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HYDRAULIC SANDFILL IN DEEP METAL MINES
by

Lewis M« McNay ! and Donald R. Corson?

ABSTRACT

The Bureau of Mines and industry (mining and private) have studied the
placement of hydraulic sandfill in deep-vein mines to identify existing
problems and to develop techniques to strengthen the support characteristics
of the sandfill. The hydraulic sandfill system, physical properties of
typical classified mill tailings, and properties of sandfill modified by
various techniques are discussed. Computer analysis has defined the support
capability of various sandfills using actual mine field data as a reference
base. High-modulus sandfill can provide adequate support in deep-vein mines
to alleviate rock and pillar stresses and to reduce rock-burst incidence.

INTRODUCTION

Artificial support techniques in metal mines have undergone significant
evolution because of increased depth of mining, increased mining costs,
desire for total ore extraction, greater emphasis on improved safety in mines,
and technology advancement. Up to the middle of the 19th century, metal
mining was primarily restricted to the various surface mining techniques,
although limited underground metal mining was practiced. Underground mines
were small; many times not being much more than mere openings or passageways
through which miners could crawl and dig along the ore vein. Because ground
conditions were often poor, miners would occasionally drag timber through the
small openings and prop the timber against the overlying rock for support.

By 1850, great interest was brought forth to discover and develop the
"thought-to-be'" fabulous "mother-lode" deposits within the earth's depths.
In this era of early deep mine development, mining was accomplished in unsup -
ported or crudely supported tunnels, drifts, stopes, and rooms. The need for
new methods of ground support magnified as ground conditions continued to
deteriorate and roof and rib rock falls intensified. TFor many years, mine
shoring and rock support were comprised of placing and bracing increasing
numbers of timbers in the mined areas (29).°

lGeologist.
2Supervisory mining engineer.

3 ; . . . .
Underlined numbers in parentheses refer to items in the list of references at

the end of this report.



A major advancement in ground support technology occurred in 1860 with
the development of the timber square-set. The square-set was designed and
first used by Philip Deidesheimer at the Comstock Lode, Nevada (27). The
design of this support system is still widely practiced today with timber
sometimes being replaced by concrete and steel components. Later, waste rock
(commonly referred to as gob) was placed in mine openings along with square-
sets to provide additional support. Some mines continue to practice this
support technique.

The next significant advancement in underground support has been
hydraulic transport of solids. This technique has been practiced in the
mining industry for 120 years. The concept of hydraulic movement was con-
ceived as a result of the necessity to recover greater quantities of metals
from alluvial materials in dredging and placer mining. Hydraulics were first
used to place mine waste underground at Shenandoah, Pa., in 1864 (3). A
priest successfully devised a scheme to place crushed coal waste in the mined
area underlying his church to prevent land subsidence. By the late 1880's,
hydraulic fill was used in anthracite mines to control underground fires and
support heavy ground. At this time, European engineers became interested in
hydraulic transport of waste and coal. Hydraulic transport in mining opera-
tions has had its greatest application in European and Indian coal industry.

The classification of mill tailings and the hydraulic or pneumatic
transport of the coarse sand fraction has been used in metal mines. The use
of mill sand as a support media has been employed as gold mines in South
Africa since the early 1900's. Originally, the sandfill was used to support
weakening pillars around shafts and level stations. Later, the sandfill was
placed in mining areas to support heavy ground. One of the first metal mines
in North America was the Matahambre in Cuba, where sandfilling was initiated
in 1928. The Homestake mine, South Dakota, successfully initiated sandfilling
to replace gobbing practices in the late 1930's (28).

Hydraulic filling of mine voids has been expressed by several idioms,
dependent upon local terminology. The terms '"hydraulic sandfill" or "sand-
fi11" will be used to identify the hydraulic placement of fill in underground
mines; other synonymous terms are "hydraulic stowing," " backfill," "tailings
fill," and "slime fill."

The rapid and effective sandfilling with the coarse sand fraction coupled
with other technological developments, such as the rock bolt, has resulted in
dramatic improvement in mines utilizing cut-and-fill mining methods. The prin-
cipal advantages of hydraulic sandfill over the traditional timber square-set
and waste-rock filling methods are as follows:

1. TImproved ground control.

2. TFaster development, advancement, and extraction of ore from stopes
due to the rapid filling with sand.

3. A more effective and economical method of transporting a ground-
support material underground.



4. Fuller extraction of ore due to the improved support methods and the
reduction in ore loss.

5. Improved ventilation control.
6. Decreased fire hazard.

An additional benefit, which has only recently been appreciated with the
utilization of mill waste for underground fill, is the significant reduction
in the volume of mill waste requiring impoundment behind surface tailings dams.

However, along with the improvements offered by hydraulic fill techniques
over timber setting and gobfill in stopes, several principal support problems
and disadvantages are yet to be solved. Among the important drawbacks that
result from hydraulic backfill are the following:

1. The large volumes of water used to transport tailings must eventually
be pumped out of the mine.

2. Haulageways and drainage ditches are fouled and filled with fine
slimes that decant from the filled stopes with the transport water.

3. Spillage of fill from stopes due to piping (erosion) induced by
imperfect sealing of the stope, high hydrostatic head, or malfunction of the
hydraulic system creates additional maintenance and cleanup costs.

4. During the ore mining process, ore may become mixed with valueless
sandfill material creating a finite volume of dead-load material in the ore
stream.

5. Even though hydraulic fills are a substantial improvement over waste
rock fill or open stoping, present hydraulic fills are not providing adequate
support in many mining operations. This is evidenced by the development of
rock bursts in ore pillars and/or instances of additional support (timbers)
requirements in order to assure full extraction of the ore. TFailure to obtain
full extraction promotes poor conservation of valuable mineral resources.

