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saleable tons per day. However, since utilizing lateral pneumatic stowing, mine
operators have reported better ground control. As a result, they have reportedly
lowered subsidence costs (Voss, 1983).

Hydraulic backfilling using sand has been practiced extensively for more
than half a century in the coal mines of India, Poland, France and other countries
for recovering coal from thick and steeply dipping seams. The coal mines which
have used this system of backfilling during mining have experienced very little
surface subsidence (Sinha, 1989). In the U.S., hydraulic stowing has been
primarily restricted to backfilling abandoned coal mines, using mine refuse and fly
ash as well as sand (Bloomfield, 1984).

Recent developments have made hydraulic backfilling in conjunction with
longwall mining more attractive. Hydraulic stowing systems have been developed
which are very similar to lateral pneumatic systems. The stowing pipe can be
suspended from the mechanized roof support, and advance along with it. The
slurry is laterally discharged through branch nozzles which are spaced at 9 meter
intervals along the face stowing pipeline. Other recent developments in hydraulic
stowing systems include a "stowage front dam" which performs the function of the
original brattice and timber barricade, but automatically advances with the
mechanized roof support. It is believed that this development should help in
reducing labor requirements for longwall mines which utilize hydraulic stowing
systems (Munjeri, 1987).

If the implementation of a backfilling system is being considered for a coal
mine, it might be advantageous to also consider using coal refuse as a stowing
material. Table I summarizes desired properties of coal refuse (based on

placement requirements) for gravity, mechanical, pneumatic and hydraulic stowing
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Table I. Summary of Desired Properties of Coal Refuse for Different Backfilling
Systems (After Munjeri, 1987)

System Desired Properties (all percentages by weight)
Gravity 1. Refuse should be inert
2. Sulfur content should not exceed 10%
3. Maximum particle size should not exceed 300 mm
4. The —20 mm material should not exceed 30%

Mechanical 1. Inert with carbon content less than 15%
2. Sulfur content should not exceed 10%
3. Maximum particle size should not exceed 200 mm
and should be less than 100 mm for slinger or
throwing type stowers

Pneumatic 1. Inert with carbon content less than 15%

2. Sulfur content should not exceed 10%

3. Moisture content should be around 7%

4. Maximum particle size should not exceed one
third of the pipes inside diameter

5. Particles should be cubically shaped

6. Minus 3 mm fraction should not exceed 8 to 20%
to avoid jamming of the pipelines

7. Should have minimum abrasiveness

. Inert with carbon content less than 30%
. Sulfur content should not exceed 10%
. Maximum particle size should not exceed one
third of the pipes inside diameter
4. Minus 0.075 mm fraction should not exceed 10%
5. Filtration rate of stowed mass should be at
least 100 to 150 mm/hour
6. Should have minimum abrasiveness

Hydraulic

Lo DN —
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systems.

1.3 Backfilling Abandoned Underground Coal Mines

Backfilling has been performed in abandoned coal mines using remote
methods with areal backfilling (Thill et al., 1983). Areal backfilling is a
subsidence control technique used to protect large areas of land. Areal backfilling
methods have included hydraulic flushing with sand, coal refuse or fly ash and
pneumatic flushing with fly ash.

Hydraulic flushing with sand or coal refuse can be performed by first
transporting the solids to a mixing tank, and then pumping the slurry to the
injection boreholes (Figure 4). Here, the slurry flows down into the mine through
injection pipes above the mine opening. If coal refuse is used, the slurry typically
confains approximately 11-21% solids by weight, with a maximum grain size of
around one centimeter (Thili et al., 1983). Water for the slurry is recirculated to a
mixing tank by a submersible pump, which has been lowered into the abandoned
mine at a location removed from the injection holes so no injected solids will
damage the pump.

After injection, the solids settle out of suspension and form an annular
deposit around the borehole (Thill et al., 1983). The space immediately below the
injection borehole is kept open by turbulence from the entering slurry. This
deposit grows and as the top of the deposit nears the mine roof, flow velocities over
the top of the deposit increase, so that solids are carried over the deposit and settle
only on the outside. The deposit eventually contacts the mine roof in a full circle
around the injection boreholes (Figure 5). After this, hydraulic pressure in the

deposit increases and "breakthrough" occurs. Breakthrough creates a flow channel
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through the top of the deposit and continued injections into this channel will
extend the deposit great distances. This process is then repeated over and over as
slurry is being injected. Placement continues until the energy required to
maintain the flow of the suspended particles becomes greater than the energy
supplied by the available gravity head. If injection pressures are increased and
exceed the overburden pressure, lifting of the ground may occur, thus disturbing
surface facilities or inducing subsidence (Karfakis et al., 1988).

Hydraulic flushing can also be performed in the same manner with fly ash.
However, because of its greater fluidity, a fly ash slurry with 70 to 75% solids can
be used (Thill et al., 1983).

Pneumatic injection of dry fly ash involves blowing fly ash from pneumatic
tank trucks into the mine through boreholes. The fly ash builds up in the mine at
a relatively flat slope (angle of repose is approximately 10 degrees). In large rooms
the fly ash may spread 30 to 40 feet from the borehole while providing good
contact with the roof (National Academy of Sciences, 1975).

Of all the stowing methods mentioned, hydraulic stowing during active
mining may be the most appropriate for minimizing mine subsidence. Stowing
should be performed in conjunction with mining in order to quickly and effectively
mobilize the support potential of the fill (see Section 1.4). The biggest advantage
of using hydraulic stowing, as mentioned earlier, is that it generally produces an in

situ fill with a higher placement density than the other stowing methods.

1.4 Mechanics of Fill Support
This section discusses the mechanics of fill support, and how fill support is

affected by properties of the stowing material.



In actual stowing applications, it may be difficult to place backfill so that it
occupies the entire mined out area and has complete contact with the mine roof.
In this situation, fill will basically act as a passive support, only taking load after
deformation of the roof and/or pillars. Even when the mine void is completely
backfilled, the fill provides little initial support if its stiffness is less than the mine
roof and pillars surrounding it. A low—modulus component positioned between
two high—modulus components accepts less load than is indicated by relative
cross—sectional areas. The load is distributed around the low—modulus component
into the high—modulus components by arching. The modulus of deformation of a
well confined, but undensified fill will increase as the failing roof and pillars
compact the material. Therefore, support potential will increase only after there
has been a certain amount of downwards displacement of overlying roof layers, or
outwards displacement of the failing pillars.

Possibly the biggest ground support contribution of the in situ fill is
providing resistance to laterally expanding pillars. Confinement pressures exerted
by fills, even when small, can enhance pillar strength The amount of lateral
pressure (ah) exerted at a given point due to the fill's weight and any surcharge
pressure (¢) caused by the weight of overlying rock strata on the surface of the fill

can be estimated by (Hunt, 1986):

o = [(7 > He) + ] <K, (1)

where,
7¢ = Unit weight of the fill material
H¢ = Height of the fill

KEP = Coefficient of Earth Pressure.

If water exists in the fill, the analysis of lateral pressure depends on the



23

location of the groundwater table. If the water table is below the backfill area,

lateral pressure can be estimated by this equation (Hunt, 1986):

o = [l x He) + gl x K, (2)
where,
7w = Wet unit weight of the fill material.
If the water table is above the fill, the lateral stress is (Hunt, 1986):
o, =[x He) + ¢+ (70 < Z)] x K (3)

where,

7, = Buoyant unit weight of the fill
7w = Unit weight of water

Z = Vertical depth below water table.

The coefficient of earth pressure is dependent on a number of factors. If
there is no outward displacement of the mine pillars, the coefficient of earth
pressure will be somewhere between the at rest and active case. The at rest
coefficient (Ko) is used when the fill has not been subjected to lateral yielding, and
can be estimated by (Hunt, 1986):

Ko = (1 —sin ¢) (4)
where,
¢ = angle of internal friction for the fill material.
The active coefficient of earth pressure (Kj,) should be considered when the fill
particles have been subjected to lateral displacement. For a cohesionless material,
K, can be calculated as (Coates, 1981):
Ka=[(1—sin@) / (1 + sin ¢) (5)
A passive state of stress occurs when the mine pillars begin lateral

expansion into the fill mass. For a cohesionless material, the passive coefficient of
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earth (Kp) pressure can be calculated by (Coates, 1981):
Kp = [(1 +sin ¢) / (1 —sin ¢)] (6)

As can be seen from the previous discussion, lateral stress increases as the
passive state of stress is achieved. It can also be seen that when ¢ is low, when
there is a large surcharge pressure on the fill surface, or when the fill is well below
the water table, the lateral stress exerted by fill and water can be considerable.
This should be taken into account in the design of retaining structures for the fill.

Lateral stresses exerted on remnant coal pillars will produce a strengthening
effect, equivalent to increasing their width—to—height ratio (Karfakis et al., 1988).
The potential increase in pillar strength by surrounding it with fill is dependent
upon the amount of lateral stress that the fill creates. This can be seen in the
following equation (Blight and Clarke, 1983). The stress (af) required to cause
pillar failure can be estimated by:

o =0, + [a3x((1+sin¢) / (1 —sin ¢))] (7)
where,
o = Uniaxial compressive strength of the pillar
0, = Confining pressure
¢ = Internal angle of friction of the pillar.

Figure 6 (Blight and Clarke, 1983) illustrates how a model pillar's strength
and post—failure behavior are enhanced by passive resistance generated by both
soft and stiff fill. In the study, quartzite drill cores were placed in a mold, and
then surrounded by one of two types of fills. One of the fills the authors
considered soft (uncemented) and the other was considered stiff (cemented). The
core (but not the fill) was then subjected to axial loading, and the

stress—compression relationship for the core and the lateral stress which
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subsequently developed in the fill were recorded.

While the soft fill did not increase the peak strength of the test core (when
compared with the unconfined core), it did generate enough horizontal stress to
maintain a post—failure strength of around 85 percent of the maximum strength of
the unconfined core. One can speculate that the strengthening effect would have
been greater if there had been some amount of vertical surcharge loading of the fill.
This would have increased the horizontal stress, which was only being generated
by the bulging of the test core.

The stiff fill dramatically increased both the peak and residual strength of
the core. This can be accounted for by the increase in the passive resistance of the
fill due to an increase in stiffness.

Swan and Board (1989) used a finite element method in order to help assess
the effects of backfill on the stress—strain response of mine pillars. The study
found that for "stronger" cores (modulus of deformation around 8 x 10° psi), fill
had less influence on increasing peak strength. For "weaker" cores (modulus of
deformation around 2 x 10% psi), it was found that peak strength could be
dramatically increased.

The following sections discuss both uncemented and cemented fills, and the

factors which influence their ability to provide ground support.

1.5 Uncemented Fill

When choosing a particular stowing material to use with a backfilling
system, one should examine the material's short and long term mechanical
properties and expected behavior following placement. This will allow an

assessment of the fill's ability to act as a ground support material. Important
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properties for the in situ fill are strength, deformability, ability to dissipate pore
pressure, primary and secondary consolidation characteristics, and slake durability.
An analysis of these properties will help to determine if the design objectives of the
fill will be met.

Void ratio following fill placement is possibly the most important single
parameter affecting strength and deformability. In general, the lower the void
ratio, the higher the relative density, and the more the fill will be able to
withstand deformation when stressed. A dense fill will exhibit an apparent
cohesion during shear as grains are forced up, over, and around adjacent confining
grains. A loose fill will experience a large amount of plastic deformation and
subsequent volume reduction when stressed due to grain crushing at highly
stressed points of contact and grain repositioning (Figure 7).

Fill shear strength is largely dependent on the apparent, or measured angle
of friction (¢n), whose value is determined by considering all the factors of shearing
resistance for the fill particles to displacement (Murphy, 1987). This can be
represented by the following equation:

On = du + r + Pd + Ddeg (8)
where,
®u = The angle of mineral friction
¢ = Shearing resistance caused by particle reorientation
g = The dilatency component of shearing resistance
q)deg = Shearing resistance attributable to particle degradation.
Shear displacement may be caused by distortion, crushing, shifting, rolling and
sliding of individual grains. Movement of grains can be reduced by using material

composed of minerals which have a rough surface, and offer a great amount of
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the fill (such as roof failure) may cause pore pressure to rise sufficiently to cause
liquefaction.

A fill which is not free draining, or is composed of weak particles, may
experience deformation due to both primary and secondary consolidation (Charles,
1984). Primary consolidation, which is related to the permeability of the fill, is
caused by excess pore pressure which slowly expels water trapped between the
solid particles of the fill, thus causing compression of the solids. Secondary
consolidation (creep) is compression occurring after primary consolidation is
complete. Secondary consolidation may be experienced when the applied stresses
are maintained near the fill's strength for a long period of time. Because of this,
creep would be most likely to occur in fills that contain weak material, such as
clays.

If a backfill material is composed of weak rocks such as shales, alternate
wetting and drying cycles may cause deterioration of fill particles due to slaking.
Clay bearing rocks are the most susceptible to slaking (Franklin and Chandra,
1972). Slaking increases the percentage of fines (particularly clays), which will
likely reduce the fill's permeability and ability to dissipate pore pressure, thus
reducing the shear strength of the fill.

In summary, one can say that the mechanical behavior of an in situ fill is
greatly affected by placed void ratio, water content and composition of the backfill
material. One can have some degree of control over these physical properties by

choosing the proper backfilling system and stowing material.

1.6 Cementing Admixtures for Fills

Another way to improve the mechanical behavior of the fill is to use an
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admixture that cements or aids in cementing the fill particles. The use of portland
cement or some other suitable cementing material may be warranted when the fill
is required to have free standing ability and high short— and/or long—term
strength and stiffness. This section discusses the various materials which have
been considered as cementing admixtures.

Portland cement has been the most common cementing agent used as an
admixture for fills. The most important strength producers in portland cement are
tricalcium silicate, which is 40 to 60% of portland cement's weight, and dicalcium
silicate, which is 15 to 35% of its weight. These compounds hydrate when mixed
with water, with the tricalcium silicates hydrating first, thus providing most of _
portland cement's early strength. The hydration reactions consist of three stages.
First the compound dissolves in water. Then, while in solution, the compound
takes molecules of water into its structure, producing a hydrate. Finally, the
hydrate, being less soluble in water than the original compound, precipitates from
the solution. The hydrates precipitate on the fill material in the form of a gel,
which hardens as excess water is expelled (Aylmer, 1973). As curing time
increases, both shear and compressive strength for fill particles stabilized with
portland cement will increase, until hydration is complete (McCreedy and Hall,
1966; Thomas, 1969; Barrett, 1973).

The high cost of portland cement has led to investigations of the feasibility
of using different admixtures to replace or partially replace portland cement.
Partial replacement with the pozzolans fly ash and slags has been investigated.
Pozzolans are siliceous or aluminous/siliceous materials which, by themselves,
have little or no cementitous value, but in finely ground form will chemically react

with alkali and alkaline earth hydroxides at ordinary temperatures to form or



33

assist in forming compounds possessing cementitous properties (Nieminen and
Seppanen, 1983). Natural pozzolans include natural volcanic ash, pumicite,
opaline shales and cherts, diatomaceous earth, and burnt clay (Thomas and
Cowling, 1978).

Fly ash is produced by the combustion of pulverized coal. Fly ash has good
pozzolanic reactivity; it reacts readily with hydrated lime produced by the
hydration of the tricalcium silicate in the portland cement (Aylmer, 1973). It also
strengthens with time. Some of the findings from various investigations which
examined the use of fly ash as a partial replacement for portland cement in
~ cemented fills are presented below.

Corson (1970) tested specimens of sand cemented with portland cement and
fly ash. After a 7 day curing period, he found no marked reduction in uniaxial
compressive strength of the specimens even after replacing one third (by weight) of
the portland cement with fly ash. Weaver and Luka (1970) carried out a more
detailed investigation of fly ash, either intermixed or interground with portland
cement, and then added to mill tailings sands. They found that when using a high
(1:8) admixture to tailings ratio, a 20 % (by weight) replacement of portland
cement with fly ash could be performed without significantly lowering compressive
strength values for the cured specimens. When the admixture to tailings ratio was
1:20 and 1:30, there was a significant loss of early (14—28 days) specimen strength,
when portland cement was partially replaced by the fly ash. A slight strength
increase for the specimens was generally found when fly ash was interground with
portland cement prior to mixing with the tailings. In another study (Manca et al.,
1983), mill tailings were cemented with portland cement and fly ash, and then

cured for 24 weeks. Although early strength values were low, following 12 weeks of
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curing most of the uniaxial compressive strength values for these tailings were
higher than tailings stabilized with portland cement alone.

The partial replacement of portland cement with slags has also been
investigated for possible use with cemented fill. When used as a pozzolan, slag
should first be ground from a glassy state. The glassy state is accomplished by
fast quenching the slag in water while it is cooling. Slags which have been ground
from crystalline form are generally unreactive as pozzolans (Thomas et al., 1979).
The pozzolanic reaction occurs between the slag and calcium hydroxide produced
by the hydration of portland cement. The slag therefore helps to increase fill
strength by reducing the weakening effect sometimes caused by the calcium
hydroxide during hydration, and by forming cementitous material (Thomas and
Cowling, 1978).

Mixtures of ground copper reverberatory slag and portland cement with
hydraulic mine fill were tested at Mount Isa Mines (Thomas and Cowling, 1978).
It was reported that when the entire fill weight was composed of 1% portland
cement, the addition of slag did little to increase the compressive strength of the
fill. At 3% portland cement or above, the addition of slag to the fill resulted in
increased compressive strength. The investigators remarked that at 1 and 2%
portland cement, there are probably inadequate hydration products (from the
portland cement and water) to react significantly with the slag. In another study,
Falconbridge ground granulated nickel—copper furnace slag was mixed with
portland cement and mill tailings (McGuire, 1978). A 50% replacement of
portland cement with slag was studied as a potential admixture for mill tailings.
This mixture was found to be best in terms of cost and strength requirements of

the fill. Iron blast—furnace slag was studied as a replacement or partial
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replacement of portland cement, which was being used as an admixture for mill
tailings (Nieminen and Seppanen, 1983). The investigators reported that the slag
could be used to replace 90% of portland cement, or totally replace it in some
cases, and still maintain strengths comparable to tailings stabilized with portland
cement.

Lime and sulfides have been tested as a total replacement of portland
cement. A summary of the investigations follows.

