 .25
3.50 3.95 2.45 1.25 0 LINE OF
3.75 4.05 2.45 1.25
4.00 4,00 - 2.45 1.25 SYMMETRY
4,25 4.00 2.45 1.15
4.50 4.00 2.45 1.00 (in.)
4.75 3.95 2.50 0
5.00 3.95 2.35
5.25 3.95 2.20
5.50 3.95 1.95
5.75 3.85 1.60
6.00 3.85 1.25
6.25 3.80 .70
6.50 3.85 0
6.75 3.90
7.00 3.95
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TABLE 12

Experimental Results for Modulus Testing
Pillar size is 2.4".
1-.85 Stressform.

Base material at 7.5" below pillar is 3.5% modulus of top layer.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 -2 o4 -6 -8
0.75 1.75 1.30 .80 .60 .35
1.00 2.05 1.40 .80 .60 0
1.25 2.55 1.55 .85 .55
1.50 3.05 1.65 .90 .45 LATERAL
1.75 3.35 1.75 .85 .40
2.00 3.65 1.85 .80 .30 DISTANCE
2.25 3.60 1.95 .85 .25
2.50 3.70 1.95 .85 .15 FROM
2.75 3.75 2.00 .90 0
3.00 3.70 1.95 .70 PILLAR'S
3.25 3.65 1.90 .60
3.50 3.50 1.85 .35 LINE OF
3.75 3.40 1.70 0
4,00 3.25 1.55 SYMMETRY
4.25 3.20 1.55
4.50 3.05 1.25 (in.)
4.75 2.95 .55
5.00 2.75
5.25 2.50
5.50 2.15
5.75 1.75
6.00 1.35
6.25 1.10
6.50 .25
6.75 0
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Experimental Results for Modulus Testing

Pillar size is 2.4".

1-.85 Stressform.
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TABLE 13

Base material at 7.5" below pillar is 8.0% modulus of top layer.

0.75
1.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
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.65
.80
.10
.30
.35
.45
.45
.55
.60
.70
.85
.95
.95
.75
.60
.50
.20
.25
.85

0

L2

e il i

.20
.35
.45
.60
.70
.75
.70
.75
.75
.45
.35
.15
.95
.35

0

o4

.95
1.05
1.10
1.20
1.25
1.20
1.10

.85

.65

.50

.6

.70
.80
.80
.85
.65
.55
.15

0

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

.8

.45
0

LATERAL
DISTANCE
FROM

PILLAR'S
LINE OF
SYMMETRY

(in.)
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Experimental Results for Modulus Testing

Pillar size is 2.40".

1-.60 Stressform.

Base material at 7.5" below pillar is 1/10* modulus of top layer.

0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4,25
4.50
4.75
5.00
5.25
5.50
5.75
6.00
6.25
6.50
6.75

L0

1.65
1.75
1.90
2.05
2.15
2.15
2.20
2.20
2.25
2.25
2.25
2.35
2.45
2.45
2.20
2.20
2.20
2.40
2.50
2.70
2.65
2.70
2.65
2.70
3.00

L2

e el el et i e i e e R R S e N e el

.45
.55
.65
.75
.75
.80
.17
.80
.75
.65
.60
.55
.45
.45
.35
.25
.35
.45
.55

55

.60
.65
.75
.75
.80

o4

P N o N oy Sy

.10
.05
.15
.20
.10
.15
.10
.00
.85
.80
.70
.60
.45
.30
.25
.20
.25

0

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)
.6

.75
.70
.70
.65
.55
.50
.35
.30
.15

0

LATERAL
DISTANCE
FROM
PILLAR'S
LINE OF
SYMMETRY

(in.)
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TABLE 15

Experimental Results for Modulus Testing
Pillar size is 2.40".
1-.60 Stressform.