The mining industry has made gradual improvements in its filling systems,
such as cementation or capping of fills to reduce dilution of ore. In general,
however, the filling systems continue to exist as they were in the 1950's and
1960's. At the same time, mine support problems have increased due to the greater
mining depths and/or effect of large increases in mined ground in each mining
area. It is becoming increasingly obvious that improved support, to restrict
induced ground movements, will be required in many active metal mines as the
depth and extent of the operations become even greater. This improved support
must come from an improved sandfill that will be capable of supporting load
essential to control excessive ground movement ; thereby reducing the incidence
of rock burst and other ground control problems.



The Bureau of Mines has been involved in a research program to study
hydraulic sandfill and its support potential since 1961. Results of some of
this research have included the determination of the physical properties of
sandfill, how these properties vary with the use of chemical additives and
compaction methods, the influence of various factors on water percolation
rates, and field measurements of stope wall deformations and pressures within
the fill. oOther research included related rock mechanics studies at several
mines in the Coeur d'Alene district.

Tt is the purpose of this investigation to draw together pertinent,
current information pertaining to hydraulic sandfilling at metal mines and
to discuss its capability to function and perform as a competent artificial
ground support medium. The discussion will be directed to practical investi-
gation, both in the laboratory and the field, and to the development of
analytical techniques to conduct theoretical modeling of requirements and
effectiveness of hydraulic sandfill.

MINING TECHNIQUES USING HYDRAULIC SANDFILL

Hydraulic filling with sand, tailings, coal waste, ground rock, or slag
has developed into a highly useful means of ground support in many mining
operations throughout the world. Fill applications are today found in all
types of underground coal, metal, and nonmetal mines. 1In the United States
and Canada, hydraulic sandfilling has, historically, been associated with its
use in stoping operations. The introduction of fi1l material, however, has
had wide application in European and Asian coal mines.

According to 1971 Bureau of Mines statistics, over 40 metal and nonmetal
mines in the United States introduce hydraulic sandfill to some extent
(table 1). Of these, 25 operations completely £i11 the openings or voids
produced by ore excavations. The greatest number of mines using 100-percent
sandfill are the nation's prime producers of gold, silver, lead, and zinc.
These mines produced in 1971 the following percentage of the total U.S. pro-
duction of gold, silver, zinc, and lead, respectively: 35, 50, 10, and 12.

Tn the United States, hydraulic sandfilling is used primarily in stope
mining (27-28). Stoping is a method of mining in which the ore is excavated
in a series of steps or floors along a steeply pitching to vertical ore body.
Each series of steps is driven horizontally along the strike of the vein.
Many variations of stope mining are practiced: sublevel, shrinkage, overhand,
and underhand. The following statements, however, will briefly describe one
type of stoping referred to as Meut-and-fill" stoping.



TABLE 1. - List of mines using cut-and-fill method of mining

Mine

Location

Principal
commodity

Copper Queen............c..u...
Magma....................... ‘e
Yucca Gravel...................

Rico Argentine............... ..
Admiral..................... oo

Crescent.......covviiiniinunna,
DayrocK. ..., ..
Empire......oviiviininnnnn..
Galena.......... e
Highland................. ceeeen
Lucky Friday...................
Star-Morning................. ..
Sunshine................ e
Illinois.....vvvevnunnn.. ..
Cadgie-Tay............ cereee e
Commanche......... e
Drystal............. e
Mtn Con........... Cee s s
True Fissure....... e, .
Bristol.........c.iieivennn...
Cahill................... e eaas
Mina Mercury........c....... ..
Costerling...........covu..... .
Bomney................. cecasean
Tungsten..................... .
Unknown......... e tie e, ..

Unknown.......oovvvevnnnn.. PR
Homestake......................
Callaway®.........covuunuu....
Burgin....... e, cien
Butterfield....................
Mayflower......................
Plasterco.........oovuuun....

Seismic....... e e e e .

P « Lo PP e

B < Ko 2 P

California.......... e ceee
Colorado............ e e
..... 4 Lo T S,

PR « (o DA ettt
Y < X P e cee e
cee.dovea..... et e e et
Y « Lo T e e
Y < 1 I e e
Y« Ko T creresaseresne

D o 2

D o

I1lin0iS e eennernusenneneonss
MONtANA . e s cv e e vttt v e sae e

..... Yo
veeeedOeue..... e e e e e
S« Zo ree e e v
D o

Nevada.eee oo sn v senneennnnnn,
ceeeddovi .. ettt e
..... < o B
New Jersey......... e ...
New Mexico........... e .o

cess.do.. ... c e e e e s et escnoccannos

SOULh DAKOtAe e v e vt s e ennrnnens
Tennessee. .« oo v i o e i
Utah. .o n oo e e e

..... & o
Virginia.. ..ot it inneenennnnnn,
Washington.................. e

Gold.
Zinc.
Copper.
Do.
Talc.
Lead.
Silver.
Zinc.
Do.
Lead, =zinc.
Silver.
Lead.
Copper.
Silver.
Zinc,
Lead.
Zinc.
Silver.
Fluorspar.
Silver.
Do.
Do.
Copper.
Zinc.
Copper.
Mercury.
Do.
Zinc.
Copper.
Tungsten.
Copper.
Gold.
Do.
Copper.
Lead.
Silver.
Gold.
Gypsum.
Gold.
Uranium.
Do.

i1Little Squaw Gold Mining Co.

SResearch on sandfill has been conducted; sandfill has

operational phase.