Commercial—grade, white calcium hydrated lime was investigated as a
stabilizing agent for tungsten tailings fill in order to reduce backfilling costs at the
Uludag Tungsten Mine in Turkey (Arioglu et al., 1986). The tailings consisted of
mainly quartz, féldspar and garnet. It was reported that unconfined compressive
strength for the fill mixture increased by increasing the lime/tailings ratio. The
unconfined compressive strength also increased with curing time. Cohesion was
improved by increasing the lime/tailings ratio, which increased the fill's shear
strength. It was concluded that the use of lime as a substitute for portland cement
was feasible.

Self—ementing sulfide fill dates back to at least 1930, when it was
introduced in a number of Canadian mines to be used as a cementing agent for
waste rock (Lukaszewski, 1973). However, problems have been experienced with
this type of fill because of the inherent tendency of sulfides (particularly
ferruginous sulfides) to oxidize and give off great quantities of heat. Oxidation of
sulfides can produce sulfuric acid, which can leach heavy metals from the soil and
rocks in the area, potentially contaminating groundwater (Bloomfield, 1984).
Consequently, its use has not been widely applied. Because of the heating action,

sulfide fills cause a reduction of oxygen content in the mine (Bayah et al., 1984).
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However, strength tests on fills using tailings rich (80 to 90% by weight) in the
ferruginous sulfide pyrrhotite have shown strength values even higher than tailings
which have been strengthened with portland cement, although controlled
comparisons are not available (Lukaszewski, 1973).

Some mine operators who have used cemented hydraulic fill have
experienced problems with the distribution of cementing admixtures in the fill
mass. Since cement particles are generally finer than the majority of tailing
particles, they tend to segregate in the outer surface of the fill. Flocculants have
been added to improve the distribution of cement in the body of the fill (Braes,
1973). Flocculants are used to agglomerate suspended fine particles into larger
floccules. Flocculants not only improve cement distribution in the fill, but also
distribution of the fine particles (Weaver and Luka, 1970). Flocculants also reduce
the amount of cement carried away with drainage water (Dhar et al., 1983). Thus,
flocculants help enhance fill strength. A problem encountered with the use of
flocculants is degradation of floces during mixing and transport of the fill mixture
(Thomas et al., 1979).

From the previous discussions, it is obvious that the amount of curing time
as well as the type and quantity of admixtures used greatly affects a cemented
fill's strength. Another factor which will undoubtedly affect the strength
development of a cemented fill (as well as other concrete mixtures) is the quality
of the aggregate (or fill particles). Aggregate quality is determined by its surface
texture, strength, shape, gradation, and grain size. It is also influenced by
deleterious substances which may be found in the aggregate. Finally, it should be
mentioned that fill strength will be affected by the amount of water used during

placement, and the conditions under which curing takes place.
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Aggregate with a rough surface texture will produce better bonding between
the aggregate and cement than aggregate with a smooth surface. Fill strength can
be enhanced by using an aggregate with a high crushing strength that will stop
propagation of failure cracks when the fill is highly stressed. It is also important
that aggregate have a high crushing strength, since actual stresses at the points of
contact of individual fill particles may far exceed the nominal applied stresses
(Neville and Brooks, 1987).

As a cemented fill's porosity decreases, strength generally increases.
Porosity can be decreased by using using angular, well—graded aggregate, which
allows for more contact between individual grains. However, porosity should not
be reduced by using excessive fines in the aggregate. The inclusion of excessive
fines in an aggregate will require additional cement to maintain adequate cement
bonding (Mitchell and Wong, 1982). This is because small aggregate particles
have a higher specific surface area (the ratio of all the particles' surface area to
their volume) than larger particles. Still, there is some limit of maximum
aggregate size above which the reduction in the required cement is offset by the
detrimental effects of a lower bond area and by additional discontinuities in-the
larger particles (Neville and Brooks, 1987).

Aggregate quality will be affected by the presence of deleterious substances.
Aggregate containing large amounts (over 2 to 5% of the mass of the aggregate) of
such impurities as clay, mica, gypsum, sulfates, iron pyrites, coal, sulfides, etc.
may interfere with the process of the cement hydration, prevent the development
of a good cement bond, or may disrupt the cement bond after formation. This
should be given attention when considering the use of coal mine refuse as

aggregate, because it is likely to contain large percentages of these impurities (see
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Section 1.7).

If hydraulic stowing is used for placement, it may be difficult to produce a
high strength fill. Hydraulic stowing systems require large quantities of water to
trénsport material, and even though some of this water will drain away before
curing takes place, water to cement ratios will still be much higher for cemented
fills than for normal concrete mixtures (which are around 0.5 to 1). There may
also be a loss of cement in the drainage water. To maintain adequate fill strength,
pulp density, which is percent solids in the fill mix, should be kept as high as
possible without causing damage to the piping system. Small increases in pulp
density can result in significant increases in the cemented fill's final strength. At
low pulp densities, a porous cement gel is formed during curing, producing a higher
backfill porosity that lowers the fill's strength (Weaver and Luka, 1970).

Environmental factors can also affect the strength development of a
cemented fill. Factors such as curing temperature, curing humidity and the pH of
groundwater that comes in contact with the fill during curing may have some
effect on short and/or long term strength development.

In general, the higher the curing temperature, the greater the initial rate of
strength development for cemented fills. Unfortunately, a curing rate which is too
high will adversely affect the final strength of a cemented mixture (Neville and
Brooks, 1987). Thomas (1969) found an optimum curing temperature for the
compressive strength of tailings stabilized with portland cement to be around 38
degrees Celsius. Below this temperature, he reports that the curing rate falls off
steadily. Above this temperature, the compressive strength which the mixture
attains decreases rapidly after 70 days. He reasoned that this was probably due to

the formation of an inferior quality gel during the portland cement hydration.
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Mitchell and Wong (1982) found that humidity affects the strength
development of cemented fills. Compressive strength for cemented tailings was
higher after 28 days of curing at 40% relative humidity as compared with 70% and
98% relative humidity. In normal concrete practice, which uses much lower water
to cement ratios, curing is generally performed under moist conditions so that
there will be adequate water available for the hydration of cement. However, due
to the high water to cement ratio used in typical cemented fills, a decrease in
humidity may increase the rate of strength development without affecting long
term strength, although this was not verified in this study.

Acidic water that comes into contact with the cemented fill might adversely
affect strength. If the pH of the water is consistently maintained below 5.8,
cement bonding may become disrupted (Aylmer, 1973).

In summary, various admixtures and environmental conditions can have a
significant effect on in situ fill strength. When trying to determine whether
cementing admixtures may be necessary to enhance fill strength for a given
situation, one should first examine the mechanics of fill support.

In areas where surface subsidence is a major concern, it might be wise to
mobilize the passive resistance of the fill more quickly and effectively by utilizing
cementing admixtures with the backfill to produce a stiff in situ fill. This should
help minimize the downwards displacement of the immediate mine roof, while
maximizing pillar strength.

In areas where surface subsidence would not be considered critical, it may
be sufficient to use uncemented fill to strengthen remnant mine pillars. Placement
should occur prior to inelastic deformation of the mine roof and pillars, because the

support potential of the fill increases due to compaction caused by failing mine
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roof and pillars.

1.7 Using Coal Mine Waste as Stowing Material

As mentioned previously, coal mine refuse has been used in the U.S. for
areal backfilling in abandoned coal mines. Since coal refuse is generally a readily
available material at most active underground coal mines, it should be examined
as a potential stowing material when considering the implementation of a
backfilling system.

The two major types of waste generated by coal preparation plants are
coarse and fine refuse. Generally, coarse refuse is larger than 0.6 mm., because
this is the size at which coarse and fine coal are usually separated during cleaning.
Coarse refuse can contain significant amounts of minus 0.6 mm. material due to
degradation during and following processing. Fine refuse is generally finer than
0.6 mm., and consists mainly of slurry and tailings. Slurry is the fines remaining
in suspension in the processing water after washing. Tailings are the fine rejected
material from the froth flotation process used for cleaning fine coal. Fine refuse
typically accounts for around 10% by weight of all coal mine refuse (Nandy and
Szwilski, 1987). A typical size distribution for fine and coarse coal refuse, as well
as gravels and sands, is shown in Figure 8 (D'Appolonia, 1975).

Table II shows the average and range of major element chemistry for coal
refuse sampled from the Virginia Appalachian Coal Basin (Stewart, 1990).

Table III shows averages for the normative mineralogy of both coarse and
fine coal refuse sampled in eastern and western Kentucky. As can be seen from the
table, the mineralogical composition of coal mine refuse is generally clays (illite

and kaolinite), quartz, pyrite, hematite, and carbonaceous material. In a study of
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Table II. Averages and Ranges of Major Element Chemistry for Virginia Appalachian Coal
Basin (After Stewart, 1990)

Average Range
% SiO9 55.90 38.20—65.10
% AlyO3 18.30 12.60—24.40
% FesOs 5.84 | 3.90—10.40
% K0 4.07 2.40-5.20
% NayO 0.44 0.14—0.87
% MgO 0.80 0.31-1.81
% CaO 0.32 0.00—3.40

% S 0.44 0.10—1.43
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Table III. Averages of Normative Mineralogy for
Eastern and Western Kentucky Coal Refuse
(After Rose et al., 1984)

Eastern Refuse Western Refuse
Coarse Fine Coarse Fine
- (wt%) (wt.%) (wt.%) (wt.%)
Illite 41.06 40.45 29.86 19.61
Kaolinite 37.64 36.44 25.95 24.30
Quartz 14.65 13.10 22.60 24.93
Pyrite 3.62 4.66 15.60 11.80
Carbonates 1.03 297 1.83 16.70
Apatite 0.29 0.35 1.35 2.30

I11./Kao. 1.19 1.18 1.28 0.87
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the relative mineralogy of coal refuse (minus 2 mm. fraction) from the Virginia
Appalachian Coal Basin (Stewart, 1990), quartz was found to be the dominant
mineral. Quartz was followed by kaolinite and mica, which make up a significant
portion of the mineralogy. It was also reported that there is a recognizable
amount of feldspar in the refuse.

The susceptibility of coal refuse to weathering can be attributed to the fact
that it is largely composed of clay minerals, which, when exposed to moisture, may
take up water and swell, causing particle breakdown along laminations and
bedding planes. The formation of sulfuric acid due to the oxidation of pyrite can
also contribute to the breakdown of refuse particles (Bishop and Simon, 1976).

The quartz content of coal refuse will be an important indicator of its
strength and abrasiveness (Franklin and Dusseault, 1989). Generally, increasing
amounts of quartz should enhance the strength of the refuse, while increasing its
abrasiveness.  The abrasiveness of the refuse will help determine whether
preventive measures need to be taken in the design of a backfilling system to avoid
undue wear of system components. Quartz has a hardness number of 7 on Mohs
scale of hardness, and generally speaking, the harder a material, the more abrasive

it is (Woodcock and Mason, 1987).

The specific gravity of coal refuse is usually in the range of 1.6 to 2.7, with
a typical value of 2.2 (Nandy and Szwilski, 1987). The lower values of specific
gravity generally correspond to fine coal refuse, which can contain significant
amounts of coal.

Since coal mine refuse is largely composed of minerals with low friction
coefficients (clays), it may not have adequate strength to act as a stand—alone

ground control material for all situations. In certain cases, stabilization with some
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cementitous material to increase its strength and stiffness may be appropriate. In
addition to potentially increasing fill strength, cementation should also help reduce
weathering of the weak particles in the refuse, as well as decrease the oxidation of
pyrite.

There may, however, be problems using coal refuse with cementing agents,
because it contains significant amounts of deleterious materials (clays, coal and
pyrite) that are known to have adverse effects on concrete strength. Coal and
expansive clays located near the surface of the cemented mix may cause pop—outs,
leaving behind voids and new surfaces which are exposed to weathering (Bland et
al., 1976). Pyrite which is located near the surface of the mix can become oxidized
in the presence of air and water, forming ferrous sulfate and sulfuric acid. The
ferrous sulfate will oxidize further to ferric sulfate. In the presence of
alkaline—earth compounds (clay minerals), most of the sulfate ions released by the
oxidation of pyrite will become the sulfates of calcium, magnesium, sodium and
potassium. Sulfates will react with the principle components of portland cement
to form new, insoluble compounds. Crystallization of the new compounds is
accompanied by an increase in molecular volume, causing expansion and
subsequent disintegration of the cemented mass. Magnesium, sodium, and
potassium sulfates are more water soluble than calcium sulfate, and therefore are
more detrimental to the cement bonds (Sleeman, 1987).

The following is a summary of two laboratory investigations which
examined the strength of coal refuse when cemented with different admixtures.
However, neither investigation examined environmental effects on strength.

Knissel and Helms (1983) conducted a laboratory investigation that studied

the properties of cemented refuse from coal mines in West Germany. The
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composition of the refuse included 4% (by mass) sandstone, 46% sandy shale, 44%
sand free shale, and 6% carbonaceous shale and coal. Figure 9 shows the grain size
distribution curves for the coal refuse samples that were used in the test. The two
samples were combined in equal proportions (by weight) to form the aggregate.
Portland cement was used as a cementing agent. Data obtained for the cemented
refuse samples include uniaxial compression strength and deformation behavior.
Tests showed that the unconfined compression strength of the cemented mixtures
was dependent on cement content, water to cement ratio and curing time (Figure
10).

Carlson and Saperstein (1989) examined the binding additives fly ash,
bentonite clay, and portland cement for their effect on the support capabilities of
coal refuse. The fly ash was used to develop an optimal Fullers curve (closest
packing due to particle grading). The bentonite clay was expected to increase
cohesion of the refuse. The refuse samples were gathered from freshly dumped
material at two operating coal mines, one in central Pennsylvania and the other in
the Appalachian region. It was found that, within certain concentration ranges, all
three binding additives increased the strength of the mixture, with portland
cement giving the greatest percentage increases. However, the coal refuse and
portland cement mixture had a lower ultimate strength than what would be
expected for a standard concrete mixture with a comparable concentration of
cement. The authors reasoned that this is probably due to the low strength of coal
refuse (mainly shales and coal) compared to standard concrete aggregates.

Obviously, coal refuse is not an ideal material to use as aggregate, and
cementing admixtures may not be readily available or affordable to mine

operators. Furthermore, uncemented coal refuse may provide sufficient ground
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support, particularly in providing passive support to remnant mine pillars. Thus,
it would be wise to examine its potential use as a fill material. This is the purpose

of the following investigation.



2. PURPOSE AND SCOPE OF THE INVESTIGATION

Various tests can be performed to help assess the potential performance of
coal refuse as a stowing material. The effect that wetting and drying cycles have
on the durability of the rocks composing the refuse can be determined with the
slake durability test. Pertinent qualitative information about the nature of the
material can also be obtained from the Atterberg's limits test (plasticity), sieve
analysis, and from the moisture—density relationship test. Certain engineering

properties can be measured with the permeability and triaxial compression test.

2.1 Slake Durability

The coal refuse may experience wetting and drying cycles during and
following placement which can cause particle degradation, and subsequently alter
the fill's mechanical properties. Slake durability testing qualitatively assesses the
resistance offered by weak rocks, such as shales, mudstones, siltstones and other
clay—bearing rocks, to weakening and disintegration when subjected to two
standard cycles of wetting and drying.

The slake durability test was originally developed by Badger et al, 1956 to
assess the disintegration of shales during coal preparation (Farmer, 1985). It was
subsequently modified for core logging by Franklin et al., 1971. It has been
recently adopted (Brown, 1981) as a standard ISRM test.

The test is an index test, and can be used to compare the slaking properties
of one material versus another. An example of how the results obtained with this
test can be related to the geotechnical performance of a certain type of rock was

reported by Franklin and Chandra (1972). They conducted slake durability

50
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testing on a wide variety of shales, and found that the shales with the lowest slake
durability indices (experiencing the most degradation during the slake durability
test) were frequently associated with extensive landslide areas. Another example
has been reported by Hassani and Scoble (1981), who reported a relationship
between the uniaxial compressive strength of coal measure rocks and their slake
durability index, strength generally increasing with the slake durability index.
Previous investigations have shown that there is a relationship between
slake durability and Atterberg's limits (see section 2.2). Gamble (1971) suggested
that rocks with a low slake—durability index be subjected to plasticity tests in
order to better characterize their potential behavior in the presence of water. He
proposed a classification which is based on the results of the slake durability test

as well as the Atterberg's limits test.

2.2 Atterberg's Limits

The Atterberg's limits test is used to determine the water content (or
moisture content) of material passing the No. 40 sieve as it changes from one
consistency to another. Water content (w) is defined as:

w = Weight of the Water/Weight of the Solid Particles

This test is only applicable for unconsolidated materials which contain sufficient
amounts of clay minerals, since the interaction of water and clays is what develops
plasticity. An unconsolidated material which contains little or no clay (such as
gravels and clean sands) will not exhibit plasticity, and is considered noncohesive
(Sowers, 1979). Noncohesive material is generally considered free draining when
used as backfill (Dunn et al., 1980).

The lowest water content at which a soil is in a liquid state (liquid limit)
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and plastic state (plastic limit) are known as Atterberg's limits. The difference
between the liquid limit and the plastic limit is the plasticity index, which
represents the range i water contents over which soil will behave in a plastic
state.

Morgenstern and Eigenbrod (1974) reported that there is a relationship
between liquid limit and the amount of slaking of argillaceous rocks. They wrote
that rocks which have a high liquid limit (above 90) will experience a large degree
of slaking when exposed to wetting and drying cycles, while rocks with lower liquid
limits will experience less slaking.

Geotechnical engineers have found that the behavior of soils can be closely
correlated with the Atterberg's limits. For example, liquid limit can be
qualitatively related to the compressibility of soils. Soils with a liquid limit
between 0 to 30 should have a low compressibility. Soils with a liquid limit
between 31 and 50 should be moderately compressible, and soil having a liquid

limit over 51 should be highly compressible (Sowers, 1979).

2.3 Grain Size Distribution

Assuming that there is not significant segregation of the different grain
sizes during and following stowing, one can perform a particle size analysis to help
predict, in a qualitative way, how a fill composed of a given material may be
expected to behave with respect to strength, settlement, and permeability (Coates,
1981).