Base material at 7.5" below pillar is 1/3* modulus of top layer.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 .2 .4 -6
0.75 1.80 1.20 .85 .55
1.00 1.95 1.30 1.00 .60
1.25 2.20 1.40 1.05 .65
1.50 2.30 1.45 1.10 .75 LATERAL
1.75 2.55 1.55 1.10 .85
2.00 2.75 1.65 1.25 .80 DISTANCE
2.25 3.10 1.70 1.15 .70
2.50 3.25 1.85 1.15 .55 FROM
2.75 3.60 1.90 1.2 0
3.00 3.75 2.00 1.10 PILLAR'S
3.25 4.05 2.05 .95
3.50 4.10 2.25 .80 LINE OF
3.75 4.10 2.30 .65
4.00 4.25 2.45 .55 SYMMETRY
4,25 4.35 2.60 .55
4.50 4,45 2.75 .40 (in.)
4,75 4.40 2.65 0
5.00 4,50 2.50
5.25 4.60 2.55
5.50 4,65 2.45
5.75 4.65 2.45
6.00 4.75 2.40
6.25 4.85 2.65
6.50 4.75 2.60
6.75 5.00 2.90
7.00 5.00 2.75

7.25 5.15 2.95
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TABLE 16

Experimental Results for Modulus Testing
Pillar size is 2.40".
1-.60 Stressform.

Base material at 7.5" below pillar is 1/2% modulus of top layer.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 -2 24 -6

0.75 1.80 1.15 .85 .40

1.00 1.95 1.45 1.05 .45

1.25 2.15 1.60 .95 .45

1.50 2.30 1.80 1.10 .50 LATERAL
1.75 2.40 1.85 1.15 .50

2.00 2.55 1.95 1.25 .50 DISTANCE
2.25 2.55 1.90 1.20 .40

2.50 2.55 1.90 1.15 0 FROM
2.75 2.60 1.80 1.05

3.00 2.65 1.75 1.00 PILLAR'S
3.25 2.70 1.70 .80

3.50 2.75 1.60 .75 LINE OF
3.75 2.80 1.55 .65

4.00 2.80 1.30 .50 SYMMETRY
4.25 2.95 1.20 .25

4.50 3.05 1.30 0 (in.)
4.75 3.15 1.15

5.00 3.20 .95

5.25 3.15 1.00

5.50 3.25 .70

5.75 3.30 .55

6.00 3.45 0]

6.25 3.55

6.50 3.50
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TABLE 17

Experimental Results for Modulus Testing
Pillar size is 2.40".
1-.60 Stressform.

Base material at 7.5" below pillar is 3.5% modulus of top layer.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

.0 .2 A .6
0.75 1.50 1.20 .95 .80
1.00 1.60 1.25 1.00 .75
1.25 1.70 1.35 1.05 .80
1.50 2.05 1.55 1.10 .75 LATERAL
1.75 2.30 1.60 1.10 .70
2.00 2.55 1.70 1.20 .60 DISTANCE
2.25 2.75 1.75 1.20 0
2.50 3.05 1.75 1.15 FROM
2.75 3.15 1.80 1.20
3.00 3.20 1.90 1.05 PILLAR'S
3.25 3.15 1.80 .80
3.50 3.05 1.55 .20 LINE OF
3.75 2.95 1.50 0
4,00 2.80 1.25 SYMMETRY
4,25 2.65 1.00
4,590 2.40 .65 (in.)
4.75 2.20 .45
5.00 1.90 0
5.25 1.65
5.50 1.25
5.75 .95
6.00 .80
6.25 .45
6.50 0
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TABLE 18

Experimental Results for Mcdulus Testing
Pillar size is 2.40".
1-.60 Stressform.

Base material at 7.5" below pillar is 8.0% modulus of top layer.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 .2 L4 -6
0.75 1.35 .70 45 .30
1.00 1.55 .80 .55 .30
1.25 1.60 .90 .60 .35
1.50 1.65 1.00 .70 .35 LATERAL
1.75 1.65 1.10 .65 .20
2.00 1.85 1.25 .75 0 DISTANCE
2.25 2.10 1.35 .70
2.50 2.20 1.40 .70 FROM
2.75 2.55 1.40 .70
3.00 2.60 1.40 .50 PILLAR'S
3.25 2.65 1.45 .45
3.50 2.65 1.50 0 LINE OF
3.75 2.70 1.45
4,00 2.80 1.35 SYMMETRY
4.25 2.70 1.10
4.50 2.60 .95 (in.)
4.75 2.35 0
5.00 2.05
5.25 1.85
5.50 1.50
5.75 45

6.00 0
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TABLE 19

Experimental Results for Modulus Testing
Pillar size is 2.40".
1-.60 Stressform.