565-423 O - 75 - 2

not been a traditional




S Cut-and-fill stoping
& occurs when the ore is
excavated along horizontal
floors or slices, working
upward at the completion of
each floor. The generalized
development of a cut-and-
fill stope is as follows
(fig. 1):

Crosscut
1. Tunnellike passages

are driven from each level
station to the ore vein.
Depending on the location of
the heading with respect to
the vein, the openings are
termed laterals, drifts, or
crosscuts. In some mines
the primary openings are
driven on the vein along the
footwall with crosscuts to
the vein, or crosscuts from
the shaft to the vein.

)) N v‘, / 1

7

2. At predetermined
intervals (normally 200-foot
distances), a raise is devel-
oped in a vertical direction
along the ore body. The
interval between raise areas
is often determined by fault
or fracture patterns which
interrupt the ore body. A
raise may consist of as many as four compartments: a manway, a timber chute,
and two ore chutes to service stopes on either side (fig. 2). Three compart-
ments are usually installed. The initial raise may be developed along a
vertical distance of approximately 20 to 25 feet before the actual stoping
operation begins. This allows ample storage in the ore chutes to store the
excavated ore. In different types of stoping operations, the raise may be
developed the entire distance between levels prior to mining.

//

R

3\;‘/./,\\\\‘//; N

FIGURE 1. - Generalized view of a development level in
a cut-and-fill stope mine.

3. Using the initial raise development as a platform, the ore will be
drilled, blasted, and slushed* to the ore chute. The ore is drilled and
blasted in approximately 10-foot rounds. This sequence is continued in a hor-
izontal direction to a distance of about 100 feet (approximate effective slush-
ing distance) or as determined by the structural features of the ore body.

The final stage of the mining phase is directed toward scaling the ore

Zslushed connotes the use of a slusher, which is a small scraper or bucket of
1/2 cubic yard capacity moved by cables to transport broken ore to the ore
chute.



remaining in the rib (sides
of the stope) and small ore
stringers running into the

rib.’

4. After the stope is
cleaned of all ore, the
stope is prepared for fil-
ling. A wooden, 8-foot-high
bulkhead (sandwall) is con-
structed across the stope
and covered with burlap. TIf
the stope is mined from two
different raises, a sandwall
will also be placed so as to
separate the two areas.

Sand is transported hydraul -
ically from the ground sur-
face to the stope until
approximately 6- to 7-foot
thickness of sandfill has
been placed in the stope.
The fill surface is covered
by a cemented sandfill cap
that serves as a platform
from which to mine the next
floor. The first cut along
the bottom of the stope
(referred to as the inter-
mediate or T drift) is
usually completely filled
with a cemented sandfill
after lagging or stulls are

iSOMETRIC VIEW OF STOPE . placed to facilitate subse-

FIGURE 2. - Cross-sectional view of cut-and-fill stope 5. The final phase of

mine. the mining sequence involves
preparing the raise area to

permit mining of the next floor. First, 10- to 15-foot drill holes are placed
in the back. Next, wooden sets are placed in the raise are to permit reentry
after the raise is blasted. Following blasting and upon removal of the broken
ore and the wooden sets, the four raise compartments are raised approximately
8 feet. Sandfill is poured around the compartments, and the mining equipment
is placed in the raise area, and mining of the next cut is started. A
cemented sandfill is placed around the compartments in a few mines.

Hydraulic filling has been utilized in situations other than stoping
operations. European and Asian coal mines have placed fills for support for
many years. In the United States, the use of hydraulic backfill as an inte-
gral phase of mining has been limited in active coal mines. Many coal

quent mining below the stope.




companies, however, have been considering placing coal waste underground
because of more stringent safety and environmental legislation.

Hydraulic filling has, however, been used extensively during projects for
mine land subsidence control. Such projects have been completed in the coal
fields of Pennsylvania and Wyoming. Two basic approaches are employed, depend-
ent upon the accessibility of the mined area. 'Controlled filling" is used
when the project personnel are able to enter the abandoned mine workings and
direct the flow of backfill material to the proper areas. 'Blind flushing" or
filling is used when the mined area is flooded, heavily caved, or hazardous to
enter. 1In this situation, backfill material is flushed through boreholes until
the holes will not receive any more material.

Mine filling costs vary from operation to operation, depending upon type
and source of fill, transport distance, cost of sand walls and drainage system,
and labor costs. Construction costs for placing burlap sand walls or fences
have averaged $0.46 per square foot; costs for concrete bulkheads would be
substantially higher. Placement of classified tailings has generally cost
less than quarried sand and/or gravel. Other mines have placed smelter slag
with the sand fill. Hydraulic sandfill costs have ranged from $0.56 to $4.49
per ton of sand (28).

HYDRAULIC SANDFILL

Although hydraulic sandfill has been placed in metal mines for many years,
it has only been in the past 15 years that mining companies, educational insti-
tutes, and research agencies have been engaged in basic or applied research in
this field. To a great extent, however, the majority of articles and presenta-
tions have described the physical plant facilities for preparing and transport-
ing the fill material, the preparation of mined openings for sandfill, and
general effectiveness of the backfill material at individual mines. Actual
research has been primarily directed toward investigating the physical prop-
erties of hydraulic backfill and methods of densifying or modifying the sand-
fill to increase its support capabilities. To complement this laboratory
research, field investigations have been undertaken to develop background
data pertaining to physical changes experienced in the mine before, during,
or following ore extraction. In addition, but to a more limited degree,
research has evaluated the factors influencing the hydraulic system used to
place the sandfill. Most recently, theoretical modeling of cut-and-fill
stopes has enabled researchers to evaluate the effectiveness of various types
of sandfill. With additional refinement, this analytical technique should
provide a means for predicting the support requirement necessary to alleviate
heavy ground conditions associated with stope mining.