A fill which contains well—graded particles should offer more resistance to
displacement and settlement than a fill containing uniformly graded particles, all

other factors being equal. An example of the importance of particle size
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distribution is evidenced by cut—and—fill mine operators, who often blend different
fill materials to improve their gradation so that when placed, it will produce the
densest fill possible (Aitchison et al., 1973).

It has been shown (Senyur, 1989) that the amount of water flow through
coal mine refuse can be empirically related to its gradation and void ratio.
Permeability decreases with a decrease in the effective size of the material, which
is the ten percent passing size according to the grain—size distribution. Therefore,
one would expect a fill with a high percentage of minus 200 mesh material to have
a low permeability.

A size analysis is also required to determine the suitability of a material for
a particular stowing system, and whether or not crushing and screening of the
material is needed.

An indication of the gradation of the refuse can be computed from a grain
size distribution curve for grain sizes larger than the No. 200 sieve using the
coefficient of uniformity (Cy) and coefficient of curvature (C;). Both values can
be calculated provided that not more than 10% of the grain sizes are less than
0.075 mm. (Bowles, 1979). Coefficient of uniformity is defined as (Sowers, 1979):

Cy = Dsgo / D1o (11)
where,
Dgo = Particle size at which 60% of the material by weight is smaller than that
size
Dyp = Particle size at which 10% of the material by weight. is smaller than that
size
Coefficient of curvature is a measure of the symmetry and shape of the gradation

curve, and is defined as (Sowers, 1979):
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C = (D30)* / (D10 x Do) (12)
where,
D3p = Particle size at which 30% of the material by weight is smaller than that
size.
Material with a C, less than 4 is said to have a uniform distribution of grain sizes
(poorly—graded), while material with a C, greater than 4 is said to have a wide
range of grain sizes (well—graded) provided the grain—size distribution curve is
smooth and reasonably symmetrical. The coefficient of curvature should be
calculated to determine if the gradation curve has proper shape and symmetry.
Well—graded material should have a C, value between 1 and 3,' while C, for a
poorly graded material should be either less than 1 or more than 3 (Dunn et al.,

1980).

2.4 Moisture Density Relationship

Compaction testing of the refuse determines the moisture content which
will achieve the maximum dry density for a material that has been compacted
with a given compactive effort. As water is added to dry particles, it is adsorbed
onto the surface of the particles. As more water is added, the thickness of the
adsorbed water increases, and the solid particles are able to slide over each other
more easily. As more water is added, the voids between the solids begin to fill
with water, increasing the unit weight of the material. At the point when the
voids are filled with water, the material's density will no longer increase due to the
relative incompressibility of water. As more water is added, the relative density of
the material is reduced, and the water content which can produce the maximum

relative density has been passed (Wray, 1986).
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The method which is used to compact the unconsolidated material will also
affect the optimum moisture content and corresponding maximum density.
Generally speaking, for a given material, the larger the compactive effort the
greater the density achieved, and the lower the optimum moisture content (Wray,
1986).

This test is generally performed in the construction industry as a means of
comparing densities of laboratory compacted soil samples versus soil compaction
densities obtained in the field. Although the compaction methods which have been
used in construction may not be suitable for use in underground coal mines, the
results of this test can be used to compare compaction values obtained testing coal
refuse with compaction values obtained compacting other types of potential
stowing material. This can be done as long as both materials tested have been
compacted with the same compactive effort. This would thus give an indication of
which material may achieve higher densities following compaction by whatever

means, including compaction by failing mine roof and pillars.

2.5 Permeability Test

As mentioned in Section 1.5, the nature of water flow through an
unconsolidated material will have a great effect on its physical properties. To
measure the ease with which water passes through a material, a coefficient of
permeability can be determined by performing either a constant or falling head
permeability test. The choice of test depends on the expected results. If the
material is expected to have a high permeability, the constant head test should be
performed. If the material is expected to be less permeable, the falling head test

should be used.
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2.6 Triaxial Compression Test

Triaxial compression testing can be used to assess the failure criterion of
the refuse at different confining pressures and moisture contents. Test results
provide the data necessary to determine a strength envelope, and, from this, the
angle of internal friction and cohesion. Shear strength parameters can be used in
the estimation of both active and passive lateral support that the fill provides to
remnant mine pillars. Drainage can be controlled to simulate conditions which
exist in actual mining applications.

It is expected that the fill will be placed in a loose state, and that there will
be a large amount of grain displacement as the fill is compacted by failing mine
roof and pillars. After a slip movement has occurred in the fill, the slip surface
forms a permanent plane of weakness. The shear strength that can be mobilized
along this plane corresponds to the residual shear strength of the material, which
may be significantly lower than the peak strength (Sleeman, 1987). In this
situation, an appropriate triaxial compression test would be one which measures
residual shear strength parameters. This can be accomplished by "failing" the
sample, increasing the confining pressure, and then bringing the sample to failure
again.

The test can also be used to determine changes in the modulus of
deformation (E¢) of the refuse due to the compression of the samples caused by
increasing axial stress (01) and confining pressure (03). The term modulus of
deformation is used here instead of modulus of elasticity, because the refuse will
have a large amount of inelastic deformation caused by compaction. Knowing the
weight of the fill and the weight of the overlying rock layers on the surface of the

fill, one can estimate the horizontal stress. Thus, for a given horizontal stress, one
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will have some idea about the modulus of deformation for the fill.

For mine openings which have been backfilled, Wizniak and Mitchell (1987)
report that the amount of downwards deflection of the immediate mine roof is
dependent upon the constrained (or confined) modulus of the fill material. Using a
beam on elastic foundation approach, for a bolted or intact mine roof of thickness
dp (Figure 11), the amount of central deflection (y.) of the roof into the fill which
is being influenced by loading (q) can be estimated by:

ye=ov/K[1—(2(a+b)/c) (13)
where,
oy = Total vertical stress at the surface of the fill
K = Modulus of subgrade reaction for a fill of height Hp,.
K = E¢ / Hy (14)
where,
E. = Constrained modulus of deformation of the fill.
The symbol a can be calculated by:
a=sinh [(A xL) /2] x cos [(A x L) / 2] (15)
A=[(IxK)/(4xErxI) (16)
L is the length of the mine roof over the backfill (Figure 11). The remaining
symbols are also characteristics of the mine roof, ! being its width, E; its modulus

of deformation, and I its moment of inertia. I can be calculated by:

[=(Ixdp}) /12 (17)

The symbols b and ¢ can now be calculated:
b=rcosh[(AxL)/2] xsin[(AxL) /2] (18)
¢ = sinh (A x L) + sin (A x L) (19)

It should be noted here that all of the above equations assume that the upper



58

(€861 ‘[IPYMIA 1313Y) L] SUIAISAQ JOOY SUTA JO UONBULIOJA(T ‘| [INTL]

peayyooi

Joejins punoid



59

surface of the fill has complete contact with the mine roof.

When L > the total depth of rock (D;) over the mine, or the rocks overlying
the mine are of poor quality and are broken, the amount of loading (q) of the fill
will be equal to the total vertical stress. In this situation, the amount of
downwards displacement can be estimated by:

Y=o,/ K (20)



3. EXPERIMENTAL APPROACH AND RESULTS

An experimental investigation was conducted to help evaluate the
suitability of coarse coal refuse, which was sampled in southwest Virginia, as
stowing material. The investigation included performing a series of geotechnical

tests on the sampled refuse.

3.1 Coal Mine Refuse Samples

Coarse coal refuse was sampled from nine coal refuse piles in southwest
Virginia, each pile containing refuse from different seams. Only coarse refuse was
sampled, since it was felt that fine refuse, with its low specific gravity, would not
be adequate as ground support material.

Each sample was taken from randomly selected points on the surface of the
pile, at a depth of approximately 2 feet. To get as representative a sample as
possible, a large amount of material (the air—dried sample weights varied between
14,471 and 25,243 grams) was collected from 4 locations on each pile and then
mixed to obtain a representative sample. A separate sample of large size particles
suitable for slake durability testing was also taken.

Six of the samples came from active piles (sample numbers 1,2,3,4,6, and
8), while three were from inactive piles (sample numbers 5,7 and 9). Samples 4
and 5 came from the same mines; samples 6 and 7 came from the same mines; and
samples 8 and 9 came from the same mines. The three inactive samples had been
placed between two and seven years ago. Table IV provides additional
information on each sample, including the coal seams and formations from which

the refuse came.
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Table IV. Additional Information on Coal Refuse Samples

Sample  Date Pile Name Of Coal Seams Formation
Number  Started Disposing In Pile
1 1980 Hagy*, Pond Creek, Blair, Breathitt

Elkhorn, Millard, Amburgy

2 1976 Hagy*, Pond Creek, Blair, Breathitt
Elkhorn, Millard, Amburgy

3 1978 Splash Dam*, Blair Breathitt
Pond Creek
4 1968 Dorchester*, Taggart, Imboden, Wise

Pardee, Low Splint
Wilson Norton

5 1968 Dorchester*, Taggart, Imboden, Wise
Pardee, Low Splint

Wilson Norton
6 1984 Taggart*, Low Splint, Wise
High Splint, Imboden
7 1968 Taggart*, Low Splint, Wise
High Splint, Imboden
8 1983 Norton*, Upper Banner Norton
Dorchester, Clintwood Wise
9 1983 Norton*, Upper Banner Norton
Dorchester, Clintwood Wise

*Main Seam
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As can be seen from the table, each refuse pile consists of material from
numerous seams. Samples 1, 2 and 3 are from the Breathitt formation, which has
been described (Huddle et al., 1963) as consisting of mostly shale, sandstone,
siltstone, and coal. The rocks below the coal beds are mainly shale and clay.

Samples 4, 5, 6, 7, 8 and 9 are from the Wise and Norton formations. The
Norton formation consists chiefly of beds of shale and siltstone, with lesser
amounts of sandstone (Miller, 1973). The formation also contains 11 named coal
beds. Miller described the sandstones of the formation as being clayey and silty,
usually micaceous and weakly cemented. The Wise formation is composed of
shale, sandstone and 20 or more named coal beds (Brown et al., 1952). The
sandstone is described as arkosic and containing a large number of feldspar grains.

Stewart (1990) also tested coarse coal refuse from the same general
locations as were tested in this investigation. Stewart noted that the coal refuse
which he sampled was mostly composed of shale, with a small amount of sandstone
being present also. This was found to be consistent with the composition of the
refuse for this investigation. Table V provides a summary of the total elemental
analysis for the samples of Stewart's investigation, which were taken near the
sample locations of this investigation.

The slake durability samples were tested first, while the other samples were
air—dried. It was necessary to air dry the samples in order to perform the desired

tests.

3.2 Experimental Procedure and Test Results
The tests performed on the samples included the slake durability,

Atterberg's limits, grain size analysis, standard Proctor compaction, falling—head



Table V. Major Element Chemistry (After Stewart, 1990)

% SiO,
% Aly0O3
% Fex03
% K20
% Na20
% MgO
% CaO
% S

Samples
(1,2,3)
48.90
13.90
5.74
3.45
0.45
0.68
0.03
0.52
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Samples

(4,5,6,7)
33.20
14.20
3.81
2.79
0.33
0.94
0.40
1.43

Samples
(3,9)
38.00
14.70
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permeability and triaxial shear test. The procedure and results for all the tests

will be discussed in the following sections.

3.2.1 Slake Durability Test

Slake durability testing begins with the selection of large pieces of refuse
from the location where the samples were taken, and then breaking the pieces with
a hammer into 10 roughly equidimensional fragments weighing between 40 and 60
grams each. Naturally occurring fragments that fit this description can also be
used. Sharp corners are broken off, and dust brushed from the individual
fragments. The total sample mass should be between 450 and 550 grams.

The slake durability apparatus consists of the following: a cylindrical drum
with a 2.00 mm. square—mesh, with a diameter of 140 mm. and a length of 100
mm. One end has a removable lid. The trough supports the drum horizontally so
that the drum is free to rotate about its axis. Rotation of the drum is
accomplished by coupling with a 20 rpm motor.

The 10 shale fragments are placed in the drum. The drum is then placed in
an oven with a temperature of 110°C and dried for at least 6 hours. The mass (A)
of the drum plus the sample is recorded. After cooling for 30 minutes, the drum is
mounted in the trough, and coupled to the motor. The trough is filled with tap
water to a line which is 20 mm. below the drum axis. The motor is switched on,
and the drum rotated for 10 minutes. The drum is then removed, and dried in the
oven for at least 16 hours at 110°C. After cooling, the mass (B) of the drum plus
retained portion of the sample is recorded. The drum is again placed in the trough
and rotated for 10 minutes, oven dried for at least 16 hours, and a mass (C) for the

drum plus the remaining oven—dried sample after the second cycle is recorded.
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The drum is brushed clean, and its mass (D) recorded.

A slake durability index (I4q;) can be determined for the first cycle by
(ASTM D 4644—87):

Iqy1 = [(B—D) / (A—D)] x 100% (21)
A slake durability index (Iqo) for the second cycle can also be calculated as follows
(ASTM D 4644—87):

Ig2 = [(C—D) /(A —=D)] x 100% (22)
By determining I4; and Ig2, one can give each sample a general durability ranking
based on Gamble's (1971) slake durability ratings. Gamble performed tests on
shales and claystones, with the slake durability index varying betweén 0 and 100%.
He then composed a slake durability rating system based on the results of his tests
(Table VI).

The slake durability test was performed on 31 replicates of the 9 samples,
with each sample having from 3 to 4 replicates. The I4; rating for all the
replicates was between 84 and 99, and the I4q rating varied between 72 and 98
(Table A.I}). Sample averages for the Iq; and Ig2 values are shown in Table VIL.
Included in Tables A.I and VII are slake durability ratings for both cycles, based

on Gamble's relative ratings.

3.2.2 Atterberg's Limits

Liquid limit, plastic limit, and plasticity index were determined by dry
screening a portion of the samples to provide about 300 grams of material passing
the No. 40 sieve (minus 0.425 mm.). The material retained on the No. 40 sieve
was discarded.

Liquid limit is determined with the use of a liquid limit device. Distilled
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Table VI. Slake Durability Classification Table (After Gamble, 1971)

I4; Value I40 Value Relative Ranking
> 99 > 98 Very High Durability
98—99 95-98 High Durability
95-98 85—95 Medium High Durability
85—95 60—85 Medium Durability
6085 3060 Low Durability

< 60 < 30 Very Low Durability



67

Table VII. Summary of the Results of the Slake Durability Test

Sample Averages

Sample 1Idl 1d2 Id1 Id2
No. % % Rating * Rating *

1 91 83 MD MD
2 90 82 MD MD
3 94 90 MD MHD
4 95 82 MD MD
5 94 91 MD MHD
6 97 92 MHD MHD
7 97 93 MHD MHD
8 98 96 MHD HD
9 92 86 MD MHD

Explanation Of Id1 And Id2
Rating Abbreviations

LD=Low Durability
MD=Medium Durability
MHD=Medium High Durability
HD=High Durability

* Gamble, 1971
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water is mixed with the solids, and then placed in the brass cup. A groove is made
in the sample, and then the cup is repeatedly dropped from a height of 10 mm.
until the groove closes. The number of drops to close the gap is recorded. To
determine the moisture content for this trial, material from the center of the cup is
collected, placed in a moisture tin and weighed, then oven dried and weighed
again. The moisture content is increased for 3 or more trials, and subsequently
plotted on a semi—logarithmic graph of moisture content versus number of drops
to close the gap. A best fit straight line is drawn through the data points. The
moisture content corresponding to 25 drops is taken as the liquid limit.

For plastic limit, water is added to the remaining minus 0.425 mm.
material until the mixture can be rolled and not stick to one's hands. The mixture
is placed on a ground—glass plate, and rolled into a long slender thread. The
rolling rate should be between 80 to 90 strokes (complete back and forth motion)
per minute. When the thread cracks, breaks, or crumbles just as it reaches a
diameter of 1/8 inch (3.2 mm.), the mixture is at its plastic limit. The thread is
then placed in a moisture tin, weighed, oven dried, and weighed again to determine
moisture content at the plastic limit. A number of trials were performed, and an
average was taken as the plastic limit of the sample. Plasticity index is
determined by subtracting the plastic limit from the liquid limit.

Table VIII summarizes the results of the plasticity test. Tables B.I-B.IX
and Figures B.1-B.9 display the test data used for determining the plastic and
liquid limits for each sample.

Figure 12 displays Gamble's classification based on slake durability and
plasticity testing. The points plotted on the figure represent data from the slake

durability and plasticity test of this investigation.



69

Table VIII. Summary of the Results of the Plasticity Test (percentages are

% water content)

Sample No.

LL (%)

28.9
31.9
29.4

26.7

26.0
31.3
38.5

28.4

PL (%) |

22.6

18.8

23.2

26.8

21.9

PI (%)

6.3
8.4
6.0
6.1
5.6
7.2
8.1
11.7

6.5
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3.2.3 Grain Size Analysis

Both mechanical and wet screening were performed to determine the
gradation of the samples. The samples were first air dried, and then dry screened
with a 25.4 mm. and a 19.1 mm. sieve to separate the particles larger than 19.1
mm. Wet screening of the remaining sample had to be performed, since dry
screening was very inefficient for the finer sized particles. The remainder of the
sample was approximately quartered with a riffler, and wet sieved through a series
of screens. The entire sample was not wet screened and oven dried because the
other geotechnical tests that were planned required a sample which was not oven
dried. The sieves used during wet screening included the 12.7 mm., No. 4 (4.75
mm. ), No. 10 (2.00 mm.), No. 20 (0.850 mm.), No. 40 (0.425 mm.), No. 60 (0.250
mm.), No. 140 (0.105 mm.), and the No. 200 (0.075 mm.).

After wet screening, the different size classes were oven dried and then
weighed. The percentage of each size range were calculated on a weight basis.
Modifications had to be made to report the weights of the coarse size classes that
were not wet sieved, since only a portion of the finer material was sized. First, the
percentage of the finer material that actually was sized was determined. Then the
total weights of both coarse size classes were multiplied by this percentage.
Another modification was made for wet screening and oven drying the samples,
since some of the sample may be lost during wet screening, and also because oven
drying removes moisture that is not removed by air drying. The percentage of
total weight lost during wet screening was determined, and this percentage was
subtracted from the weights of both coarse size classes. It was believed that this
method of determining the percentage of the coarse sizes would be more accurate

than quartering the entire sample, since some very large particles existed in the



samples, and the presence of even one very large particle might disproportionally
influence the gradation curve.