Modulus of top layer is 0.33% base layer.

Distance Below Pillar Maximum Lateral Distance From
Where Influence Level Pillar's Line of Symmetry Where

Equals Zero (in.) Influence Level Equals Zero (in.)
0 7.20 ‘ 4.00
.25 7.75 4.20
1.00 8.50 4.80
2.00 9.60 6.10
3.00 10. 30 7.40
3.80 11.25 8.40
5.00 12.10 8.70
7.25 15.00 8.90
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TABLE 20

Experimental Results for Layer Testing
Pillar size is 2.40".
1-.60 Stressform.

One interface at 5.75" below pillar.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

20 .2 -4 -6

0.75 1.55 1.40 1.20 .95

1.00 1.65 1.45 1.25 1.00

1.25 1.80 1.50 1.30 .80

1.50 1.85 1.55 1.25 .25 LATERAL
1.75 2.00 1.55 1.20 0

2.00 2.05 1.50 .75 DISTANCE
2.25 2.25 1.50 0

2.50 2.55 1.55 FROM
2.75 2.70 1.70

3.00 3.05 1.75 PILLAR'S
3.25 3.05 1.80

3.50 3.45 1.80 LINE OF
3.75 3.55 1.70

4,00 3.65 1.60 SYMMETRY
4,25 3.80 1.60

4.50 3.65 1.55 (in.)
4.75 3.60 1.45

5.00 3.50 1.35

5.25 3.45 1.15

5.50 3.30 1.00

5.75 3.30 .85

6.25 3.75 1.05

6.75 4.05 1.50

7.25 4.05 .30

7.75 3.85 0

8.25 2.90

8.75 2.00

9.25 0
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.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
.75
.00
.25
.50
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TABLE 21

Experimental Results for Layer Testing
Pillar size is 2.40".
1-.60 Stressform.

One interface at 2.0" below pillar.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 -2 .4 -6 -8
2.25 1.85 1.55 1.10 .40
2.45 2.05 1.75 1.20 .55
2.55 2.25 1.80 1.05 .45
2.60 2.20 1.75 .95 0
2.55 2.15 1.60 .65
2.50 2.05 1.35 0
3.20 2.35 1.55
4.00 2.55 1.60
4,30 2.70 1.65
4.45 2.75 1.60
4.50 2.80 1.50
4.50 2.75 1.20 .
4.50 2.70 .25
4.50 2.65 0
4.35 2.55
4.15 2.50
4,00 2.35
4.00 2.00
3.75 1.40
3.50 90
3.30 25
3.00 0
2.85
2.55
2.05
1.45
80

LATERAL
DISTANCE
FROM
PILLAR'S
LINE OF
SYMMETRY

(in.)
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TABLE 22

Experimental Results for Layer Testing
Pillar size is 2.40".

1-.85 Stressform.

Treated interface is 2.0" below pillar.

LATERAL DISTANCE FROM PILLAR'S LINE OF SYMMETRY WHERE
STRESS INFLUENCE LEVEL EQUALS ZERO (in.)
Polished Interface

Dry Interface Teflon Interface

DISTANCE BELOW PILLAR

(in.)

WO U~WwN—

(4=37°) ($=43) ($=26°)
.00 2.40 2.70 2.70
.00 2.50 3.45 5.10
.00 4.25 4.50 3.55
.00 4.30 3.95 3.50
.00 4.35 3.70 3.40
.00 3.85 3.40 3.15
.00 3.35 2.95 2.70
.00 1.55 1.70 1.50
.00 0.60 0.65 0.60
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TABLE 22

Experimental Results for Layer Testing
Pillar size is 1.2".
1-1.0 Stressform.