A typical flow diagram of hydraulic backfill system is shown in figure 3.
The diagram is very generalized and does not attempt to illustrate the various
layout concepts, which are designed by engineers to satisfy specific mine
requirements. As shown on the diagram, the hydraulic sandfill system begins
at the time the raw tailings are separated from the ore concentrate at the
mill. The tailings are pumped to a primary classification unit (usually a
cyclone) where the coarser size fraction of the tailings are separated from



cne finer size fraction.

The coarse fraction is trans-
ported to holding sand tanks;
the finer fraction is sent

to surface tailings ponds.

‘Concentrator -

Raw tailings

from mill Depending upon the

desired size fractions, the
tailings will be passed

through a series of classi-
i fiers, and often the tail-

BT AT e Pew sAYTI e ST ings will be reworked at a
second classification sta-
tion. Coarser size fraction
of the raw tailings are

- Coarse sand referred to as classified
Cement l fraction tailings. The classified
tank

<+«—— Slimes to0

tailings pond Classification

tailings are stored in hold-
Holding tanks ing tanks until the sand is
or agitator required underground. Upon
) demand, the sand is mixed
Water jets with a predetermined quan-
tity of water using series
of jets at the base of the

underground to a specified
stope. An alternative to
the latter procedure would
be to transport the sand
from the holding tanks to
an agitator, where the sand
Not to scale would be mixed with a pre-
I scribed amount of water and
then transported underground.
Cement, additive, or other
FIGURE 3. - Flow diagram of a hydraulic sandfill modifier can be combined
system. with the sand-water mixture
in or just following the
agitator tank. The final
step of the hydraulic fill system is the placement of the sandfill in the
mined area.

| i holding tank and transported
[

R RS

The following review will discuss research activities as related to
hydraulic backfill: hydrauliec transport, physical characteristics of sandfill,
and methods of strengthening sandfill.

Hydraulic Transport of Sand

A hydraulic fill system at a mine generally consists of the three cate-
gories: classification, transportation, and placement of sand. The design
of the system must include not only the numerical analyses for the hydraulic
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transport of the sand, but also other factors such as the nature and source of
the sand and the most satisfactory material for placement. The classification
of sand will be discussed under the section entitled, '"Physical Characteris-
tics of Sandfill."

The hydraulic sandfill system has gained acceptance basically because of
the substantial savings realized over the square setting and gobbing prac-
tices. The most perplexing problem has been and continues to be the install -
ation of the hydraulic system to transport the sand from the mill ‘to the
mined stope. If the hydraulic lines are designed and installed with accuracy,
little problem will arise. However, if the system is makeshift, vertical
sections too long and without orifices, or the pipe sections are not plumb,
serious operational problems will eventually occur.

The field of hydromechanics, and in particular hydraulics, has been the
subject of considerable investigation. The mechanics of water flow is well
defined both empirically and theoretically. The basic water flow theory was
derived through Torricelli's work, which stated that the flow of water from
an opening could theoretically be determined by the following:

v =/2gh, (1)
where V = velocity of flow, feet per second,
g = acceleration of gravity,
and h = head on opening.

Thus, the equation of continuity, which stated that for steady flow of liquids,
equal masses or weights of the liquids must pass all cross sections of the
pipe in equal time. The laws of steady flow through pipes was further
advanced by Bernoulli, and later the influence of friction was integrated into
the steady-flow equations, thereby developing the fundamental laws for calcu-
lating the flow of fluids in pipes.

The utilization of these basic theories have proven successful for
determining steady-state flow of fluids through pipes and has received wide
application. These flow theories have proven cumbersome, however, with their
application to the transport of sand or other solids. The problems of
hydraulic sand transport can be summarized as follows:

1. Most theoretical liquid flow equations are primarily based on water
flow, but hydraulics of a sand slurry involves a two-phase flow situation.

2. The determination of frictional head loss is a drawback because of
the various flow patterns possible in a slurry. For example, design should
account for turbulent or laminar flow and the manner in which these flow
petterns influence the drag force of the slurries.

3. The slurry concentrate (solid-to-water ratio) determines the energy
demands on the system.
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4. The design of the system regulates the distribution or flow of solids
through the pipelines, and improper dispersion induces excessive wear and tear
on the pipeline.

5. Maintenance and upkeep of a hydraulic transport system is often
neglected.

Hydraulic placement of sand in mined areas is further complicated by
the fact that the gravitational forces® are capitalized upon to transport the
media. Design of the gravity transport system is often determined by the
hydraulic profile concept. The fundamental consideration of the concept is
to maintain an adequate hydraulic gradient to deliver the sand to the stope.
This concept can be developed graphically through a schematic diagram of the
pipeline system from its source to site of sand placement (1, 13). The basic
layout consists of straight transport pipe sections (oriented vertically,
horizontally, or inclined) and the pipe elbows. Frictional losses or losses
resulting from pipe bends are partially accounted for by increasing the length
of the pipe sections. Full flow through pipes can be maintained if the
hydraulic profile does not intersect the established flow head. Full flow
may also be controlled by decreasing the pipe diameter with increasing trans-
port distances or placement of orifices in the vertical lines.

Vertical or steeply inclined descent in gravity flow is essential to
produce a sufficient head and thereby maintain flow through the pipeline.
Vertical drops of several thousands of feet is not uncommon in many deep,
vein-type mines. With this long, vertical drop, several problems occur within
the system. The speed of the transported material may exceed the capacity of
the system and force open the pipe at weak unions or joints. Another problem
is the excessive scouring or abrasion of the pipe (particularly at elbows)
which eventually leads to pipe failure. Thirdly, entrapped air in the system
may create a vacuum and thereby cause extensive plugging in the pipe, surging,
or excessive vibration.