Figure 13 shows the gradation curves for all the samples (Figures C.1
through C.9 display the gradation curves for individual samples). The coefficient
of uniformity was calculated for seven samples, with values ranging from 12 to 169,
meaning that there is a wide range of particle sizes (Table IX). A value could not
be calculated for the other two samples, since they both have more than 10%
material finer than 0.075 mm. The coefficient of curvature for these seven samples
ranges from 1.33 to 11.97, with four samples having values between 1 and 3,
meaning they are well—graded. Since the other three samples have a C, value
greater than 3, it can be said that they have a wide range of particle sizes, but

have a disproportionate amount of material in the coarse size classes.

3.2.4 Standard Proctor Compaction Test

Compaction testing was performed on the refuse particles passing the 19.1
mm. sieve, since all of the samples had more than 7% by weight of material
retained on the No. 4 sieve (Head, 1982). A compaction mold with a diameter of
10.16 cm. (1002 cm3 volume) and a 2.5 kg. rammer with a 305 mm. drop (standard
Proctor test) were used in the test. The compaction mold was used with a
removable extension collar and detachable baseplate.  Mold volume was
determined by using a micrometer to measure the internal diameter and length of
the mold at four locations. The dimensions were then averaged, and volume
determined by:

Volume = (7 * Average Diameter? * Average Length) / 4

Between 200—300 ml. of distilled water was mixed with 5 kg. of the sample
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Table IX. Coefficient of Uniformity and Coefficient of Curvature from Sieve
Analysis

Sample No. Coefficient Of Uniformity Coefficient Of Curvature

1 60 2.96

2 169 11.97
3 - N
4 24 1.72
5 13 1.53
6 12 1.33
7 100 4.84
8 N S
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to bring its moisture content to 4—6%. The sample is then placed in a sealed
plastic bag, and allowed to stand for at least three hours.

The mold is initially half filled with the wet refuse, and 27 blows are
applied in a systematic manner around the edge of the mold. After the initial
compaction, the compacted material should be about 75 mm. below the top of the
mold body (Head, 1982). If this differs by + 5 mm., the test is restarted. The
compacted surface is then scarified, and a sample is taken, placed in a moisture tin
weighed, oven—dried, and then reweighed for moisture content determination. An
equal amount of material is then added and compacted to form a second layer,
another sample taken for moisture content. This process is repea‘ted for a third
layer, which should bring the compacted layer to about 6 mm. above the mold
body. The extension collar is removed, and the excess material is leveled off with
a straight—edge. The total amount of compaction energy the rammer imparts to
the refuse can be computed by:

(2.5 kg) x (305 mm / 1000) x 27 Blows / Layer x 3 Layers
= 61.76 kg-m = 606 Joules (J)
Compaction energy per unit volume of refuse is:
606 Joules / 1002 cm? = 605 kJ/m3

The weight of the mold with the sample in it is then recorded, the sample
removed, and the weight of the mold recorded. This enables the calculation of wet
density (7yw):

1w = (Wt. of Mold with Sample — Wt. of Mold) / Vol. of Mold
An average is found for the 3 moisture content determinations, and dry density
(74) is calculated by:

74 = 1w / (1 + Average % Moisture (expressed as a decimal)
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About 50 to 100 ml. of distilled water is then added to the remaining
sample, allowed to stand, and the test repeated. At least five tests were performed
with increasing moisture contents. The results of each test can then be plotted on
a graph of dry density versus moisture content to determine maximum dry density
at the optimum moisture content for this compactive effort. The plot should
initially progress upwards, reach a peak, and then slope downwards. If this is the
case, the maximum dry density at the optimum moisture content has been reached
during the test.

Compaction curves which were obtained from the tests are displayed in
Figure 14. Maximum dry density for the nine samples, each compacted with a
total compactive effort of 606 Joules, varies from 1.66 to 2.00 grams/cm3 (103.6
pcf to 124.8 pcf). Optimum moisture content ranges from 7.2% to 11.4 % (Table
X). The data used to construct the compaction curves as well as the individual
compaction curves are shown in Tables D.I-D.IX and Figures D.1-D.9.

For comparison purposes, the densities of the samples were also determined
in a loose state. Each sample was loosely placed in the compaction mold, and then
weighed to determine wet density. An average water content was determined for

the sample, and dry density calculated. Table XTI provides the results for this test.

3.2.5 Falling Head Permeability Test

Coefficient of permeability was determined using a falling head test,
because the refuse was expected to have a intermediate to low permeability of less
than 10-4 meters/sec. (Head, 1982). For this test, distilled water was first added
to the dry refuse particles in order to get the water content to the optimum

moisture content determined during the compaction test. The sample was then
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Table X. Summary of the Results of the Standard Proctor Compaction Test

Sample No. Maximum Dry Density Optimum Water Content
(grams / cm3) (percent)
1 1.66 8.0
2 1.75 7.2
3 1.77 8.5
4 1.93 7.8
) 1.96 9.0
6 2.00 10.5
7 1.80 7.4
8 1.77 8.7

9 1.99 11.4
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Table XI. Loose Densities of the Samples

Sample No. Wet Density Average Water Content Dry Density
(g/cm?) (percent) (g/cm3)
1 1.10 12.15 0.98
2 1.15 11.74 1.03
3 1.08 11.43 0.97
4 1.30 11.29 1.16
3 1.07 11.34 0.96
6 1.29 13.86 1.13
7 1.26 12.68 1.12
8 1.15 11.95 1.03

9 1.21 12.22 1.08
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compacted by essentially the same procedure as used for the compaction test, with
the single difference that no additional water was added to the sample. This
procedure was chosen because by reaching the optimum moisture content for this
compactive effort, the void ratio of the sample would be low, and coefficient of
permeability values would be conservative.

Following compaction, the extension collar and baseplate are removed, and
the sample placed in the permeameter. The sample must then be de—aired by
applying a vacuum to the air valve. The de—airing process was quite time
consuming, taking several days to several weeks to complete the process.

To perform the test, a water—filled burette is connected to the sample by
means of a plastic tube. The water flows into the permeameter and through the
sample, to a pipe at the bottom of the permeameter. Here, the water flows
through a rubber tube into a funnel, and then exits through a hole in the funnel.
Figure 15 shows a schematic of this setup.

The coefficient of permeability can be calculated by first measuring the
elevation difference between the water in the burette at both the start (hg) and
end (h;) of the test, and the water outlet. The time (t) for the water to flow from
hg to h;y must be recorded. The diameter of the burette and compaction mold
(sample diameter) were measured with a micrometer, and then the area for the
burette (a) and sample (A) were calculated. In addition, mold length (L) (also
sample length) was measured. Coefficient of permeability (k) can then be
calculated by (Head, 1982):

k=laxLxln(ho/h)]/(Axt) (23)

For each sample, permeability tests were performed twice a day until the

coefficient of permeability became nearly constant from one day to the next. At
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this point the sample was believed to be completely saturated, and K values would
not be affected by air trapped between the solid particles.

Table XII summarizes the sample averages for the coefficient of
permeability of the refuse compacted at the optimum moisture content. The
average for all the samples is 5.72 x 1076 m/sec. Results from the individual tests

are presented in Tables E.I-E.IX.

3.2.6 Triaxial Compression Test

For the triaxial compression testing, the coarse material separated during
dry screening is first crushed to minus 12.7 mm. (1/2 inch). The remaining sample
is also screened to remove the plus 12.7 mm. material, which is also crushed.
Crushing was performed because, if the material were to be used in an actual
backfilling system (particularly pneumatic or hydraulic), a reduction in coarse
sizes would be likely to be needed for transport.

The crushed material is then dry screened to remove any plus 12.7 mm.
material still remaining. The proper percentage (determined from the sieve
analysis) of the crushed minus 12.7 mm. material is then added to the remaining
sample. Triaxial testing is performed on both dry and wet refuse, the wet refuse
having moisture contents of both 10 and 15 percent. Water does not escape during
testing of the wet refuse, so this is an undrained, unconsolidated triaxial test.

The testing equipment used for this test is shown in Plate 1. The
equipment consists of an MTS servo controlled loading machine, which applies the
axial load to the loading piston at the top of the triaxial cell. The triaxial cell
contains a flexible membrane filled with hydraulic oil. A hydraulic pump is used

to provide pressure to the confining fluid inside the triaxial cell's flexible
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Table XII. Summary of the Sample Averages for the Falling Head Permeability
Test

Sample No. Coefficient Of Permeability
meters / second

1 3.78x 10" 8
2 4.74 x 1076
3 1.59 x 10°°
4 3.75x 107 ©
5 3.69 x 107 ©
6 1.70 x 107°
7 7.92 x 1076
8 1.19 x 10°°
9 7.73 x 1076

Average Of Samples = 5.72 x 1079
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membrane. Confining pressure is monitored with a pressure transducer connected
to a digital readout. The load versus displacement curve for each test is plotted
with an x—y recorder.

The diameter and length of the triaxial chamber are determined. Sample
diameter is the same as the chamber diameter, which is 50.8 mm. (2 inches). The
length of chamber is 133.9 mm. (5.27 inches). The triaxial cell is then almost
completely filled with refuse, so that the sample length will be well over 101.6 mm.
(4 inches), which is twice the sample diameter. The sample is then compacted by
three blows from the 2.5 kg. (5.5 pound) rammer (total compactive effort is 2.2875
J). For a typical sample length of 106.7 mm (4.2 inches), the compactive effort
per volume of refuse would be 108 kJ/m3, considerably less than what was used
during the compaction test (605 kJ/m3). This small amount of compaction is
performed only to ensure that the sample top is relatively flat, and length
measurements can be taken. Testing the sample at this relatively undensified
state should more closely approximate actual fill density following the stowing
operation.

The length between the top of the sample and the top of the chamber is
measured at three locations, and an average taken. The average length is
subtracted from the length of the chamber to determine sample length. The
sample length is always at least twice the sample diameter.

The loading piston is then inserted into the top of the triaxial chamber, and
the cell placed into the MTS testing machine. The hydraulic pump is coupled to
the triaxial cell. Approximately 890 N (200 pounds) of axial load is applied to the
sample initially, and then a confining pressure of 690 kPa (100 psi) is added.

The samples are tested using displacement control with a displacement rate
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of 0.381 mm/min (0.015 inches/min). Undrained, triaxial compression tests for
soils are typically conducted with displacement control at a rate of about 2% of
the specimen length per minute, although displacement rates between 0.3 to 10%
of the sample length per minute will make little difference in test results (Head,
1982). For all the samples tested in this investigation, the displacement rate is
between 0.3 and 0.4% of the specimen lengths per minute.

The choice of the failure point is rather arbitrary, since failure for
unconsolidated materials is not clearly defined. Generally for soils, failure is
defined arbitrarily at some predetermined level of axial strain (typically 20%).
For this investigation, testing at each confining pressure continues until either the
load versus displacement curve flattens out, or the confining pressure begins to rise
due to the outward displacement of the sample. At this point, it was assumed that
the samples are failing.

Confining pressure is increased in increments of 690 kPa (100 psi) for the
dry samples, and in increments of 345 kPa (50 psi) for the wet samples. The
sample is then loaded to failure again. This procedure is continued up to confining
pressures of 3450 kPa (500 psi) for the dry samples, and 3795 kPa (550 psi) for the
wet samples.

Following the test, the "failure" stresses are recorded, along with the
confining stresses. Since the cross—sectional area of the samples is changing as the
test progresses, an area correction must be incorporated into the calculation of
peak axial stresses (Wray, 1986). For a sample of original cross—sectional area Ao,
the corrected area (A¢) at any point during the test is:

Ac=Ao/(1—¢) (24)

where,
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¢ = Axial strain at the peak stress.
Tables F.I and F.II provide a summary for the results of all the triaxial tests.

The failure criterion (total stress analysis) for each sample is determined
with the aid of a Mohr—Coulomb Failure Criterion computer program, and then
plotted (Figures F.1-F.27). A test summary for the failure criterion parameters is
provided in Table XIII.

A straight line is drawn tangent to the linear portion of the load
displacement curves at each confining pressure for all the tests. Then, vertical and
horizontal lines are drawn connecting the ends of the tangent line, forming a
right—triangle. The vertical line represents increment of load, while the horizontal
line represents increment of displacement. Incremental load can be converted to
incremental stress by dividing by the sample cross—sectional area, while
incremental displacement can be converted to incremental strain by dividing by
the original sample length. Once these calculations are complete, the modulus of
deformation (E.), or constrained modulus of deformation, can be computed for
each confining pressure:

E. = Incremental Stress/Incremental Strain
Figures F.28—F.36 summarize the results of these tests. The figures show the
effect of water content and confining pressure on modulus of deformation for each

sample.
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Table XIII. Summary of the Results of the Triaxial Test
(Total Stress Analysis)

Sample Cohesion Angle Of Internal Friction
Number (psi) (Degrees)
(Dry) (w=10%) (w=15%) (Dry) (w=10%) (w=15%)

1 20 43 34 16.8 11.2 7.0
2 18 39 29 17.4 9.5 5.6
3 34 40 54 17.1 14.0 9.4
4 14 49 47 17.8 9.7 7.0
5 24 44 41 14.8 10.0 7.2
6 25 42 43 14.8 11.9 7.4
7 18 46 32 15.4 8.8 6.4
8 16 33 52 17.2 14.6 8.7

9 23 51 24 13.9 11.5 5.6




4. DISCUSSION OF RESULTS

When a comparison is made with rocks of similar composition (shales and
claystones) from the study by Gamble (1971), the coal refuse which was tested has
at least medium durability when subjected to wetting and drying cycles.
Resistance to slaking is significant, since it can be expected that degradation of the
refuse will reduce its strength and permeability. Therefore, it is felt that it would
be desirable for coal refuse which will be used as stowing material to have at least
medium high durability, based on Gamble's relative rankings. All of the samples
which were tested in this investigation meet or very nearly meet this criterion.

Based on the results of the plasticity test and according to soil mechanics
terminology, the refuse particles passing the No. 40 sieve refuse can be classified as
slightly plastic (Sowers, 1979). Even though the refuse is mostly coarse—grained,
its strength and permeability may be adversely affected by the plasticity of the
fine particles. For conventional soils, the effect of plasticity can be significant
enough to alter these properties even when the soil has as little as 5% material (by
weight) passing the No. 200 sieve (Bowles, 1979).

An important aspect of refuse having plastic properties is that it cannot be
considered free draining. This means that excess pore pressures in the fill may not
be quickly dissipated as the material is subjected to increases in stress. Thus, it
would be desirable for coal refuse, considered as a potential backfill material, to be
nonplastic.

[t was hoped that a general relationship could be established between liquid
limit and stiffness. However, the plasticity values for all but one of the samples

had such small variation, that this could not be done. Yet, the sample with the

89
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highest liquid limit (Sample 8) was consistently among the samples which had the
least stiffness during undrained triaxial testing.

The results of the plasticity test of this study compare quite favorably with
plasticity values determined by Rose et al. (1984), who sampled coal refuse from
23 sites in Kentucky. The liquid limit range for their samples was between 26 and
40, with an average of 31. Plastic limit varied from 18 to 26, with an average of
22. Their plasticity index ranged from 5 to 13, with the average value being 10.

A comparison of the results of the liquid limit test (liquid limit between
26.0 and 38.5) with the results of the slake durability test (which ranked all of the
sample averages as having at least medium durability) would seem to support a
slaking study performed by Morgenstern and Eigenbrod (1974). In the
investigation, liquid limit was determined for particles which were weathered by
alternate wetting and drying cycles. When liquid limit for the weathered particles
was in the range of 20 to 50, the rocks had exhibited only small amounts of
slaking.

According to the sieve analysis, four of the samples are well—graded. The
gradation of the other samples could be improved by either crushing a portion of
the coarser sizes or removing a portion of the fines (which may also be necessary
for placement as backfill).

Based on placement considerations, it might be advisable to remove a
portion of the fines if the material is to be used with a pneumatic stowing system.
Previous experience with pneumatic stowing of coal refuse (Munjeri, 1987)
indicates that the minus 3 mm. fraction should not exceed 20% (by weight) to
avoid jamming in the pipelines. The samples which were tested had between 20 to

50% minus 3 mm. material. For hydraulic systems, it is recommended that the
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minus 0.075 mm. fraction not exceed 10% to ensure proper drainage. Two samples
had more than 10% of this size fraction.

The results of the sieve analysis would seem to indicate that the samples
which were tested have similar grain—size distributions when compared to coarse
refuse tested in other studies. In a study by Busch et al. (1974) on coarse coal
refuse sampled from eight sites in West Virginia, grain size analysis indicated that
the refuse had a wide range of grain sizes, with a large amount of coarse material.
For the study, coefficient of uniformity values varied between 14 and 250.

An observation from the results of the standard Proctor compaction test is
that compaction can considerably increase sample densities in comparison with the
densities of the loose samples (Table XI). The compacted densities of the samples
were comparable to the compacted densities of sand, which has been successfully
used as hydraulic stowing material in India (Sinha, 1989). Sand typically has a
compacted dry unit weight between 1.7 to 2.2 g/cm3 (Bowles, 1979).

Unfortunately, mechanical compaction of fills in underground mines has
been reported to be economically unfeasible (McNay and Corson, 1975).
Therefore, one would expect the in place density of a fill composed of coarse coal
refuse, at least initially, to be more comparable to the loose densities of the
samples which are reported in Table XI.

Moulton et al. (1974) performed the same compaction test (standard
Proctor) on coal refuse samples from northern West Virginia. The maximum dry
density for their test varied from 1.46 to 1.98 grams/cm?® (90.8 pcf to 123.8 pcf).
The optimum moisture content ranged from 5.6% to 15.4%.

The procedure used in determining the coefficient of permeability for the

refuse is conservative. In actual applications, the coefficient of permeability of the
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stowed material will probably, at least initially, be higher, since placement density
is not likely to be as high as the compacted density of the refuse in this test. The
results of this test might be more applicable to the in situ case after the stowed
refuse has been compacted by failing mine roof and pillars.