0.3" layering extends to a depth of 18.0" below pillar.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 -2 =4 =6 -8
0.75 1.50 1.20 .90 .55 .40
1.00 1.65 1.30 1.00 .55 .30
1.25 1.80 1.45 1.10 .65 0
1.50 1.95 1.55 1.20 .70 LATERAL
1.75 2.05 1.60 1.25 .75
2.00 2.20 1.65 1.35 .75 DISTANCE
2.25 2.45 1.75 1.40 .40
2.50 2.50 1.80 1.40 0 : FROM
2.75 2.65 1.85 1.35
3.00 2.65 1.95 1.35 PILLAR'S
3.25 2.85 2.00 1.20
3.50 2.85 2.05 1.05 ) LINE OF
3.75 2.95 2.05 .90
4.00 3.05 2.05 .70 SYMMETRY
4.25 3.20 2.05 0
4.50 3.40 2.05 (in.)
4.75 3.45 2.10
5.00 3.55 2.10
5.25 3.50 2.15
5.50 3.60 2.05
5.75 3.75 2.10
6.00 3.75 2.05
6.25 3.65 2.00
6.50 3.70 1.85
6.75 3.75 1.70
7.00 3.55 1.40
7.25 3.50 1.00
7.50 3.35 0
7.75 3.25
8.00 3.20
8.25 3.00
8.50 2.80
8.75 2.50
9.00 1.45
9.25 0
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TABLE 24

Experimental Results for Layer Testing
Pillar size is 1.2".
1-1.0 Stressform.

2.0" layering extends to a depth of 18.0'" below pillar.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

=0 2 =4 -6 -8
.75 1.40 1.10 .70 .40 .20
.00 1.50 1.20 .75 .35 .15
.25 1.55 1.20 .75 .35 0
.50 1.55 1.30 .80 .35 LATERAL
.75 1.65 1.35 .85 .25
.00 1.75 1.45 .90 0 DISTANCE
.25 1.80 1.50 .80
.50 1.85 1.50 .65 ‘ FROM
.75 1.95 1.50 .40
.00 1.95 1.50 0 PILLAR'S
.25 2.00 1.35
.50 1.95 1.25 LINE OF
.75 1.80 1.10
.00 1.75 .95 SYMMETRY
.25 1.75 .65
.50 1.65 0 (in.)
.75 1.60
.00 1.55
.25 1.50
.50 1.40
.75 1.35
.00 1.25
.25 1.05

.50 0
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TABLE 25

Experimental Results for Layer Testing

Pillar size is 1.2".

1-1.0 Stressform.

0.3" layering extends to a depth of 6.1" below pillar.

0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.25
5.50
5.75
6.00
6.25
6.50
6.75
7.00
7.25
7.50
7.75
8.00
8.25
8.50
8.75

STRESS INFLUENCE FACTOR (Vert. Stress/Peak Stress)

.0

1.35
1.40
1.45
1.55
1.60
1.75
1.75
1.80
1.80
1.90
1.85
1.85
1.90
1.90
1.90
1.90
1.90
1.95
1.95
1.95
2.00
2.05
2.45
2.85
3.10
3.35
3.35
3.40
3.45
3.25
3.00
2.50

.2

(S Y o e

e i e

.05
.05
.05
.10
.15
.15
.20
.20
.20
.20
.10
.00
.00
.00
.95
.95
.90
.85
.75
.75
.70
.60
.60
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TABLE 26

Experimental Results for Layer Testing

Pillar size is 1.1",

1-1.0 Stressform.

0.3" layering extends to a depth of 5.15" below pillar.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

.0 -2 L4 .6 -8
0.75 1.30 1.05 .75 .55 .25
1.00 1.35 1.05 .75 .55 .25
1.25 1.40 .95 .75 45 .20
1.50 1.45 1.00 .75 .45 .10 LATERAL
1.75 1.50 1.00 .75 .40 0
2.00 1.55 1.00 .65 .25 DISTANCE
2.25 1.65 .95 .45 .15
2,50 1.75 .95 .40 0 FROM
2.75 1.80 .95 .30
3.00 1.85 .95 .10 PILLAR'S
3.25 1.90 .90 0
3.50 2.00 .75 LINE OF
3.75 2.00 .75
4.00 2.00 .75 SYMMETRY
4.25 2.05 .70
4.50 2.00 .70 (in.)
4,75 2.00 .70
5.00 1.95 .65
5.25 2.40 .70
5.50 3.25 1.45
5.75 3.55 1.80
6.00 3.65 1.80
6.25 3.55 1.80
6.50 3.40 1.85
6.75 3.40 1.55
7.00 3.10 1.25
7.25 2.75 0
7.50 2.00
7.75 1.00

8.00 0
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TABLE 27

Experimental Results for Layer Testing
Pillar size is 1.2",
1-1.0 Stressform.