These transport problems can be partially controlled by modification of
the pipe system. The transport speeds and pipe pressures can be stabilized
by placing ceramic orifices along the vertical sections of pipe, or where
the mine layout wouid permit, the system may be designed with the necessary
number of pipe bends and horizontal pipe sections through mine levels to con-
trol transport speeds. Pipe abrasion has been reduced by use of rubber-lined
pipes and proper design and placement of bends and joints.

The following short discussion is prepared as a summary of the many
actors affecting the flow of a two-phase media through pipeline. These fac-
ors influence the efficiency of the transport system. The nature of the sand
material and their hydraulic characteristics should also be determined prior

SGravity flow is generally employed once the classified sand leaves the hold-
ing or agitating tanks and begins its descent into the mine. Reciprocating
or centrifugal pumps, individually or in a series, often are used to trans-
port the sand from the mill to the sand tanks.
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to designing the system because the support capacities of the sandfill will be
determined by the type of material placed in the mined area.

The factors which affect the efficiency of two-phase flow through a pipe-
line are type, size, and shape of grain particles; viscosity; friction losses;
critical velocity; and weight-percent and volume-percent of solids (32-33).
The first of these factors will be discussed later under the subsection,
"Physical Characteristics of Sandfill." Tt will suffice to mention that the
nature of the sand material and characteristics of the sand when placed in a
hydraulic transport environmment should be determined prior to designing the
system.

Viscosity defines the flow behavior of a fluid. Because of the attrac-
tion between particles, a drag is created in the fluid and develops a shear
resistance. Only apparent viscosity of slurries are determined because
slurries are not homogeneous. Viscosity is influenced by temperature, type
and geometry of material transported, and density of slurry.

Friction losses are influenced by the viscosity of the slurry and are
expressed as the energy required to overcome the resistance to flow.
Although frictional loss is not a major concern in hydraulic systems using
gravity flow, such as used in many deep-vein mines, frictional loss may be a
significant problem where hydraulic sandfill is pumped to surface or under-
ground holding tanks or if the hydraulic profile approaches its maximum limit.

Critical velocity of a slurry is defined as the amount of flow velocity
required to maintain a constant slurry flow, as opposed to the critical
velocity in hydraulics, which indicates that transition period between tur-
bulent and laminar flow in fluids.

Percent of solids by weight and/or volume are often erroneously exchanged
during discussions on hydraulic sandfilling. Both terms are dependent upon
the specific gravity of the transported solid. Most installations maintain a
percent of solids by volume below a maximum of 49 percent; above this range
the possibility of plugging the pipe will rapidly increase.

Physical Characteristics of Sandfill

For the past 40 years or more, civil engineers involved with soil masses
for engineering purposes have sought to improve their techniques and practices
in the field known as soil mechanics. Soil mechanics has now become an
invaluable tool to designers of all types of construction problems. These
problematical situations center on construction through natural or in situ
soil masses or over manmade deposits such as roadway fills, dams, airports,
etc. One question facing design and construction engineers deals with what
will be the most competent material to satisfy the load-bearing support
requirement. Since each construction site offers different local materials,
a standard series of tests were needed to evaluate the suitability of that
soil or sediment to meet the design parameters. Standardized testing proce-
dures have been established, and although future refinements are inevitable,
a universal testing technique now exists (2).
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Hydraulic sandfill used as a support in underground mines is also
amenable to testing procedures used in soil mechanics. The only difference
being that hydraulic sandfill is artificially created through the separation
of metal values from the ore, but soil materials used in civil engineering
are predominately composed of natural materials.

The physical characteristics of sandfill has been determined by almost
every researcher involved in the placement of sandfill in mines. A knowledge
of grain shape, grain size, and mineralogical composition enables the inves-
tigator to analyze and determine the moisture content, permeability, relative
density, shear strength, and consolidation characteristics of the sandfill.
Once these parameters are obtained, the support capability of the sandfill
is closely defined, and the sandfill can then be further modified as necessary
to meet ground control requirements.

Grain Shape

Individual grain configuration in natural deposits is dependent upon the
mineralogy of the particle, method of weathering or disintegration, duration,
type of transportation, and depositional environment. Grain shape or
"angularity or roundness' is defined by a '"measure of the sharpness of the
corners" (30, p. 22), and is referenced predominately to hard mineral types.
Crain size is categorized through a series of terms from angular to well-
rounded. Another important shape is flat or flaky, which generally describes
the mica and clay mineral groups.

Although sandfill is an artificial soil, similar factors affect their
grain shape; consequently, similar support characteristics can be drawn. The
grain shapes of sandfill are a product of crushing and concentration of an ore
and the transportation of the sandfill toits final disposal site. Because
crushing creates highly angular particles, and the transportation distance 1is
relatively short, the sandfill particles are unusually angular. Microphoto-
graphs of several sandfill materials have been shown (5, pp. 7-8). The total
angularity, however, can be somewhat reduced if a high percentage of flaky
minerals is present. '

Grain Size

Particle size is also dependent upon the method of crushing necessary
to comply with mill circuit demands and the degree to which the raw tailings
are classified. Grain-size distribution is determined by conventional wet
and dry screen, with the finer particles going through careful hydrometer
analysis. A better equipped laboratory may use a neutron particle analyzer
to determine the fine-size particles. Because of the usual fine crushing and
grinding of ores, particles greater than 30 mesh are usually less than 5 to
10 percent. TFour basic types of grain size distribution are shown on figure 4.
A most desirable sandfill would have a slope similar’to that of a well-graded
material. A well-graded material yields a denser structure because all par-
ticles tend to fit together and have a smaller void ratio. As shown in
figure 5, typical size analysis of mine sandfill does vary. It is noted that
most sandfill grain size slopes fall within the range of a well-graded to
uniform soil slope.