Based on previous backfilling experiences (Thomas, 1976), a fill should have
a coefficient of permeability of at least 100 mm/hour (2.78 x 10°5 m/sec). Based
on this criterion, none of the compacted samples have adequate permeability.

A relationship does seem to exist between amount of fines (minus 200 mesh
material) and coefficient of p»ermeability for the samples. Sample 6 has the least
amount of fines (1.96% by weight) and has the highest coefficient of permeability
(1.70 x 10°3 m/sec). Samples 8 and 3 have the most fines (11.87% and 19.25% by
weight) and have the two lowest values for coefficient of permeability (1.19 x 1076
and 1.59 x 1076 m/sec).

D'Appolonia (1975) reports that typical K values for compacted coarse coal
refuse tested in the lab generally vary from 1.0 x 10°4 m/sec to 1.0x10°8 m/sec. It
is interesting to note that compacted conventional soils, which have similar size
distributions (sand with 5—12% of minus 200 mesh material), typically have
permeabilities in the range of 1.0 x 1075 to 1.0 x 10-8 m/sec (Mitchell, 1983).

Based on the results of the Atterberg's limits test, particle size analysis,
moisture density relationship test, and falling head permeability test, the coal
refuse which was tested in this investigation appears to be quite typical when
compared with coal refuse which has been tested in other investigations (Busch et
al., 1974; Rose et al.,1984; Moulton et al., 1974; D'Appolonia, 1975).

The failure criterion used for determining shear strength parameters for the

wet samples is conservative, since it is based on a total stress analysis, and pore
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pressure is not subtracted from the normal and confining stresses acting on the
samples. The effect of pore pressure will be to reduce the effective normal and
confining stresses acting on the samples, thus reducing their shear strength.

Generally, in the construction of most earth structures, a total stress
analysis for the unconsolidated material comprising the structure is only
considered important immediately after it has been placed, or until construction of
the structure has ceased. It is assumed that pore pressures will dissipate within a
short time after construction, and that water seepage will become steady.
However, this assumption cannot be made in a mine environment, because stresses
acting on the fill will constantly be changing. Therefore, although conservative,
the total stress analysis may be most appropriate, at least for potential short term
conditions.

Because this test is a multi—stage triaxial test, ¢ can be considered as the
residual angle of internal friction, since the sample is being subjected to multiple
failures. This type of test was chosen over the single stage triaxial test, which uses
a different sample for each state of stress, because it more closely approximates in
situ conditions. It is expected that the fill particles will be subjected to numerous
failures as they are compacted by overlying strata.

Compacted coarse coal refuse, tested using a effective stress analysis and
single stage triaxial test, typically has a peak effective ¢ of between 25 to 41
degrees (Bishop and Simon, 1976). However, it should be noted that these values
have been obtained at normal stresses under 517.5 kPa (75 psi). Testing done at
normal stresses up to 1380 kPa (200 psi) by the National Coal Board in the United
Kingdom have shown that the failure envelope begins to flatten out at the higher

stresses. In one case, the angle of effective internal friction decreased from 38
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degrees at the beginning of the envelope to 20 degrees at a normal stress of 1035
kPa (150 psi) (D'Appolonia, 1975).

Since the shear strength parameters of coal refuse have been determined for
stability analysis of waste embankments, only low normal stresses have been used
during previous investigations. Also, no documented multistage triaxial testing on
coal refuse has been found. Therefore, the results of this test cannot be directly
compared with any previous investigation.

Drnevich et al. (1976) performed a single stage triaxial test on coarse coal
refuse compacted at optimum moisture content according to AASHO T 99-70
method D (AASHO, 1970). After compaction, the samples were saturated.
Confining stresses used during the test were up to 400 kPa (58 psi), and peak
normal stresses did not exceed 800 kPa (116 psi). Total stress analysis showed
that ¢ varied from 18.6 to 20.2 degrees. Cohesion ranged from 60 to 99.4 kPa (8.7
to 14.4 psi). For the effective stress analysis, ¢ was between 28.6 and 31.5 degrees.
Cohesion varied from 9 to 20 kPa (1.3 to 2.9 psi).

An unconsolidated—undrained triaxial shear test by Wahler and Associates
(1973) was performed on coarse coal refuse sampled in West Virginia. Based on a
limited number of tests, a total stress analysis determined a ¢ as low as 9 degrees
with cohesion at 27.6 kPa (4 psi). For the sarhe tests, effective stress analysis
determined a ¢ of 38 degrees with 0 cohesion.

Various tests measuring the residual shear strength of similar
unconsolidated materials have produced shear strength parameters comparable to
the results of this investigation. For sand, silt, and clay mixtures, the residual
angle of internal friction is usually in the range from 12 to 24 degrees (Hunt, 1986).

Sands with little or no fines (silt and clay) generally have a much higher
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residual angle of friction. For example, the residual shear strength of river sand
has been determined to be around 33 degrees for both drained and undrained
conditions (Bishop, 1971). Since river sand has been proven to be a successful
backfill material in underground coal mines (Sinha, 1989), it would be desirable for
coal refuse to have at least a comparable residual angle of friction, say around 30
degrees. Unfortunately, the results of this investigation suggest that the residual
angle of friction for coal refuse is much lower than river sand.

The low ¢ values which were determined in this investigation indicate the
need for a fill composed of coal refuse to be surrounded by well constructed
retaining structures where not confined by remnant coal pillars. The amount of
active lateral pressure exerted by a fill can be quite high (see Section 1.4) when ¢
is low.

An analysis of Figures F.28 through F.36 shows that the modulus of
deformation of the refuse increases with increased confinement and axial strain.
The figures also show that modulus of deformation is sensitive to water content
and confining pressure. When confining pressure is under 1380 kPa (200 psi), the
modulus of deformation for the wet samples is slightly less or about the same as
that of the dry samples. Initially, the presence of water reduces stiffness because it
reduces friction between the solid particles. However, as the voids become filled
with water, stiffness dramatically increases because of the incompressibility of
water. For a conservative estimate of the materials modulus of deformation at
higher confining pressures (greater than around 1380 kPa, or 200 psi), one should
use values for the dry refuse, because water may eventually drain as the fill
continues to consolidate.

The confined modulus of deformation for the refuse is much less than the
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confined modulus of deformation for coal. Ko and Gerstle (1974) performed
triaxial compression tests with confining pressures between 100 and 600 psi on coal
from the Pittsburgh coal seam. Modulus of deformation varied between 390,000
and 500,000 psi.

Although the refuse has a lower confined stiffness modulus than intact coal,
it's modulus of deformation is comparable to sand. Triaxial compression tests on
dry river sand with confining pressures between 300 and 400 psi have yielded
moduli of deformation values between 17,000 and 20,000 psi (Vesic and Clough,
1968).

An observation from all the tests is that there are no significant differences,
in terms of geotechnical properties, between newly placed and older samples
originating from the same mines. This may be explained by considering that
weathering only affects the surface layer of coal refuse piles (Charles, 1984), and
the samples were taken at a slight depth (1 to 2 feet).

In summary, various tests can be performed to determine the suitability of
coal refuse as a potential backfill material. Table XIV provides a summary of the
desired properties based on both placement and engineering performance

considerations.
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Table XIV. Desired Properties of Coal Refuse as a Backfill Material

Test

Slake Durability
Plasticity

Grain Size Analysis

Permeability

Triaxial Compression

Desired Properties

Id; greater than 95, Id; greater than 85
Refuse should be nonplastic

Minus 0.075 mm. material should not exceed
10% for hydraulic stowing systems, the minus
3 mm. material should not exceed 20% for
pneumatic stowing systems, C, greater than 4,
C, between 1 and 3

Coefficient of permeability should be at
least 100 mm/hour (2.78 x 10-5 m/sec)

Residual angle of internal friction should

be at least 30 degrees, confined modulus of
deformation comparable to modulus of deformation
of a failing coal pillar



5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Six tests were performed to help evaluate the suitability of coal refuse as a
stowing material. The six tests included slake durability, Atterberg's limits,
grain—size analysis, moisture—density relationship, falling head permeability and
the triaxial compression test.

From the results of these tests, the following conclusions can be drawn:

1. The slake durability test indicates that the refuse is susceptible to a
moderate amount of disintegration when exposed to wetting and drying cycles.

2. The fine fraction (minus 0.425 mm.) of all the samples do exhibit some
degree of plasticity when exposed to water.

3. The grain size analysis indicates that the refuse tested in this
investigation, due to the high amount of minus 3 mm. material, would likely cause
jamming in pneumatic stowing pipelines based on prior experiences with
backfilling systems (Munjeri, 1987). The grain size analysis also indicates that
some portion of the samples would likely have to be crushed to be used with
pneumatic or hydraulic stowing systems.

4.  The dry density of the refuse can be considerably increased by
compaction.

5. The coefficient of permeability for all the samples is less than what is
desirable (2.78 x 105 m/sec) for a backfill material.

6. The results of the triaxial compression test indicate that the residual
angle of friction for the tested coal refuse is between 13.9 and 17.8 degrees for the

dry samples, between 8.8 and 14.6 degrees for the samples containing 10%
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moisture, and between 5.6 and 9.4 degrees for the samples containing 15%
moisture. The values for residual angle of friction are much lower than river sand,
which has been successfully used as a backfill material in underground mines.

7. The modulus of deformation of the refuse increases with increasing axial
deformation and confining pressure. This increase is more dramatic for the wet
refuse which was tested under undrained conditions.

8. The modulus of deformation of the refuse is much lower than the
modulus of deformation of coal for the confining pressures used in this
investigation. |

9. Because it was determined that the refuse does have a moderate amount
of plasticity, low permeability, and low residual angle of friction, it is felt that coal
refuse which was tested is inadequate as a backfill material.

It is anticipated that there may be drainage problems when using this
material as stowing material in wet mines, and that it will not readily dissipate
pore pressure. Excessive pore pressures caused by increasing stresses can lead to
fill liquefaction if the amount of confinement provided to the fill is not adequate.
A possible solution to this problem would be to remove some portion of the fines
(minus 200 mesh material), which might also help improve placement
performance.

In summary, it is felt that if improving ground control is the only reason for
backfilling, coal refuse alone does not appear to be a suitable stowing material. If
coal refuse disposal is also a consideration, then it may be more attractive as a

stowing material.
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5.2 Recommendations

Based on this study, the following recommendations are made:

1. More strength testing should be conducted on coal refuse. A suggested
alternative test could the one dimensional compression test (Busch et al., 1974) in
which lateral restraint (e lateral=0) is provided to the sample as the vertical load
is applied. Therefore, the lateral stress which subsequently develops would more
closely approximate in situ conditions.

2. Since mine subsidence is time—dependent, coal refuse should be
subjected to creep testing under a number of environmental conditions.

3. A study should be performed to determine if other types of material,
such as river sand, can be mixed with coal refuse to improve its mechanical
properties. A study should also be made to determine economical cementing
admixtures which can be used with coal refuse. Strength testing of the various
mixtures should be performed, and a comparison made with uncemented refuse.

4. The environmental effects of storing coal refuse in a mine environment

should be examined.
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Table A.I - Results of Slake Durability Test
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Specimen Weight Weight Weight Weight

No.

SOLLGE

IN

£ PG00 16 e
W~ W~

4-4
5-1
5-2
5-3
6-1

6-3
7-1
7-2
7-3
8-1
8-2

8-4
9-1
9-2

A B C D
And Rep. (grams) (grams) (grams) (grams)
2308 2227 2170 1803
2295 2282 2267 1803
2335 2287 2247 1803
2306 2240 2171 1777
2288 2274 2254 1777
2326 2266 2216 1777
2204 2229 2188 1757
2260 2216 2198 1757
2274 2263 2244 1757
2356 2325 2294 1821
2337 2324 2289 1821
2334 2284 2185 1803
2348 2329 2254 1803
2323 2295 2225 1777
2218 2213 2208 1777
2310 2302 2293 1803
2223 2156 2120 1757
2221 2207 2194 1757
2304 2292 2265 1777
2357 2336 2301 1821
2255 2238 2217 1821
2277 2260 2237 1757
2342 2331 2322 1821
2231 2223 2217 1757
2322 2312 2303 1821
2283 2267 2247 1803
2321 2311 2301 1777
2208 2183 2170 1757
2299 2263 2245 1821
2271 2201 2139 1803
2275 2257 2241 1777

9-4

* Gamble, 1971

Explanation Of Id1 And 1d2

Id1
%

84
97
91
88
97
89
88
91
98
94
97
91
97
95
99
98
86
97
08
96
96
97
98
98
98
97
98
94
92
85
96

Rating Abbreviations

LD=Low Durability

MD=Medium Durability
MHD=Medium High Durability

HD=High Durability

1d2
%

73
94
83
74
93
80
80
88
94
88
91
72
83
82
98
97
78
94
93
90
91
92
96
97
96
93
96
92
89
72
93

Id1
Rating *

LD
MHD
MD
MD
MHD
MD
MD
MD
MHD
MD
MHD
MD

MHD

MD
HD
HD
MD
MHD
MHD
MHD
MHD
MHD
MHD
HD
HD
MHD
HD
MD
MD
MD
MHD

Id2
Rating *

MD
MHD
MD
MD
MHD
MD
MD
MHD
MHD
MHD
MHD
MD
MD
MD
HD
HD
MD
MHD
MHD
MHD
MHD
MHD
HD
HD
HD
MHD
HD
MHD
MHD
MD
MHD
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Table B.I - Results of Plasticity Test for Sample 1

PLASTIC LIMIT SAMPLE 1

Trial Ml M2 M3 A B M.C.
1 17.000 | 19.473 [ 19.060| 2.060 0.413 20.0
2 15.770| 19.733 | 19.023| 3.253 0.710 21.8
3 15.750( 19.460 | 18.774| 3.024 0.686 22.7
4 15.750 ( 18.38917.900| 2.150 0.489 227
5 15.900 | 18.974 | 18.402| 2.502 0.572 22.9
6 15.790 | 18.562| 18.039| 2.249 0.523 23.3
7 159901 19.913|19.142| 3.152 0.771 24.5
AVERAGE 22.6

LIQUID LIMIT SAMPLE 1
BUMPS| Ml M2 M3 A B M.C.
50 15.470 ( 18.220| 17.647 | 2.177 0.573 26.3
43 15.850] 19.311 | 18.564| 2.714 0.747 27.5
23 15.760 | 20.845 | 19.695| 3.935 1.150 29.2
18 15.490 | 21.004 | 19.734| 4.244 1.271 29.9
10 15.7201 24.109] 22.084 [ 6.364 2.025 31.8

MI1=Weight of the moisture tin
M2=Weight of the wet soil+moisture tin
M3=Weight of the dry soil +moisture tin
A=M3-M1=Weight of the dry soil
B=M2-M3=Moisture loss

M.C.= (B/A)%= Moisture Content

From Graph: Liquid Limit=28.9%
Plasticity Index=6.3%
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Table B.II - Results of Plasticity Test for Sample 2
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PLASTIC LIMIT SAMPLE 2

Trial M1 M2 M3 A B M.C.
1 16.760| 19.159( 18.711 | 1.951 0.448 23.0
2 17.035(19.953| 19.364 | 2.329 0.589 25.3
3 17.095]20.192| 19.596 | 2.501 0.595 23.8
4 17.241119.603| 19.161 | 1.920 0.442 23.0
5 17.000] 19.635| 19.149 | 2.149 0.487 22.6
6 15.850]20.045| 19.261 | 3.411 0.784 23.0
7 17.121]20.329| 19.708 | 2.588 0.620 24.0
AVERAGE 23.5
LIQUID LIMIT SAMPLE 2
BUMPS| Ml M2 M3 A B M.C.
44 17.049|22.494( 21.240 | 4.192 1.254 29.9
34 16.854122.777( 21.377 | 4.522 1.400 31.0
26 17.110|23.064| 21.633 | 4.523 1.431 31.6
19 16.91922.155| 20.861 | 3.942 1.294 32.8
12 16.783]22.852| 21.300 | 4.517 1.552 34.4
M1=Weight of the moisture tin
M2=Weight of the wet soil+moisture tin
M3=Weight of the dry soil +moisture tin
A=M3-M1=Weight of the dry soil
B=M2-M3=Moisture loss
M.C.= (B/A)%= Moisture Content

From Graph: Liquid Limit=31.9%
Plasticity Index=8.4%
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Table B.III - Results of Plasticity Test for Sample 3
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PLASTIC LIMIT SAMPLE 3

Trial Ml M2 M3 A B M.C.
1 15.990 | 18.615 | 18.140 | 2.150 0.475 22.1
2 15.760 | 20.296 | 19.426 | 3.666 0.870 23.7
3 15.900 | 20.609 { 19.672 | 3.772 0.938 24.9
4 17.000 | 20.899 | 20.137 | 3.137 0.762 243
5 15.750 | 20.183 | 19.381 | 3.631 0.801 22.1
6 15.750 | 20.933 | 19.948 | 4.198 0.985 23.5
AVERAGE 234

LIQUID LIMIT SAMPLE 3
BUMPS | Ml M2 M3 A B M.C.
47 17.049 | 21.131 | 20.264 | 3.215 0.867 27.0
37 16.854 | 22.423 | 21.220 | 4.366 1.203 27.6
31 17.110 | 24.554 | 22906 | 5.796 1.648 28.4
20 16.919 | 23.737 | 22.155 | 5.236 1.582 30.2
13 16.783 | 22.794 | 21.332 | 4.550 1.462 32.1
9 17.121 | 24.084 | 22.307 | 5.186 1.777 34.3

M1=Weight of the moisture tin

M2=Weight of the wet soil+moisture tin
M3=Weight of the dry soil +moisture tin

A=M3-M1=Weight of the dry soil
B=M2-M3=Maisture loss
M.C.= (B/A)%= Moisture Content

From Graph: Liquid Limit=29.4%
Plasticity Index=6.0%
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Table B.IV - Results of Plasticity Test for Sample 4
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PLASTIC LIMIT SAMPLE 4
Trial Ml M2 M3 A B M.C.
1 15.750| 18.972 | 18.417| 2.667 0.555 20.8
2 15.790| 18.335( 17.903 | 2.113 0.431 20.4
3 15.490( 17.048 | 16.788 | 1.298 0.260 20.1
4 15.770] 18.650| 18.158 | 2.388 0.492 20.6
5 16.940] 20.135{ 19.582| 2.642 0.553 20.9
AVERAGE 20.6