0.3" layering extends to a depth of 4.20" below pillar.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

.0 -2 L4 .6 -8

0.75 1.35 1.05 .85 .60 .35

1.00 1.40 1.10 .90 .70 .30

1.25 1.45 1.20 .95 .75 0

1.50 1.45 1.20 1.05 .65 LATERAL
1.75 1.50 1.25 1.00 .60

2.00 1.55 1.25 1.00 .50 DISTANCE
2.25 1.55 1.30 .90 0

2.50 1.65 1.30 .75 FROM
2.75 1.70 1.35 .65

3.00 1.80 1.35 .65 PILLAR'S
3.25 1.95 1.35 .55

3.50 1.95 1.40 .45 LINE OF
3.75 2.00 1.35 0

4,00 1.95 1.30 SYMMETRY
4.25 2.15 1.35

4.50 3.00 1.75 (in.)
4.75 3.45 2.00

5.00 3.80 1.95

5.25 4.00 1.90

5.50 4.00 1.85

5.75 3.85 1.65

6.00 3.70 1.45

6.25 3.35 1.10

6.50 3.00 .95

6.75 2.50 0

7.00 2.15

7.25 1.60

7.50 0
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TABLE 28

Experimental Results for Layer Testing
Pillar size is 1.2".
1-1.0 Stressform.

0.3" layering extends to a depth of 3.15" below pillar.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 2 =4 -6 -8
0.75 1.70 1.35 .90 .55 .25
1.00 1.90 1.35 .95 .55 0
1.25 1.90 1.45 .90 .55
1.50 1.95 1.45 .90 .50 LATERAL
1.75 2.05 1.40 .95 .45
2.00 2.00 1.35 .95 .45 DISTANCE
2.25 2.00 1.45 .95 .50
2.50 2.00 1.45 .95 .50 FROM
2.75 2.00 1.45 .95 0
3.00 2.05 1.50 1.00 PILLAR'S
3.25 2.70 1.70 1.10
3.50 3.65 3.00 1.75 LINE OF
3.75 4.15 3.05 2.00
4.00 4.40 3.15 2.00 _ SYMMETRY
4.25 4,50 3.20 1.65
4.50 4,40 2.90 1.35 (in.)
4.75 4,25 2.60 .80
5.00 4.20 2.30 .30
5.25 4.05 2.05 0
5.50 3.85 1.95
5.75 3.65 1.50
6.00 3.30 1.00
6.25 2.95 0
6.50 2.50
6.75 1.55

7.00 0
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TABLE 29

Experimental Results for Layer Testing
Pillar size is 1.2".
1-1.0 Stressform.

0.3" layering extends to a depth of 1.5" below pillar.

STRESS INFLUENCE LEVEL (Vert. Stress/Peak Stress)

-0 -2 L4 26 -8

.75 1.35 1.00 .75 .65 .30

.00 1.45 1.05 .75 .55 .25

.25 1.35 1.05 .70 .45 0

.50 1.10 .90 .50 .20 LATERAL
.75 1.30 1.10 .65 .30

.00 1.50 1.20 .70 .40 DISTANCE
.25 1.90 1.45 .80 .25

.50 2.20 1.55 .80 0 FROM

.75 2.40 1.70 . 80

.00 2.65 1.90 . 80 PILLAR'S
.25 2.85 2.00 .70

.50 2.75 2.05 .65 LINE OF
.75 2.75 1.95 .20

.00 2.90 2.00 0 SYMMETRY
.25 2.80 1.80

.50 2.80 1.65 (in.)
.75 2.65 1.45

.00 2.35 1.15

.25 2.05 0

.50 1.70

.75 1.25

.00 0
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Figure 33. Vertical Stress Influence Levels Below 1-1
Stressform (stressform width=2.4").
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Filgure 34, Vertical Stress Influence Levels Below 1-.60
Stressform (stressform width=2.4"),
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Figure 35, Vertical Stress Influence Levels Below 1-.25
Stressform (stressform width=4,8"),
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Pigure 36. Vertical Stress Influence Levels Below 1-.85
Stressform Underlain by Soft Base (E2/E1=1/10, base mat-
erial is 7.5" below stressform).
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Figure 37. Vertical Stress Influence Levels Below 1-.85
Stressform Underlain by Kard Base (E2/E1=8, base material
is 7.5" below stressform).
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Figure 38. Vertical Stress Influence Levels Below 1-.60
Stressform Underlain by Soft Base (E2/E1=1/10, base
material is 7.5" below stressform).
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Figure 39, Vertical Stress Influence Levels Below 1-.60
tressform Underlain by Soft Base (£2/E1=1/3, base mater-
ial is 7.5" below stressform).
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Figure 40. Vertical Stress Influence Levels Below 1-.60
Stressform Underlain by Soft Base (E2/E1=1/2, base
material is 7.5" below sStressform).