565-423 O - 75 - 3
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FIGURE 4. - Grain size chart of four typical soils (30, p. 20).

Another technique to characterize sandfill can be accomplished by deter-
mining the coefficient of uniformity (C%) of material using the following
formula:

ct = DSO/DIO’ (2)
where D°Y = diameter of 60 percent on the grain size curve,

D*°

]

and diameter of 10 percent on the grain size curve.

A uniformity coefficient of approximately 5 has optimum physical proper-
ties for a mine fill. Higher values tend to yield a more cohesive material
and reduce permeability; lower values signify materials that are uniform.

Mineralogy

The composition of a sandfill is representative of the country rock and
ore type extracted at each particular mine (5, pp. 5-6). Most mine fill
materials contain quartz and feldspars with minor amounts of pyrite, dolomite,
chlorite, and other minerals. The type of mineral present in the sandfill and
how these minerals are affected by the chemical reagents, transportation of
particles, and mineral alteration once placed in the stope influences the
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FIGURE 5. - Grain size chart of four sandfills from different mines (22, p. 6).

quality of the sandfill. For example, hard grains of silica-based minerals
(except micas and clays) will undergo little or no chemically i .duced altera-
tion. Most other mineral types can be dissolved, experience swelling or
shrinkage, or undergo chemical transformation. The composition of the grains
influences the specific gravity of the material and in situ densities.

The mineral composition of sandfill further influences whether the
material will be cohesive or cohesionless. A cohesive soil adsorbs mc. 2
by the presence of clay and clay-type minerals. This cohesiveness >28
the particle attraction. Such soil masses deform plastically, dr. __..ing upon
the water content, and they tend to deform readily and are compressible under
static load. A cohesionless material is composed of bulky grains such as
quartz or feldspar. These soils do not adsorb water readily, and as such,
will not yield under load as readily as a cohesive material. Tt should not
be misinterpreted, however, because cohesionless materials will exhibit some
grain attraction when moisture is present. This is, in a large part, caused
by the surface tension formed between the grain particle and the liquid.



¢ Honeycombed

FIGURE 6. - Three structures (dense, loose,
and honeycombed) common to
sandfill.

The structural arrangement of
sandfill particles are similar to
structures found in cohesionless
soils. The three possibilities are
dense, loose, and honeycombed (fig. 6)
(22, p. 29; 30). An ideal sandfill
structure would be a denser structure.
The grain-particle arrangement under-
goes minimal consolidation upon appli-
cation of a load. If the sandfill
structure existed at maximum
densities, it is possible that vein-
wall closure in stopes could be
reduced. The latter two structures
are more likely to occur in hydraulic
£i1l because of the amount of water
required to transport the solids and
the manner in which the sandfill is
placed. To alter the loose struc-
tures to a more dense one, additional
modification through vibration, tamp-
ing, or chemical-physical alteration
would be required. Honeycombed
structures are, oddly enough, capable
of supporting significant loads.

This phenomena exists because the
grains are arranged in the form of
arches. The structure can probably
carry an increasing load without
causing failure if other outside
influences do not occur. Should a
horizontal force become active or
vibratory motion occur, the honey-
combed structure would fail. Failure
would continue as long as the outside
force existed or until a demnse struc-
ture was created.

Effect of Water on Sandfill

The soils engineer is aware of
the influence that water will have on
the effective strength of a soil.

The presence of water either at the

time of or following construction can significantly reduce the load-bearing

capacity of the material supporting a foundation.

The soils engineer must

further consider what type of material will best support a structure under

this potential condition.

These same theories can also be used to analyze the
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impact that water may have on the total strength of a hydraulic sandfill. The
total stress (O) applied to a substance is equal to the total load (Q) divided
by the total area (A):

==, (3)

The load on any one grain in the sandfill is difficult to determine because of
the irregularity of the grain shape ans size and the existing void ratio. As
might be expected, the load is greatest at the grain contact points (30, p. 94
and the stress is not equally distributed throughout the mass. Water in the
sandfill must also be considered. The pressure within the water particles or
pore pressure is referred to as the neutral stress (). Since water cannot
accept a static shear stress (18, p. 241), the vertical and horizontal stress
components (p, and uh) are the same and they are equal to the neutral stress:

By =My = u- (4)

The neutral stress is equal to the product of the height of the water column
times the specific gravity of water or load placed upon the water because the
neutral stress may support an applied load.

The grain-to-grain stress (effective normal stress, G'), which would
exist in an undrained material, would be equal to the total normal stress
(9) minus the neutral stress (y):

C’= T - U (5)

Once the neutral stress becomes equal to the normal stress, the effective

stress equals zero, and failure of the grain-to-grain stress will occur. This
failure is determined by the following equation:

§=P-u, (6)

where p = effective stress at failure (or 0 at failure),

f

and p = normal stress on failure plane.

How do these equations pertain to hydraulic sandfill? TIf it could be
assumed that a sandfilled stope would retain all transport water, the sandfill
would exist in a saturated state. Should an event (blasting, etc.) occur in
the stope areatocreate an abnormally high neutral stress, a rapid failure of
the grain-to-grain stress could occur. A '"quick" condition would be created
in which the sand is unstable and liquefies. Excessive pressure could be
placed on the bulkhead causing it to collapse. The outcome would be tons of
fluid sand flowing into the raise area, and down the ore chutes, and out
through the main haulage level, not to mention the possibility of incurring
hazardous working situations.
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Water Percolation and Drainage

Water in filled stopes originates from three main sources:

1. The majority of the water is the hydraulic transport water for the
fill. TIf a typical stope fill were 100 feet long, 8 feet wide, and 8 feet
high, and the sand averaged 100 pounds per cubic foot or 20 cubic feet per
ton), then approximately 320 tons of sand would be required to fill the stope.
An average sand-to-water ratio is assumed to be 60 to 40 by weight; then
approximately 51,000 gallons of water is required to transport the sand to
the stope. 1In addition, flush water is run through the pipes prior to adding
sand and following the placement to clear the pipes.