LIQUID LIMIT SAMPLE 4

BUMPS| Ml M2 M3 A B M.C.
46 15.85 21.545| 20.441| 4.591 1.103 24.0
39 15.47 | 21.234| 20.062 | 4.592 1.172 25.5
32 15.72 122.274] 20.922| 5.202 1.352 26.0
24 15.99 | 21.134 20.046| 4.056 1.087 26.8
20 15.76 [ 20.512[ 19.491| 3.731 1.021 27.4

M1=Weight of the moisture tin
M2=Weight of the wet soil+moisture tin
M3=Weight of the dry soil +moisture tin
A=M3-M1=Weight of the dry soil
B=M2-M3=Moisture loss

M.C.= (B/A)%= Moisture Content

From Graph: Liquid Limit=26.7%
Plasticity Index=6.1%
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Table B.V - Results of Plasticity Test for Sample 5
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PLASTIC LIMIT SAMPLE 5

Trial M1 M2 M3 A B M.C.
1 15.810| 18.446 | 17.978 | 2.168 0.468 21.6
2 15.900| 20.064 | 19.261 | 3.361 0.804 23.9
3 15.750( 19.303 | 18.604 | 2.854 0.700 24.5
4 17.021( 21.036 | 20.256 | 3.235 0.780 24.1
5 17.081] 19.995 | 19.457 | 2.376 0.538 22.7
AVERAGE 23.4
LIQUID LIMIT SAMPLE 5
BUMPS | Ml M2 M3 A B M.C.
48 15.850( 21.011 | 20.000 | 4.150 1.012 24.4
38 15.760| 20.915 | 19.829 | 4.069 1.086 26.7
30 15.470| 20.576 | 19.424 | 3.954 1.153 29.2
25 15.810] 21.861 | 20.492 | 4.682 1.369 29.2
16 15.900] 22.838 | 21.194 | 5.294 1.645 31.1
M1=Weight of the moisture tin
M2=Weight of the wet soil+moisture tin
M3=Weight of the dry soil +moisture tin
A=M3-M1=Weight of the dry soil
B=M2-M3=Moisture loss
M.C.= (B/A)%= Moisture Content

From Graph: Liquid Limit=29.0%
Plasticity Index=5.6%
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Table B.VI - Results of Plasticity Test for Sample 6

PLASTIC LIMIT SAMPLE 6

Trial Ml M2 M3 A B M.C.
1 17.102 | 19.819 | 19.395 | 2.293 0.424 18.47

2 16.916 | 19.938 | 19.443 | 2.528 0.494 19.56
3 16.965 | 20.358 | 19.823 | 2.858 0.535 18.73
4 16.801 | 20.200 | 19.653 | 2.851 0.547 19.20

5 17.034 | 20.884 | 20.291 | 3.258 0.593 18.20
AVERAGE 18.83

LIQUID LIMIT SAMPLE 6
BUMPS | Ml M2 M3 A B M.C.
47 17.110 | 22.128 | 21.143 | 4.032 0.985 24.44
36 16.854 | 23.048 | 21.828 | 4.974 1.220 24.52
27 16.783 | 22.798 | 21.548 | 4.766 1.250 26.22
22 17.049 | 23.132 | 21.865 | 4.817 1.267 26.30
20 16.919 | 22.481 | 21.306 | 4.387 1.175 26.78

M1=Weight of the moisture tin
M2=Weight of the wet soil+moisture tin
M3=Weight of the dry soil +moisture tin
A=M3-M1=Weight of the dry soil
B=M2-M3=Moisture loss

M.C.= (B/A)%= Moisture Content

From Graph: Liquid Limit=26.0%
Plasticity Index=7.2%
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Table B.VII - Results of Plasticity Test for Sample 7
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PLASTIC LIMIT SAMPLE 7

Trial M1 M2 M3 A B M.C.
1 17.103 | 20.350 | 19.753 | 2.650 0.597 22.5
2 17.209 | 19.828 | 19.323 | 2.115 0.505 23.9
3 17.108 | 20.472 | 19.851 | 2.743 0.621 22.6
4 17.001 | 20.466 | 19.800 | 2.798 0.666 23.8
5 16.999 | 20.160 | 19.565 | 2.566 0.595 23.2
AVERAGE 23.2

LIQUID LIMIT SAMPLE 7
BUMPS | Ml M2 M3 A B M.C.
46 17.035 | 21.573 | 20.544 | 3.509 1.029 29.3
36 17.121 | 21.945 | 20.831 | 3.711 1.114 30.0
28 17.241 | 21.547 | 20.531 | 3.290 1.016 30.9
21 16.760 | 20.518 | 19.613 | 2.853 0.905 31.7
16 17.095 | 22.499 | 21.166 | 4.071 1.333 32.8

M1=Weight of the moisture tin
M2=Weight of the wet soil+moisture tin
M3=Weight of the dry soil +moisture tin
A=M3-M1=Weight of the dry soil
B=M2-M3=Moisture loss
M.C.= (B/A)%= Moisture Content

From Graph: Liquid Limit=31.3%
Plasticity Index=8.1%
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Table B.VIII - Results of Plasticity Test for Sample 8

PLASTIC LIMIT SAMPLE 8
Trial Ml M2 M3 A B M.C.
1 16.760| 19.449| 18.867 | 2.108 0.582 27.6
2 17.0351 21.913| 20.853 | 3.818 1.060 27.7
3 17.095| 19.264 | 18.814 ( 1.719 0.450 26.2
4 17.2411 19.571| 19.074 | 1.833 0.498 27.1
5 15.850]1 17.874| 17.468 | 1.618 0.406 25.1
6 15.470]1 18.915] 18.209 | 2.739 0.706 25.8
AVERAGE 26.8

LIQUID LIMIT SAMPLE §

BUMPS| Ml M2 M3 A B M.C.
48 15.760] 19.480| 18.498 | 2.738 0.982 35.9
41 15.470| 19.706| 18.578 | 3.108 1.128 36.3
31 15.810| 19.979| 18.842 | 3.032 1.137 37.5
21 15.720] 20.542| 19.186 | 3.466 1.356 39.1
20 15.490( 19.375| 18.286 [ 2.796 1.089 38.9
14 15.7701 20.928 | 19.433 | 3.663 1.495 40.8
9 15.790] 19.921| 18.666 | 2.876 1.255 43.6

M1=Weight of the moisture tin
M?2=Weight of the wet soil+moisture tin
M3=Weight of the dry soil +moisture tin
A=M3-M1=Weight of the dry soil
B=M2-M3=Moisture loss

M.C.= (B/A)%= Moisture Content

From Graph: Liquid Limit=38.5%
Plasticity Index=11.7%
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Table B.IX - Results of Plasticity Test for Sample 9
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PLASTIC LIMIT SAMPLE 9

Trial M1 M2 M3 A B M.C.
1 15.720 | 17.826 | 17.430 | 1.710 0.397 23.2
2 15.990 ( 18.111 | 17.741 | 1.751 0.371 21.2
3 15.750 | 18.056 | 17.657 | 1.907 0.399 20.9
4 15790 | 17.987 | 17.586 | 1.796 0.400 22.3
5 15490 | 18.531 | 17.982 | 2.492 0.549 22.0
6 15.770 [ 18.205 | 17.765 | 1.995 0.440 22.1
AVERAGE 21.9
LIQUID LIMIT SAMPLE 9
BUMPS| Ml M2 M3 A B M.C.
40 15.850 | 23.207 | 21.662 ( 5.812 1.545 26.6
36 15.750 | 24.885 | 22922 | 7.172 1.963 27.4
31 15760 | 21.988 | 20.638 | 4.878 1.350 27.7
22 15.470 | 25.343 | 23.122 | 7.652 2221 29.0
18 15.810 | 25.559 | 23.342 | 7.532 2217 29.4
16 15.900 | 23.003 | 21.381 | 5.481 1.622 29.6
MI1=Weight of the moisture tin
M2=Weight of the wet soil+moisture tin
M3=Weight of the dry soil +moisture tin
A=M3-M1=Weight of the dry soil
B=M2-M3=Moisture loss
M.C.= (B/A)%= Moisture Content

From Graph: Liquid Limit=28.4%
Plasticity Index=6.5%
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RESULTS OF STANDARD PROCTOR COMPACTION TEST
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Table D.I - Results of Standard Proctor Compaction
Test for Sample 1

A B A-B \% WetDen.  Ave. DRY DEN.

€9) @ (g (u.cm) (g/cuucm) MC (%) (g/cu.cm)
5907 4259 1648 1002 1.644 4.390 1.575
5973 4259 1714 1002 1.710 6.610 1.604
5990 4259 1731 1002 1.727 6.930 1.615
6031 4259 1772 1002 1.768 7.440 1.646
6041 4259 1782 1002 1.778 9.050 1.631
6020 4259 1761 1002 1.757 10.330 1.592
6017 4259 1758 1002 1.754 10.300 1.591

A=Weight of the sample+mold

B=Weight of the mold

A-B=Weight of the sample

V=Volume of the sample

Wet Den.=Wet Density=(A-B)/V

Ave. MC (%)=Average Moisture Content %
Dry Density=Wet Density/1+(MC%)

From Graph: Maximum Dry Density=1.66 g/cu. cm
At Moisture Content=8.0%
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Table D.II - Results of Standard Proctor Compaction
Test for Sample 2

A B A-B \' Wet Den. Ave. DRY DEN.
(g) (2) (g) (cu.cm) (g/cu.cm) MC (%) (g/cu.cm)

6051 4259 1792 1002 1.788 4.695 1.708
6062 4259 1803 1002 1.799 6.059 1.696
6139 4259 1880 1002 1.876 7.459 1.746
6142 4259 1883 1002 1.879 8.402 1.734

6163 4259 1904 1002 1.900 9.666 1.732
6147 4259 1888 1002 1.884 10.038 1.712
6110 4259 1851 1002 1.847 12.433 1.643

A=Weight of the sample+mold

B=Weight of the mold

A-B=Weight of the sample

V=Volume of the sample

Wet Density=(A-B)/V

Ave. MC (%)=Average Moisture Content %
Dry Density=Wet Density/1+(MC%)

From Graph: Maximum Dry Density=1.75 g/cu. cm
At 7.2% Moisture Content
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Table D.III - Results of Standard Proctor Compaction

Test for Sample 3

A B A-B \Y Wet Den. Ave. DRY DEN.

(2 (® (g (cu.cm) (g/cu.cm) MC(%) (g/cu.cm)
5907 4259 1648 1002 1.644 3.956 1.582
5956 4259 1697 1002 1.693 4.211 1.625
6046 4259 1787 1002 1.783 5.375 1.692
6105 4259 1846 1002 1.842 6.440 1.731
6158 4259 1899 1002 1.895 11.930 1.693
6124 4259 1865 1002 1.861 12.940 1.648
6056 4259 1797 1002 1.793 14.400 1.568
6054 4259 1795 1002 1.791 16.830 1.533

A=Weight of the sample+mold
B=Weight of the mold

A-B=Weight of the sample
V=Volume of the sample

Wet Density=(A-B)/V
Ave. MC (%)=Average Moisture Content %

Dry Density=Wet Density/1+(MC%)

From Graph: Maximum Dry Density=1.77g/cu. cm

At Moisture Content=8.5%
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Table D.IV - Results of Standard Proctor Compaction

Test for Sample 4

A B A-B \% Wet Den. Ave. DRY DEN.

(2 (2 (g (cu.cm) (g/eu.cm) MC (%) (g/cu. cm)
6216 4259 1957 1002 1.953 5.204 1.856
6265 4259 2006 1002 2.001 5.281 1.901
6344 4259 2085 1002 2.080 8.354 1.920
6312 4259 2053 1002 2.049 9.592 1.870
6293 4259 2034 1002 2.029 11.151 1.826
6247 4259 1988 1002 1.984 11.815 1.774

A=Weight of the sample+mold

B=Weight of the mold

A-B=Weight of the sample

V=Volume of the sample

Wet Density=(A-B)/V

Ave. MC (%)=Average Moisture Content %
Dry Density=Wet Density/1+(MC%)

From Graph: Maximum Dry Density=1.93g/cu. cm
At Moisture Content=7.8%
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Table D.V - Results of Standard Proctor Compaction
Test for Sample 5

A B A-B \'% Wet Den. Ave. DRY DEN.
(g) (2) (g) (cu.cm) (g/cu.cm) MC (%) (g/cu.cm)

6036 4259 1777 1002 1.820 4.684 1.773
6087 4259 1828 1002 1.881 5.716 1.824
6120 4259 1861 1002 1.920 6.320 1.857
6157 4259 1898 1002 1.963 6.867 1.894
6182 4259 1923 1002 2.013 9.385 1.919

6160 4259 1901 1002 2.019 12.216 1.897
6078 4259 1819 1002 1.981 16.542 1.815

A=Weight of the sample+mold

B=Weight of the mold

A-B=Weight of the sample

V=Volume of the sample

Wet Density=(A-B)/V

Ave. MC (%)=Average Moisture Content %
Dry Density=Wet density/1+(MC%)

From Graph: Maximum Dry Density=1.96 g/cu. cm
At Moisture Content=9.0%
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Table D.VI - Results of Standard Proctor Compaction

Test for Sample 6
A B A-B \Y Wet Den. Ave. DRY DEN.
) 9] (g (cu.cm) (g/leu.cm) MC(%) (g/cu.cm)
6088 4259 1829 1002 1.891 6.520 1.825
6193 4259 1934 1002 2.012 8.202 1.930
6240 4259 1981 1002 2.071 9.430 1.977
6255 4259 1996 1002 2.090 9.840 1.992

6209 4259 1950 1002 2.074 12.790 1.946
6186 4259 1927 1002 2.064 14.100 1.923

A=Weight of the sample+mold

B=Weight of the mold

A-B=Weight of the sample

V=Volume of the sample

Wet Density=(A-B)/V

Ave. MC (%)=Average Moisture Content %
Dry Density=Wet density/1+(MC%)

From Graph: Maximum Dry Density=2.00 g/cu. cm
At Moisture Content=10.5%
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Table D.VII - Results of Standard Proctor Compaction

Test for Sample 7

A B A-B Vv Wet Den. Ave.

DRY DEN.

(€] @ (g (cu.cm) (g/cucm) MC(%) (g/cu.cm)

6022 4259 1763 1002 1.759 4.789
6171 4259 1912 1002 1.908 6.618
6182 4259 1923 1002 1.919 10.191
6189 4259 1930 1002 1.926 12.491
6169 4259 1910 1002 1.906 15.233

1.679
1.789
1.741
1.712
1.654

A=Weight of the sample+mold

B=Weight of the mold

A-B=Weight of the sample

V=Volume of the sample

Wet Density=(A-B)/V

Ave. MC (%)=Average Moisture Content %
Dry Density=Wet density/1+(MC%)

From Graph: Maximum Dry Density=1.80 g/cu. cm
At Moisture Content=7.4%
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Table D.VIII - Results of Standard Proctor Compaction
Test for Sample 8

A B A-B A" Wet Den. Ave. DRY DEN.

(9] (€3] (g (cu.cm) (g/cu.cm) MC(%) (g/cu. cm)
6096 4259 1837 1002 1.833 6.463 1.722
6175 4259 1916 1002 1.912 9.861 1.740
6123 4259 1864 1002 1.860 10.985 1.676
6103 4259 1844 1002 1.840 14.998 1.600

A=Weight of the sample+mold
B=Weight of the mold

A-B=Weight of the sample
V=Volume of the sample

Wet Density=(A-B)/V
Ave. MC (%)=Average Moisture Content %

Dry Density=Wet density/1+(MC%)

From Graph: Maximum Dry Density=1.77 g/cu. cm

At Moisture Content=8.7%
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Table D.IX - Results of Standard Proctor Compaction

Test for Sample 9

A B A-B \% Wet Den. Ave. DRY DEN.