130

[N\
~
/ —_—
/
:/ 1 - 0.60
3.
—
e
j=]
®
o
P
2]
<
E
3
1
[md
s
<
-7

Hard Base E2 = 3.5 El

Figure 41, Vertical Stress Influence Levels Below 1-,60
Stressform Underlain by Hard Base (E2/E1=3.5, base mater-
ial is 7.5" below stressform).
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Figure 42, Vertical Stress Influence Levels Below 1-.60
Stressform Underlain by Hard Base (E2/E1=8, base material
is 7.5" below stressform).
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Figure 43, Vertical Stress Influence Levels Below 1-.25
Stressform Underlain by Soft Base (E2/E1=1/10, base mater-

ial is 7.5" below stressform).
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Figure 44, Vertical Stress Influence Levels Below 1-.25
Stressform Underlain by Hard Base (E2/E1=3.5, base mater-

ial is 7.5" below stressform).
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Figure 45, Vertical Stress Influence Levels Below 1-.25
Stressform Underlain by Hard Base (E2/E1=8, base material

is 7.5" below stressform).
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Figure 46. Distance Below 1-,60 Stressform vs.
Vertical Stress Influence Level as a Function
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Figure 47. Distance Below 1=-.25 Stressform vs,
Vertical Stress Influence Level as a Function

of Modulus Ratio,
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Figure 50. Modulus Ratio vs. Maximum Lateral Extent of Vertical Stress
Transfer Below 1-.60 Stressform.

6€1



Maximum Lateral

Influence (xWp)

2|~
~ —— —_— )
— —_— ‘
\ \
S —
— —_— ’;

ol -1 | f | | J |
1/16 1/8 1/4 1/2 L 2 4 5

Modulus Ratio E2/El

Figure 51, Modulus Ratio vs. Maximum Lateral Extent of Vertical Stress
Transfer Below 1-.25 Stressform.
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Figure 52, Vertical Stress Influence Levels Below 1-.60
Stressform with Upper Interface (interface 2.0" below

stressform).
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Figure 53, Vertical Stress Influence Levels Below 1-1
Stre?sform for Thin Layering (0.3" layers below stress-
form).
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Figure 5%. Vertical Stress Influence Levels Below 1-1
Stressform for Partial Layering (0.3" layering extends

1.5" below stressform).
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Figure 55, Vertical Stress Influence Levels Below 1-1
tressform for Partial Layering (0.3" layering extends
3.1" below stressform).
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Figure 56. Vertical Stress Influence Levels Below 1-1
Stressform for Partial Layering (0.3" layering extends
5.1" below stressform).
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LOCATION: McDowell Co., W. Va.

Pocaho ntas
coal ne. D

Mining Method:

Upper seam— room and pillar
Extraction 90 percent in unfaulted area.

Lower seam— room and pillar
Extraction 70 to 75 percent.

Figure 62, Geologic Profile- McDowell Co., West
Virginia. Pocahontas No. 4 Seam/Pocahontas No. 3
Seam.



LOCATION: McDowell Co., W. Va.

Pac.a hontos 36
v nq.3 coa | ‘ |

Mining method:
Upper seam—room and pillar
Extraction not known.

Lower seam~room and pillar
Extraction 75 percent.

Figure 63. Geologic Profile- McDowell Co., West
Virginia. ©Pocahontas No. 4 Seam/Pocahontas No. 3

Seamn.
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LOCATION: McDowell Co., W.Va.

/ sl s ] e

Mining Method:
Upper seam~ room and pillar
Extraction 85 to 90 percent

Lower seam— room and pillar
Extraction 80 to 85 percent

Figure 64. Geologic Profile- McDowell Co., West
Virginia. Pocahontas No. 4 Seam/Pocahontas No. 3 Seam.
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LOCATION: Kanawha Co., W. Va.