2. An unknown quantity of ground water seeps into the sandfill.

3. Machine water for drilling and spraying down the face introduces a
certain amount of water.

The removal of excessive water from the filled stopes is important, not
only to prevent hazardous "quick' conditions, but also the water content will
influence the effective stress. The compressibility and strength of the sand
is controlled by the effective stress. These aspects will be briefly dis-
cussed in the following section.

The free water generally decants to the surface and flows toward the out-
let, whereas additional water percolates through the sand fill and through the
burlapped bulkhead. In a few cases, it is possible that some portion of the
water seeps into the fractured country rock. An investigation (33) conducted
in Australia has reported the following dewatering mechanisms:

1. Decantation of water during and following sandfill placement (primary
mechanism) ;

2. Surface water produced by fill consolidation; and
3. Percolation through the sandfill.

Thomas (33) suggests that about 80 percent of the water may be decanted,
depending upon the physical characteristics of the fill material. Water per-
colation is controlled by the permeability of the sand. The rate of percola-
tion can be determined and modified if the following physical properties of
the sandfill are known: bulk density, specific gravity, and grain-size
distribution.

The flow of water through backfill can be calculated by using Darcy's law:

1
k = E_tl'? ) )

where k = coefficient of permeability, inches per hour,

Q = quantity, cubic inches,

1 = length of sample, inches,

A = area of sample, square inches,

t = time, hours,
and h = head of water, inches.
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The percolation rate through a sand column is determined assuming that the
sample length (1) is equal to the head of water (h). Therefore, the basic
formula for percolation rate (P) can be written as follows:

=, (8)

Percolation rates of different sandfills (22) have been determined in the
laboratory (table 2). The report also included analyses of the possible fac-
tors influencing the rate determinations. A proposed modification to the

traditional method of determining the percolation rate has also been suggested

relationship between percolation rate and void ratio of the sandfill. Perco-
lation rates of sandfill have also been studied using multivariable least-
Squares regression analysis (3). The equations successfully predicted
percolation rate, coefficient of permeability, and seepage velocity; accuracy
is dependent upon sample and data collection techniques.

Water drainage of a cohesionless material such as sandfill is a function
of the coefficient of permeability and thus the percolation rate of the placed

water from the stope. Many of these conditions are caused by placement tech-
niques and mining practices at various operations.

segregation, which could impare the percolation rate. Many mines utilize
single-point discharge to place sandfill either from the bulkhead and then
from the stope end or vice versa. Sandfill flow from a single point in a
stope can be expected to behave similar to tailings placed behind an embank -
ment. Tt has been established that the coarser sand fraction will settle
before the slimes (15-17). Laboratory model tests also substantiated par-
ticle segregation. To illustrate this phenomena, a comparison of values for
the coefficient of permeability can be used.® Coefficient of permeability
values obtained from model tests ranged from 9.94 X 10-5 centimeters per sec-
ond at the point of placement to as low as 1.21 X 107° centimeters per second
at the decant point (16). It is noted also that the lower value was taken
from a horizontal position, but the higher value was taken vertically. TIn the
same report, grain size curves from the intake to outflow points show a marked
shift of the curves toward the finer sized particles. The significance of

stope end. This is assuming that the stope is dead ended and that the initial
fill is placed from the bulkhead in the raise. The ponded water exists
because fines have deposited on the fill surface and the low permeability
restricts the downward flow of the water.

€The coefficient of permeability describes the ease with which water will flow
through a particular material such as a soil or sandfill,



TABLE 2. - Physical properties of investigated backfills

0¢

Percolation| Average Average Average Average Average Degree
Specific| rate,? density |relative void porosity moisture of Cofficient |Effec-
Mine |gravity |inches per (in-place),|density, ratio (in-place), |(in-place),|satura- of tive
hour pounds per | percent (in-place) percent percent® tion, |uniformity® size*
cubic foot percent
A 2.89 2 100 51 0.81 -45.0 15.0 53.0 3.7 0.026
B 2.83 4 104 66 .70 41.0 2.0 36.0 4.9 .030
E 2.82 4 595 65 .86 47.0 8.5 27.0 2.1 .033
H 2.96 ©25-50 €97 €23 .907 47.5 18.0 58.1 2.3 .105

Ipercolation rates determined at 20°
void ratio.

2gamples taken within 1 day of filling; the moisture content is a

stope.

3Coefficient of uniformity

(grain size diameters in mill
= diameter of lO-percent finer size in millimeters.
This makes the in

4Effective size

diameter of 60-percen
imeters are obtained from grain size distributio

5Surface desiccation appears higher than in other mines.
would normally be expected for a uniform material.
®Highly variable.

C, with 53.5-centimeter elevation head of wat

er --calculated at 0.800
ffected by ventilation conditions in the

+ finer size divided by diameter of l0-percent finer size
n curves in figure 5).

Obtained from figure 5.
-place density values higher than
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There exists several methods to minimize the entrapment or perching of
water in the sandfill:

1. Sandfill placement at the stope end would force the sand and water to
flow toward the bulkhead. The water will decant and seep through the bulkhead
if constructed of cribbing and covered with burlap or other pervious material.
The finer sized particles will deposit against the bulkhead. A potential prob-
lem could arise if the sand should seal the bulkhead and entrap a large quan-
tity of water adjacent to the bulkhead. Although surface water would continue
to decant, an unknown amount of water would percolate toward the bulkhead
through the coarser material. Should the pressures exerted by a rising
phreatic surface become great enough on the bulkhead or should a 'quick'" con-
dition evolve, the bulkhead could collapse. The possibility of this situation
occuring is low with respect to narrow vein-type deposits; this type of fail-
ure should be realized as a potential when filling large room voids. Another
problem, which is more of a nuisance than anything, is the flow of fine sand
and slimes through the bulkhead. The cleanup process is then a cost to be
borne.