9] (2 (g (cu.cm) (g/cu.cm) MC(%) (g/cu.cm)
6001 4259 1742 1002 1.791 5.337 1.738
6126 4259 1867 1002 1.920 5.628 1.863
6145 4259 1886 1002 1.951 6.862 1.882
6148 4259 1889 1002 1.956 7.163 1.885
6203 4259 1944 1002 2.025 8.498 1.940
6227 4259 1968 1002 2.067 10.273 1.964
6252 4259 1993 1002 2.102 11.343 1.989
6237 4259 1978 1002 2.099 12.524 1.974
6201 4259 1942 1002 2.084 14.578 1.938

A=Weight of the sample+mold

B=Weight of the mold

A-B=Weight of the sample

V=Volume of the sample

Wet Density=(A-B)/V

Ave. MC (%)=Average Moisture Content %
Dry Density=Wet density/1+(MC%)

From Graph: Maximum Dry Density=1.99 g/cu. cm
At Moisture Content=11.4%
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APPENDIX E
RESULTS OF FALLING HEAD PERMEABILITY TEST
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Table E.I- Dimensions of Sample and Burette and
Explanation of Abbreviations for Permeability Test

Dimensions Of Samples And Burette

Length of samples=115.5 mm
Diameter of samples=105 mm

Area of samples=8659.01 mm squared
Diameter of burette=14.52 mm

Area of burette=165.59 mm squared

Explanation Of Abbreviations

CON=Conversion constant

hl=Initial height of water in burette
h2=Final height of water in burette
h=Height of water at outlet

H1=Initial hydraulic head across sample
H2=Final hydraulic head across sample
T=Elapsed time of test
PERM(K)=Coefficient of permeability



Table E.II - Summary of Permeability Results for Sample 1
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CON

hl
inch

h2
inch

h
inch

H1
mm

H2
mm

Log
(H1/H2)

T
min

PERM(K)
m/sec

8.481
8.481
8.481
8.481
8.481
8.481
8.481

41.50
41.50
41.50
41.50
41.50
41.50
41.50

28.62
34.10
23.63
25.92
21.75
36.20
31.25

13.58
13.58
13.58
13.58
13.58
13.58
13.58

709.17
709.17
709.17
709.17
709.17
709.17
709.17

382.02
521.21
255.27
313.44
207.52
574.55
448.82

0.26873
0.13373
0.44373
0.35463
0.53373
0.09143
0.19873

6.00
3.00
10.00
8.00
12.00
2.00
4.50

3.80E-06
3.78E-06
3.76E-06
3.76E-06
3.77E-06
3.88E-06
3.74E-06

Table E.III - Summary of Permeability Results for Sample 2

Average =
Standard Dev. =

3.78E-06
4.39E-08

CON

h1l
inch

h2
inch

h
inch

H1
mm

H2
mm

Log
(H1/H2)

T
min

PERM(K)
m/sec

8.481
8.481
8.481
8.481
8.481
8.481

41.44
41.44
41.44
41.44
41.44
41.44

21.31
17.56
27.00
32.56
23.44
38.13

13.75
13.75
13.75
13.75
13.75
13.75

703.26
703.26
703.26
703.26
703.26
703.26

192.09
96.84
336.55
477.84
246.06
619.13

0.56
0.86
0.32
0.17
0.46
0.06

10.00
15.00
6.00
3.00
8.00
1.00

4.78E-06
4.87E-06
4.52E-06
4.74E-06
4.83E-06
4.69E-06

Average =
Standard Dev. =

4.74E-06
1.23E-07




Table E.IV- Summary of Permeability Results for Sample 3
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CON hl h2 h H1 H2 Log T | PERM(K)
inch inch | inch | mm mm | (H1/H2)| min m/sec
8.481 [ 42.56 | 29.75 | 12.25]|769.94| 444.50 | 0.23863|13.00| 1.56E-06
8.481 | 32.75 | 24.90 | 10.44]566.74] 367.35 |0.18833|10.00] 1.60E-06
8.481 | 31.50 [ 24.10 | 10.44534.99| 347.03 |{0.1880310.00] 1.59E-06
8.481 | 31.50 | 27.38 | 10.44|534.99| 430.34 [ 0.09453| 5.00 | 1.60E-06
8.481 | 31.50 | 28.25 | 10.44|534.99| 452.44 |0.07283| 4.00 | 1.54E-06
8.481 | 34.50 | 24.80 | 10.441611.19| 364.81 |0.22413]11.67| 1.63E-06
Average =  1.59E-06
Standard Dev. =  3.18E-08
Table E.V - Summary of Permeability Results for Sample 4
CON hl h2 h H1 H2 Log T | PERM(K)
inch inch | inch | mm mm |(H1/H2)| min m/sec
8.481 | 42.25 | 29.50 | 13.5 |730.25] 406.40 | 0.25453] 6.00 | 3.60E-06
8.481 | 42.25 | 34.63 | 13.5 |730.25| 536.70 | 0.13373| 3.00| 3.78E-06
8.481 | 42.25 | 23.63 | 13.5 |730.25| 257.30 [ 0.45303]10.00f 3.84E-06
8.481 | 42.25| 26.00 | 13.5 {730.25| 317.50 | 0.36173| 8.00| 3.83E-06
8.481 | 42.25 | 21.73 | 13.5 |730.25| 209.04 |0.54323|12.00( 3.84E-06
8.481 | 42.25 | 37.10 | 13.5 [730.25| 599.44 [0.08573| 2.00| 3.64E-06
8.481 | 42.25| 31.74 | 13.5 |730.25| 463.30 |0.19763]| 4.50| 3.72E-06
Average =  3.75E-06
Standard Dev. =  1.01E-07




Table E.VI - Summary of Permeability Results for Sample 5
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CON

hl
inch

h2
inch

h
inch

H1
mm

H2
mm

Log
(H1/H2)

T
min

PERM(K)
m/sec

8.481
8.481
8.481
8.481
8.481
8.481
8.481

41.44
41.44
41.44
41.44
41.44
41.44
41.44

29.38
34.06
23.81
26.25
21.75
36.25
31.44

13.63
13.63
13.63
13.63
13.63
13.63
13.63

706.44
706.44
706.44
706.44
706.44
706.44
706.44

400.05
519.11
258.76
320.68
206.38
574.68
452.44

0.24703
0.13383
0.43623
0.34303
0.53443
0.08973
0.19353

6.00
3.00
10.00
8.00
12.00
2.00
4.50

3.49E-06
3.78E-06
3.70E-06
3.64E-06
3.78E-06
3.80E-06
3.65E-06

Average =
Standard Dev. =

3.69E-06
1.10E-07

Table E.VII - Summary of Permeability Results for Sample 6

CON

hl
inch

h2
inch

h
inch

H1
mm

H2
mm

Log
(H1/H2)

T
min

PERM(K)
m/sec

8.481
8.481
8.481
8.481
8.481
8.481
8.481

41.32
41.32
41.32
41.32
41.32
41.38
40.38

26.94
33.70
32.50
30.25
28.80
30.81
29.38

13.53
13.53
13.53
13.53
13.53
13.53
13.53

705.83
705.83
705.83
705.83
705.83
707.23
681.83

340.58
512.29
481.81
424.66
387.83
438.94
402.56

0.31653
0.13923
0.16583
0.22073
0.26013
0.20723
(0.22883

1.50
0.67
0.83
1.17
1.33
1.00
1.17

1.79E-05
1.77E-05
1.69E-05
1.60E-05
1.65E-05
1.76E-05
1.66E-05

Average =
Standard Dev. =

1.70E-05
6.94E-07
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Table E.VIII - Summary of Permeability Results for Sample 7

CON hl h2 h H1 H2 Log T | PERM(K)
inch inch | inch | mm mm | (HI1/H2)| min m/sec

8.481 | 41.25| 21.16 | 13.5 [704.85| 194.56 0.56 | 6.00]| 7.90E-06
8.481 | 41.25 | 22.80 | 13.5 [704.85| 236.22 0.47 | 5.00| 8.05E-06
8.481 | 41.25( 25.25 | 13.5 |704.85| 298.45 0.37 [ 4.00| 7.91E-06
8.481 | 41.25 | 31.54 | 13.5 |704.85] 458.22 0.19 | 2.00| 7.93E-06
8.481 | 41.25 | 28.00 | 13.5 {704.85| 368.30 0.28 | 3.00| 7.97E-06
8.481 | 41.25 [ 26.75 | 13.5 |704.85| 336.55 0.32 | 3.50| 7.78E-06
Average = 7.92E-06

Standard Dev. = §.98E-08

Table E.IX - Summary of Permeability Results for Sample 8
CON hl h2 h H1 H2 Log T | PERM(K)
inch inch | inch | mm mm | (H1/H2)| min m/sec

8.481 | 40.50 | 36.38 12 [723.90| 619.13 0.07 | 4.85| 1.19E-06
8.481 | 40.56 | 38.25 12 |725.49| 666.75 0.04 |3.00| 1.04E-06
8.481 | 40.81 | 37.00 12 [731.84] 635.00 0.06 | 4.00| 1.31E-06
8.481 | 35.75 | 34.25 12 1603.25| 565.15 0.03 | 2.00| 1.20E-06
8.481 | 34.25| 32.06 12 |565.15] 509.59 0.04 |3.00]| 1.27E-06
8.481 | 32.06 | 30.00 12 |509.59| 457.20 0.05 |[3.50] 1.14E-06
Average = 1.19E-06

Standard Dev. = 9.61E-08
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Table E.X - Summary of Permeability Results for Sample 9

CON hl h2 h H1 H2 Log T | PERM(K)
inch inch inch | mm mm (H1/H2)| min m/sec

8.481 | 38.25| 22.10| 13.53|627.86] 217.65 | 0.46013| 5.00 7.80E-06
8.481 | 41.13| 22.50| 13.53|700.88] 227.81 | 0.48813f 5.50 7.53E-06
8.481 | 41.13( 22.44| 13.53(700.88| 226.28 | 0.49103| 5.50 7.57E-06
8.481 | 41.13| 28.06| 13.53(700.88] 369.03 | 0.27863| 3.00 7.88E-06
8.481 | 29.13] 26.12] 13.531396.08] 319.75 | 0.09303) 1.00 7.88E-06

Average =  7.73E-06
Standard Dev.=  1.71E-07




APPENDIX F
RESULTS OF TRIAXIAL TEST
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Table F.I - Results of Triaxial Testing of Dry Coal Refuse

Sample Original | Confining Peak Axial Corrected | Corrected
Number Sample Pressure Load |Displacement| Area | Axial Stress
And Rep. | Length (in) (psi) ~__(Ibs) (inches) (sq. in) (psi)
1-1 4.27 100 785 0.04 3.17 248
200 1360 0.09 321 424
300 1910 0.13 3.24 589
400 2570 0.19 3.29 781
500 No Value
1-2 4.27 100 751 0.04 3.17 237
200 1301 0.08 3.20 406
300 1504 0.12 3.23 589
400 2564 0.16 3.26 785
500 3189 0.21 3.30 966
1-3 4.35 100 779 0.03 3.16 246
200 1304 0.07 3.19 409
300 1891 0.10 322 588
400 2516 0.15 3.25 774
500 3195 0.19 3.29 972
Sample | Original | Confining Peak Axial Corrected | Corrected
Number Sample Pressure Load |Displacement| Area | Axial Stress
And Rep. | Length (in) (psi) (1bs) _ (inches) (sq. in) (psi)
2-1 42 100 804 0.04 .17 254
200 1341 0.08 3.20 419
300 1910 0.12 3.23 591
400 2501 0.15 3.26 768
500 2950 0.17 3.28 900
2-2 4.37 100 763 0.03 3.16 241
200 1301 0.06 3.19 408
300 1876 0.10 321 584
400 2510 0.14 324 774
500 3076 0.18 3.27 940
2-3 4.39 100 770 0.03 3.16 244
200 1310 0.06 3.19 411
300 1929 0.10 3.22 600
400 2692 0.17 3.27 824
500 3701 0.24 3.32 1115
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Table F.I - Results of Triaxial Testing of Dry Coal Refuse (continued)

Sample | Original | Confining| Peak Axial Corrected| Corrected
Number | Sample | Pressure Load |Displacemeny Area |Axial Stress
And Rep.| Length (in) (psi) (Ibs) (inches) (sq. in) (psi)
3-1 442 100 785 0.03 3.17 248
200 1656 0.07 3.19 519
300 2259 0.11 3.22 701
400 2799 0.17 3.27 857
500 No Value
3-2 4.38 100 785 0.03 3.16 248
200 1649 0.06 3.19 518
300 2375 0.10 3.22 738
400 2849 0.17 3.27 872
500 No Value
3-3 4.32 100 729 0.02 3.16 231
200 1279 0.06 3.18 402
300 1885 0.09 3.21 587
400 2526 0.14 3.24 779
500 3025 0.17 3.27 925
Sample | Original | Confining| Peak Axial Corrected| Corrected
Number | Sample | Pressure Load |Displacemeny Area |Axial Stress
And Rep.| Length (in) (psi) (Ibs) ~ (inches) (sq. in) (psi)
4-1 4.35 100 675 0.02 3.16 214
200 1253 0.06 3.19 393
300 1894 0.11 3.22 588
400 2520 0.15 3.26 774
500 3204 0.20 3.29 973
4-2 4.35 100 760 0.03 3.16 240
200 1363 0.08 3.20 426
300 1954 0.13 3.24 604
400 2551 0.17 3.27 781
500 3252 0.22 3.31 982
4-3 4.4 100 751 0.03 3.16 238
200 1329 0.07 3.19 416
300 1951 0.12 3.23 604
400 2639 0.17 3.27 808
500 3280 0.21 3.30 995
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Table F.I - Results of Triaxial Testing of Dry Coal Refuse (continued)

Sample | Original | Confining| Peak Axial Corrected| Corrected |
Number | Sample | Pressure Load |Displacement Area |Axial Stress
And Rep.| Length (in) (psi) (Ibs) (inches) (sq. in) (psi) J
5-1 4.05 100 767 0.05 3.18 241
200 1275 0.08 3.21 398
300 1810 0.12 3.24 559
400 2375 0.15 3.27 727
500 3016 0.20 3.30 913
5-2 4.25 100 751 0.02 3.16 238
200 1266 0.06 3.19 397
300 1819 0.10 3.22 565
400 2400 0.14 3.25 738
500 3069 0.20 3.30 931
5-3 4.15 100 741 0.04 3.17 234
200 1260 0.08 3.20 393
300 1841 0.12 3.24 569
400 2369 0.16 3.26 726
500 2956 0.20 3.30 897
Sample | Original | Confining | Peak Axial Corrected| Corrected
Number | Sample | Pressure Load |Displacement Area |Axial Stress
And Rep.| Length (in) (psi) (Ibs) (inches) (sq. in) (psi)
6-1 4.17 100 751 0.03 3.16 238
200 1260 0.06 3.19 395
300 1866 0.10 3.22 580
400 2454 0.14 3.25 755
500 3007 0.17 3.28 917
6-2 4.35 100 741 0.03 3.16 235
200 1275 0.07 3.19 399
300 1885 0.12 3.23 583
400 2441 0.16 3.26 748
500 3000 0.20 3.29 911
6-3 4.35 100 760 0.05 3.18 239
200 1253 0.09 3.21 391
300 1841 0.14 3.25 567
400 2416 0.19 3.28 736
500 2950 0.23 3.31 890
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Table F.I - Results of Triaxial Testing of Dry Coal Refuse (continued)

Sample | Original | Confining| Peak Axial Corrected| Corrected
Number | Sample | Pressure Load |Displacement| Area |Axial Stress
And Rep.| Length (in) (psi) (Ibs) ~(inches) (sq. in) (psi)
5-1 4.05 100 767 0.05 3.18 241
200 1275 0.08 3.21 398
300 1810 0.12 3.24 559
400 2375 0.15 3.27 727
500 3016 0.20 3.30 913
5-2 4.25 100 751 0.02 3.16 238
200 1266 0.06 3.19 397
300 1819 0.10 3.22 565
400 2400 0.14 3.25 738
500 3069 0.20 3.30 931
5-3 4.15 100 741 0.04 3.17 234
200 1260 0.08 3.20 393
300 1841 0.12 3.24 569
400 2369 0.16 3.26 726
500 2956 0.20 3.30 897
Sample | Original | Confining | Peak Axial Corrected| Corrected
Number | Sample | Pressure Load |Displacement| Area |Axial Stress
And Rep.| Length (in) (psi) (Ibs) ~ (inches) (sq. in) (psi)
6-1 417 100 751 0.03 3.16 238
200 1260 0.06 3.19 395
300 1866 0.10 3.22 580
400 2454 0.14 3.25 755
500 3007 0.17 3.28 917
6-2 4.35 100 741 0.03 3.16 235
200 1275 0.07 3.19 399
300 1885 0.12 3.23 583
400 2441 0.16 3.26 748
500 3000 0.20 3.29 911
6-3 4.35 100 760 0.05 3.18 239
200 1253 0.09 3.21 391
300 1841 0.14 3.25 567
400 2416 0.19 3.28 736
500 2950 0.23 3.31 890




178

Table F.I - Results of Triaxial Testing of Dry Coal Refuse (continued)

Sample | Original | Confining| Peak Axial Corrected| Corrected
Number | Sample | Pressure Load |Displacement] Area |Axial Stress
And Rep.| Length (in) (psi) (Ibs) (inches) (sq. in) (psi)
7-1 4.09 100 741 0.02 3.16 235
200 1181 0.04 3.17 372
300 1756 0.07 3.20 550
400 2356 0.10 3.22 732
500 3000 0.13 3.24 925
7-2 4,15 100 716 0.02 3.16 227
200 1225 0.05 3.18 . 386
300 1759 0.08 3.20 550
400 2344 0.11 3.23 727
500 2966 0.16 3.27 908
7-3 4.2 100 735 0.04 3.17 232
200 1250 0.07 3.19 391
300 1791 0.11 3.22 556
400 2375 0.15 3.25 730
500 3028 0.19 3.29 921
Sample | Original | Confining | Peak Axial Corrected| Corrected
Number | Sample | Pressure Load [Displacement| Area |Axial Stress
And Rep.| Length (in) (psi) (Ibs) (inches) (sq. in) ~ (psi)
8-1 4.25 100 801 0.04 3.17 253
200 1351 0.08 3.20 422
300 1963 0.13 3.24 606
400 2689 0.18 3.28 819
500 3421 0.24 3.33 1028
8-2 4.2 100 770 0.04 3.17 243
200 1329 0.09 3.21 414
300 1904 0.13 3.24 587
400 2551 0.18 3.28 777
500 3151 0.22 3.32 950
8-3 417 100 650 0.03 3.16 206
200 1250 0.08 3.20 391
300 1841 0.12 3.24 569
400 2435 0.16 3.27 745
500 3050 0.20 3.30 924
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Table F.I - Results of Triaxial Testing of Dry Coal Refuse (continued)

Sample | Original | Confining| Peak Axial Corrected| Corrected

Number | Sample | Pressure Load |[Displacement| Area |Axial Stress
And Rep.|Length (in)| _ (psi) (Ibs) [ (inches) | (sg.in) _(psi)
9-1 4.25 100 726 0.04 3.17 229
200 1235 0.08 3.20 386
300 1750 0.12 3.23 542
400 2325 0.15 3.26 713
500 2975 0.20 3.29 904
9-2 4.24 100 735 0.05 3.18 231
200 1250 0.09 3.21 389
300 1810 0.14 3.25 557
400 2359 0.18 3.28 720
500 2865 0.21 3.31 867
9-3 4.31 100 701 0.03 3.16 221
200 1200 0.07 3.19 376
300 1715 0.10 3.22 533
400 2240 0.13 3.24 691
500 2859 0.17 3.27 875
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Sample

Original | Water [Confining Peak Axial | Corrected | Corrected
Number | Sample | Content | Pressure| Load Disp. Area | Axial Stress
And Rep.|Length (in){ (Percent)] (psi) (Ibs) | (inches) | (sq.in) (psi)
1-1 4.21 10 100 801 0.04 3.17 253
200 1301 0.06 3.19 408
300 1850 0.09 3.21 577
400 2325 0.10 3.22 722
500 2749 0.11 3.23 852
1-2 4.11 10 100 751 0.04 3.17 237
200 1250 0.07 3.19 392
300 1725 0.09 3.21 537
400 2199 0.10 322 683
500 2626 0.11 322 815
Sample | Original | Water [Confining Peak Axial | Corrected | Corrected
Number | Sample | Content | Pressure| Load Disp. Area | Axial Stress
And Rep.|Length (in)| (Percent)]  (psi) (lbs) | (inches) | (sq.in ~ (psi)
1-1 443 15 100 625 0.02 3.15 198
150 851 0.03 3.16 269
200 1049 0.04 3.17 331
250 1275 0.04 3.17 402
300 1477 0.04 3.17 465
350 1674 0.05 3.17 527
400 1876 0.05 3.18 590
450 2099 0.05 3.18 660
500 2325 0.06 3.18 730
550 No Value
1-2 4.36 15 100 650 0.01 3.15 207
150 851 0.02 3.15 270
200 1049 0.02 3.16 332
250 1250 0.03 3.16 396
300 1451 0.03 3.16 459
350 1649 0.03 3.17 521
400 1850 0.04 3.17 584
450 2051 0.04 3.17 647
500 2249 0.04 3.17 709
550 2450 0.05 3.18 772