Mining Method:
Upper seam—~ room and pillar
Extraction 70 percent.

Lower seam- room and pillar
Extraction 70 percent.

Figure 65. Geologic Profile- Kanawha Co., West
Virginia. No. 2 Gas Seam/Powellton Seam.



LOCATION: Raliegh Co., W. Va.

2@5'

Mining method:
Upper seam-room and pillar
Extraction 85 percent.

Lower seam-panel longwalls
Extraction 80 percent.

Figure 66. Geologic Profile- Raliegh Co., West
Virginia. Becky Seam/Pocahontas No. 4 Seam.
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LOCATION: Wyoming Co., W. Va.

T [S00'

b(nCJ'\

Tc :
4’8“ A Ca.mF b:lf Craak coal 45"

240

Mining method:
Upper seam~- room and pillar
Extraction 75 percent.

Lower seam~ room and pillar
Extraction 65 percent.

Figure 67. Geologic Profile- Wyoming Co., West
Virginia. Campbell Creek Seam/Eagle Seam.



LOCATION: Cambria Co., Pa.

157

— — wm — -

Mining method:
Upper seam-room and pillar
Extraction 85 percent.

Lower seam-room and pillar
Extraction 85 percent.

Lowaesr k'«lir\lcoq(

450

(25

Figure @8. G?ologic Profile~ Cambria Co., Pennsylvania.
Upper Kittanning Seam/Lower Kittanning Seam.
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LOCATION: Indiana Co.

, Pa.
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Mining method:
Upper seam-room and pillar
Extraction 80 percent.

Lower seam-room and pillar
Extraction 60 percent.

Figure 69. Geologic Profile- Indiana Co., Pennsylvania.
Upper Freeport Seam/Lower Kittanning Seam.
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LOCATION: Mongolia Co., Pa.

600

i | no'

ﬂ++shwr3¢maal

Mining method:
Upper seam-room and pillar
Extraction 85 percent.

Lower seam-room and pillar
Extraction 65 percent.

Figure 70. Geologic Profile- Mongolia Co., Pennsylvania.
Sewickly Seam/Pittsburg Seam.
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LOCATION: Floyd Co., Ky.

Mining method:
Upper seam-room and pillar
Extraction 75 percent.

Lower seam~-room and pillar
Extraction 60 percent.

Figure 71. Geologic Profile- Floyd Co., Kentucky.
Elkhorn No. 2 Seam/Elkhorn No. 1 Seam.



LOCATION: Harlan Co., Ky

161

Mining method:

- Sandstonz

) ”B‘Markar coal

Upper seam—-room and pillar
Extraction 80 percent.

Lower seam—-room and pillar
Extraction 65 percent.

Figure 72.

Geologic Profile~ Harlan Co., Kentucky.

Taggart Seam/Marker Seam.
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LOCATION: Alabama
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Mining Method:
Upper seam-room and pillar
Extraction 60 percent.

Lower seam- room and pillar
Extraction 60 percent.

Figure 73. Geologic Profile- Alabama.
MaryLee Seam.

America Seam/
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LOCATION: Wise Co., Va.

18Co

Mining method:
Upper seam—-room and pillar
Extraction 75 to 80 percent.

Lower seam-room and pillar
Extraction 65 percent.

Figure 74. Geologic Profile- Wise Co., Virginia.
Taggart Seam/Marker Seam.
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PILLAR LOAD TRANSFER MECHANISMS
IN MULTI-SEAM MINING
by

Brian Lee Ehgartner

(ABSTRACT)

The mechanisms controlling pillar load transfer from an overlying
seam to subadjacent workings is investigated. Mine geometry and geology
are researched as major variables affecting interaction between contigu-
ously placed seams. The thesis includes photoelastic experimentation,
finite element modeling, and analysis of multi-seam room and pillar mine
case studies from the Appalachian region.

A structured approach first establishes theoretically based trends,
confirms their existence in the field, and finally results in invaluable
multi-seam mine design guidelines. Stratification, lithology, and size
of the interval between seams, and the extraction ratios of the seams
are parameters found responsible for defining the stability of a lower

seam overlain by either past or present mine operations.
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