181

Table F.II - Results of Triaxial Testing of Wet Coal Refuse (continued)

Sample { Original | Water [Confining Peak Axial | Corrected | Corrected
Number | Sample | Content | Pressure| Load Disp. Area | Axial Stress
And Rep.|Length (in)| (Percent)| (psi) (Ibs) | (inches) | (sq.in) (psi)
2-1 4.06 10 100 650 0.03 3.16 205
150 898 0.05 3.18 283
200 1175 0.06 3.19 368
250 1401 0.07 3.20 438
300 1599 0.08 3.20 500
350 1850 0.08 3.20 578
400 2099 0.08 3.21 655
450 2300 0.08 3.21 717
500 2551 0.09 321 795
550 2749 0.09 3.21 856
2-2 4.05 10 100 726 0.03 3.16 230
150 999 0.05 3.18 314
200 1250 0.06 3.19 392
250 1477 0.07 3.19 462
300 1674 0.07 3.19 524
350 1847 0.07 3.20 578
400 2099 0.07 3.20 656
450 2325 0.08 3.20 726
500 2501 0.08 3.20 781
550 2699 0.08 3.20 843
Sample | Original | Water [Confining Peak Axial | Corrected | Corrected
Number | Sample | Content | Pressure| Load Disp. Area | Axial Stress
And Rep.|Length (in)|(Percent)] (psi) | (lbs) | (inches) | (sq.in) (psi)
2-1 4.22 15 100 575 0.01 3.15 183
150 776 0.02 3.16 246
200 974 0.04 3.17 307
250 1150 0.04 3.17 363
300 1351 0.04 3.17 426
350 1574 0.05 3.18 495
400 1750 0.05 3.18 550
450 1926 0.05 3.18 606
500 2124 0.05 3.18 667
550 2350 0.06 3.18 738
2-2 4.31 15 100 600 0.01 3.15 191
150 776 0.02 3.15 246
200 974 0.02 3.16 308
250 1175 0.03 3.16 372
300 1351 0.03 3.16 427
350 1549 0.03 3.17 489
400 1775 0.04 3.17 560
450 1948 0.04 3.17 614
500 2124 0.04 3.17 670
550 2325 0.04 3.17 732
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Table F.II - Results of Triaxial Testing of Wet Coal Refuse (continued)

Sample | Original | Water |Confinind Peak Axial |Corrected| Corrected
Number| Sample [Content|Pressure] Load Disp. Area |Axial Stress
And ReplLength (in)}{Percent] (psi) (Ibs) | (inches)| (sq.in) (psi)
3-1 4.25 10 100 776 0.07 3.19 243
150 1125 0.13 3.24 347
200 1451 0.17 3.27 443
250 1800 0.21 3.31 544
300 2149 0.25 3.34 644
350 2400 0.26 3.35 717
400 2652 0.28 3.36 789
450 2950 0.30 3.38 873
500 3201 0.31 3.39 945
550 3424 0.32 3.39 1009
3-2 4.35 10 100 751 0.06 3.18 236
150 1074 0.11 3.22 333
200 1351 0.14 3.24 416
250 1649 0.17 3.27 505
300 1951 0.19 3.29 594
350 2199 0.21 3.30 667
400 2450 0.22 3.31 741
450 2699 0.23 3.32 814
500 2925 0.24 3.32 880
550 3151 0.24 3.33 947

Number| Sample {Content|Pressure| Load Disp. Area |Axial Stress

Sample | Original | Water Confinin% Peak Axial |Corrected| Corrected
And Rep/Length (in}(Percent] (psi) (Ibs) |(inches)| (sqg.in) (psi)

3-1 4.35 15 100 776 0.06 3.18 244
150 1100 0.10 3.21 342
200 1351 0.12 3.23 418
250 1574 0.13 3.24 486
300 1775 0.13 3.24 548
350 2001 0.13 3.24 617
400 2199 0.14 324 678
450 2400 0.14 3.25 739
500 2626 0.14 3.25 809
550 2827 0.15 3.25 870
3-2 4.14 15 100 801 0.05 3.18 252
150 1049 0.08 3.20 328
200 1326 0.10 3.22 412
250 1574 0.12 3.23 487
300 1800 0.12 3.23 557
350 2026 0.13 3.24 625
400 2249 0.13 3.24 694
450 2476 0.13 3.25 763
500 2702 0.14 3.25 832

550 2925 0.14 3.25 800
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Table F.II - Results of Triaxial Testing of Wet Coal Refuse (continued)

Number| Sample |Content|Pressure] Load Disp. Area [Axial Stress
And Rep/Length (in)(Percent] {psi) Ibs) inches)| (sqg.in) {psi)

Sample | Original | Water Confininj Peak Axial |Corrected| Corrected

4-1 4.30 10 100 726 0.05 3.18 228
150 1024 0.08 3.20 320

200 1326 0.12 3.23 411

250 1499 0.12 3.23 463

300 1800 0.14 3.25 555

350 2026 0.15 3.25 623

400 2249 0.15 3.26 691

450 2450 0.16 3.26 751

500 2652 0.16 3.26 813

550 2849 0.16 3.26 873

4-2 4.31 10 100 726 0.05 3.18 228
150 1049 0.09 3.21 327

200 1326 0.12 3.23 410

250 1549 0.14 3.25 477

300 1800 0.16 3.26 552

350 2026 0.16 3.26 621

400 2249 0.17 3.27 688

450 2425 0.17 3.27 741

500 2626 0.18 3.27 802

550 2849 0.18 3.28 870

Sample [ Original | Water [Confinind Peak Axial |Corrected| Corrected
Number| Sample |Content|Pressure] Load Disp. Area |Axial Stress

And RepJLength (in)(Percent] (psi) (Ibs) | (inches)| (sqg.in) (psi)
4-1 4.11 15 100 776 0.03 3.16 245
150 1049 0.05 3.18 330

200 1250 0.06 3.19 392

250 1451 0.06 3.19 455

300 1674 0.07 3.19 525

350 1876 0.07 3.19 587

400 2073 0.07 3.20 649

450 2275 0.07 3.20 711

500 2476 0.08 3.20 774

550 2677 0.08 3.20 836

4-2 4.35 15 100 650 0.02 3.16 206
150 851 0.03 3.17 269

200 1049 0.04 3.17 331

250 1250 0.04 3.17 394

300 1477 0.05 3.18 465

350 1649 0.05 3.18 519

400 1850 0.05 3.18 582

450 2051 0.05 3.18 645

500 2275 0.06 3.18 715

550 2450 0.08 3.18 769
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Table F.II - Results of Triaxial Testing of Wet Coal Refuse (continued)

Sample | Original | Water |Confining Peak Axial |Corrected| Corrected
Number| Sample |Content|Pressure; Load Disp. Area |Axial Stress
And Rep/Length (in)(Percent] (psi (lbs) | (inches)| (sq.in) (psi)
5-1 4.21 10 100 726 0.04 3.17 229
150 999 0.07 3.19 313
200 1275 0.10 3.22 397
250 1524 0.12 3.23 472
300 1800 0.13 3.24 555
350 2001 0.14 3.25 616
400 2224 0.14 3.25 684
450 2425 0.15 3.26 745
500 2652 0.15 3.26 813
550 2849 0.16 3.26 874
5-2 4.30 10 100 726 0.03 3.17 229
150 974 0.06 3.18 306
200 1250 0.08 3.20 391
250 1499 0.10 3.22 466
300 1750 0.11 3.22 543
350 1951 0.12 3.23 604
400 2174 0.12 3.23 672
450 2400 0.13 3.24 741
500 2601 0.13 3.24 803
550 2827 0.13 3.24 872
Sample | Original | Water [Confinind Peak Axial |Corrected| Corrected
Number| Sample |Content|Pressure| Load Disp. Area |Axial Stress
And RepJLength (in)(Percent] (psi) | (Ibs) |[(inches)| (sq.in) {psi)
5-1 4.40 15 100 701 0.04 3.17 221
150 898 0.06 3.18 282
200 1125 0.07 3.19 353
250 1351 0.07 3.19 423
300 1549 0.08 3.20 484
350 1750 0.08 3.20 547
400 1951 0.08 3.20 609
450 2149 0.08 3.20 671
500 2375 0.09 3.20 741
550 2576 0.09 3.21 804
5-2 4.05 15 100 675 0.04 3.18 213
150 924 0.06 3.19 290
200 1125 0.07 3.19 352
250 1326 0.07 3.20 415
300 1549 0.08 3.20 484
350 1750 0.08 3.20 546
400 1951 0.08 3.21 609
450 2149 0.08 3.21 670
500 2350 0.08 3.21 732
550 2551 0.09 3.21 794
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Table F.II - Results of Triaxial Testing of Wet Coal Refuse (continued)

Sample | Original | Water |Confining Peak Axial |Corrected| Corrected
Number| Sample | Content(Pressure| Load Disp. Area |Axial Stress
And Rep/Length (in)(Percent] (psi) _(ibs) | (inches)| {(sq.in) (psi)
6-1 4.28 10 100 776 0.06 3.18 244
150 1074 0.10 3.21 334
200 1376 0.13 3.24 425
250 1674 0.16 3.26 513
300 1951 0.18 3.28 595
350 2224 0.20 3.29 675
400 2501 0.21 3.30 757
450 2749 0.22 3.31 830
500 3000 0.23 3.32 904
550 3252 0.24 3.32 978
6-2 4.35 10 100 726 0.05 3.18 228
150 999 0.10 3.21 311
200 1301 0.12 3.23 402
250 1549 0.15 3.25 477
300 1800 0.16 3.26 552
350 2001 0.17 3.27 612
400 2224 0.17 3.27 680
450 2425 0.18 3.28 740
500 2652 0.18 3.28 809
550 2849 0.18 3.28 869
Sample | Original | Water |Confining Peak Axial |Corrected| Corrected
Number| Sample |Content|Pressure| Load Disp. Area |Axial Stress
And RepJLength (in)(Percent] (psi) (Ibs) | (inches){ (sq.in) (psi)
6-1 422 15 100 701 0.05 3.18 220
150 949 0.08 3.20 296
200 1150 0.09 3.21 358
250 1376 0.10 3.22 428
300 1599 0.10 3.22 497
350 1800 0.1 3.22 558
400 2001 0.11 3.23 620
450 2199 0.11 3.23 681
500 2400 0.11 3.23 743
550 2626 0.12 3.23 813
6-2 4.20 15 100 726 0.05 3.18 228
150 924 0.06 3.19 290
200 1150 0.07 3.19 360
250 1351 0.07 3.20 423
300 1574 0.08 3.20 492
350 1775 0.08 3.20 554
400 1951 0.08 3.20 609
450 2199 0.08 3.21 686
500 2400 0.09 3.21 748

550 2601 0.09 3.21 810
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Table F.II - Results of Triaxial Testing of Wet Coal Refuse (continued)

Sample | Original | Water |Confining Peak Axial |Corrected| Corrected
Number| Sample |Content|Pressure; Load Disp. Area |Axial Stress
And Rep/|Length (in)(Percent] (psi) (lbs) | (inches)| (sq.in) (psi)
7-1 4.27 10 100 726 0.03 3.16 230
150 999 0.04 3.17 315
200 1200 0.05 3.18 378
250 1426 0.06 3.18 448
300 1599 0.06 3.18 502
350 1850 0.086 3.19 581
400 2051 0.06 3.19 643
450 2249 0.07 3.19 705
500 2450 0.07 3.19 768
550 2673 0.07 3.19 837
7-2 4.32 10 100 726 0.03 3.16 229
150 974 0.04 3.17 307
200 1250 0.06 3.18 393
250 1477 0.06 3.19 463
300 1700 0.07 3.19 533
350 1926 0.07 3.19 603
400 2124 0.07 3.20 664
450 2375 0.08 3.20 742
500 2573 0.08 3.20 804
550 2724 0.08 3.20 851
Sample | Original | Water |Confining Peak Axial |Corrected| Corrected
Number| Sample [Content|Pressure| Load Disp. Area |Axial Stress
And RepJLength (in)(Percent) (psi (Ibs) | (inches)| (sq.in) (psi)
7-1 4.40 15 100 600 0.01 3.15 191
150 851 0.01 3.15 270
200 1024 0.02 3.15 325
250 1225 0.02 3.18 388
300 1401 0.02 3.16 444
350 1624 0.03 3.16 514
400 1800 0.03 3.16 569
450 2001 0.03 3.16 633
500 2199 0.03 3.17 695
550 2400 0.04 3.17 758
7-2 4.41 15 100 600 0.01 3.15 191
150 801 0.01 3.15 254
200 999 0.02 3.15 317
250 1200 0.02 3.16 380
300 1401 0.02 3.16 444
.350 1599 0.03 3.16 506
400 1800 0.03 3.16 569
450 2001 0.03 3.16 633
500 2174 0.03 3.16 687

550 2375 0.03 3.17 . 750
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Table F.II - Results of Triaxial Testing of Wet Coal Refuse (continued)

Sample [ Original | Water |Confining Peak Axial |Corrected| Corrected
Number| Sample |Content|Pressure; Load Disp. Area |Axial Stress
And RepJLength (in)(Percent] (psi) (Ibs) | (inches)| (sq.in) |  (psi)
8-1 4.30 10 100 751 0.06 3.19 236
150 1100 0.1 3.23 341
200 1401 0.15 3.26 430
250 1674 0.18 3.28 511
300 2001 0.21 3.30 606
350 2325 0.24 3.33 699
400 2601 0.26 3.34 778
450 2925 0.29 3.37 868
500 3226 0.31 3.38 954
550 3475 0.32 3.39 1025
8-2 4.39 10 100 751 0.06 3.18 236
150 1049 0.10 3.21 326
200 1351 0.14 3.24 417
250 1649 0.17 3.27 505
300 1951 0.19 3.28 594
350 2199 0.21 3.30 667
400 2450 0.22 3.31 741
450 2699 0.23 3.31 814
500 2925 0.24 3.32 881
550 3176 0.24 3.32 956
Sample | Original | Water |Confining Peak Axial |Corrected| Corrected
Number| Sample |Content|Pressure| Load Disp. Area |Axial Stress
And RepJLength (in)(Percent] (psi) (Ibs) | (inches)| (sq.in) (psi)
8-1 4.17 15 100 776 0.05 3.18 244
150 1024 0.07 3.20 320
200 1275 0.08 3.20 398
250 1499 0.09 3.21 467
300 1725 0.09 3.21 537
350 1951 0.10 3.21 607
400 2149 0.10 3.22 667
450 2375 0.11 3.22 737
500 2601 0.11 3.23 806
550 2799 0.1 3.23 867
8-2 4.16 15 100 776 0.05 3.18 244
150 1049 0.08 3.20 327
200 1250 0.09 3.21 389
250 1499 0.10 3.22 485
300 1725 0.11 3.22 535
350 1926 0.11 3.23 597
400 2149 0.11 3.23 665
450 2350 0.12 3.23 727
500 2551 0.12 3.23 789
550 2749 0.12 3.24 849
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Table F.IT - Results of Triaxial Testing of Wet Coal Refuse (continued)

Sample | Original | Water |Confining Peak Axial |Corrected| Corrected
Number| Sample |Content|Pressure| Load Disp. Area |Axial Stress
And Rep./Length {in)(Percent] (psi) (Ibs) |(inches)| (sq.in) (psi)
9-1 4.23 10 100 851 0.03 3.16 269
150 1125 0.04 3.17 354
200 1401 0.06 3.18 440
250 1624 0.06 3.19 510
300 1876 0.07 3.19 587
350 2124 0.07 3.20 664
400 2375 0.08 3.20 742
450 2576 0.08 3.20 804
500 2774 0.08 3.20 866
550 3000 0.09 3.21 936
9-2 4.18 10 100 776 0.04 3.17 245
150 1049 0.07 3.19 329
200 1351 0.09 3.21 420
250 1649 0.11 3.23 511
300 1876 0.12 3.23 580
350 2099 0.13 324 648
400 2350 0.13 3.24 724
450 2551 0.14 3.25 786
500 2799 0.14 3.25 861
550 3050 0.14 3.25 938
Sample | Original | Water |Confining Peak Axial |[Corrected| Corrected
Number| Sample |Content|Pressure| Load Disp. Area |Axial Stress
And RepLength (in}i(Percent] (psi) {Ibs) | (inches)| (sq.in) (psi)
9-1 4.07 15 100 550 0.01 3.15 175
150 751 0.01 3.15 238
200 924 0.02 3.16 293
250 1125 0.02 3.18 356
300 1326 0.03 3.16 419
350 1499 0.03 3.16 474
400 1700 0.03 3.17 537
450 1901 0.03 3.17 600
500 2099 0.04 3.17 662
550 2300 0.04 3.17 725
9-2 4.30 15 100 550 0.01 3.15 175
150 751 0.02 3.15 238
200 949 0.02 3.16 301
250 1125 0.03 3.16 356
300 1326 0.03 3.16 419
350 1499 0.03 3.17 473
400 1700 0.04 3.17 536
450 1901 0.04 3.17 600
500 2099 0.04 3.17 661
550 2300 0.05 3.17 724
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VITA

Charles H. Bowman, Jr. was born on October 16, 1964 in Wheeling, West
Virginia. He graduated from Brooke High School, where he participated in track
and football, in 1982.

He enrolled at West Virginia Institute of Technology in August, 1983 where
he was a Dean's List student. He met his wife while pursuing his Bachelor's
Degree. He graduated in December, 1986 with a B.S. in Mining Engineering
Technology.

He has worked as an engineer for Cannelton Industries in Charleston, West

Virginia. He and his wife have one child.
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