2. Various types of drains have been installed in stopes to remove water.
Drains are more commonly used in large room operations, although a few narrow
vein-type mines do install drains. The most common drain is the '"mouse trap,"
a simple wire frame or square box construction covered with a porous filter
cover such as burlap. A second method would be to place sand filters along
the stope floor and adjacent to the bulkhead. This type of drain is similar
to a "French drain'" or "conduit,' and the filter material should permit the
flow of water without head loss. Because of the particle size of sandfill,
clogging of this type of drain filter could pose a serious problem (7, 30,

p- 185). " Perforated drainage pipes, both horizontal and vertical, through
the stope could be used to carry off water. The horizontal drains would
require sand filters or porous cover to prevent plugging, whereas the verti-
cal stand should be burlapped. If the bulkhead were constructed of concrete,
proper drain would be required. A contained sand filter could serve this
purpose. Several mining operations construct permanent concrete conduits
which are added on to as mining advances vertically. If the conduit is not
crushed or plugged, the bulk of the water would escape and exit at a common
point. Handling of water and slimes on the main levels could be eased.

3. An alternative solution to prevent particle segregation would be the
utilization of a multispigoted discharge system. The placement from several
points in the stope could encourage the placement of a well-graded sandfill
rather than a segregated fill. The well-graded material would improve water
percolation and possibly improve the overall strength of the sandfill.

Strength of Untreated Sandfill

A primary purpose of hydraulic sandfill is to place an artificial mate-
rial capable of supporting the vein wall. Observation has shown that vein
wall closure occurs as a slow, but continual movement following mining. This
movement is caused by two mechanisms: incremental deformation of the rock
strata adjacent to the stope induced by mining, and longer term failure caused
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by earth pressures. An outcome of this vein-wall closure can be the reorien-
tation of stresses once distributed along the entire vein to the remaining and
shrinking ore pillar. The ultimate outcome will be a rapid energy release
(rock spawl or burst) when the failure strength of the ore or country rock is
violated.

The reaction of sandfill in a mined stope can be interpreted by consid-
ering the theory of earth pressures at rest as used in soil mechanics.
Because many deep stoping operations occur in narrow, pitching veins, the
pressures exerted onto the sandfill can be assumed (fig. 7). Principal stress
or load (01) is applied to the sandfill by vein-wall closure or rock pressure.
The other two stress components (secondary stress, Oz) are assumed to be
approximate because the sandfill is, for all purposes, confined laterally. 1In
practice, however, the vertical stress can be relieved as attested by floor
buckling or heave in the stope. Nicholson (21) applied the theories of earth
pressure at rest and one-dimensional compression to evaluate the effects of
compaction for several mine sandfills. 1In Nicholson's publication, the
theories, laboratory procedure, and equipment fabrication are presented.
Prior to summarizing the test results, a short discussion of typical sand-
fill strengths is necessary.

Federal Bureau of Mines engineers (5, 11, 22) have conducted laboratory
and field investigations to define the strength characteristics of sandfill.
A summary of these findings are presented in table 2. The range of in situ
densities” was 95 to 104 pounds per cubic foot. These same sandfills were
tested in the laboratory to determine their minimum and maximum density
(fig. 8). The in situ densities were found to have an average relative
density of 55 percent. (See footnote 8.) In other words, the sandfill placed
in stopes exists at slightly more than one-half of its potential relative
density.® Typical sandfill is then probably in a loose and/or honeycombed
structure and is very responsive to any compressive loading. This loosely
structured sandfill is unable to contain the pressures exerted by vein-wall
closure. Consequently, consolidation within the sandfill occurs.

7Density is the unit weight of the material and is used to define the particle
arrangement of a cohesionless material.
The term ''relative density'" is defined as the ratio Dg.

€pax - €

Dy = —————— X 100, (9
€nax - €pin
where ep,x = void ratio in loosest condition,
epin = void ratio in densest condition,

and e in-place void ratio.




FIGURE 7. - Field pressures active on sandfill in a deep vein mine (21, p. 4).
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Laboratory triaxial tests were also conducted to further quantify the
stress characteristics of sandfill of differing densities. The shear Strength
of test specimens are defined by the following equation:

S =p’ tan ¢, (10)
where S = normal effective stress, and
p’ = normal effective stress, and
tan @ = coefficient of friction.

The results of two series of tests are shown in figure 9. Tt is evident that
the shear strength of the denser sandfill is greater. The increased angle of
internal friction (9) of the denser sample should also be noted. Tt has been
stated in soil mechanics texts (18, 30) that wet cohesionless soils should be
placed in as dense a condition as possible. The aforementioned experimental
results with sandfill support this position.

500
Average test density 108 Ib/f1>
Maximum density (Iab) 108 Ib/f13

'
5 -~
o
@ 400 //'///
o
% v Average test density 98 |b/f13
: ; 3
g) _ oAverqge mine density 98 [b/ft
o ~ 0=36,50
- 300
g e
-
o
Q.
Ny

200

SHEAR STRESS

200 300 400 500 600 700
NORMAL STRESS 7, pounds per square inch

FIGURE 9. - Triaxial test plots for sandfills of two different densities (22, pp. 17, 21).
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FICGURE 11. - One-dimensional testing chamber, manual hydraulic pump for applying lateral
pressure, 400,000-pound Universal tester, and strain indicator.

dense sandfill with low void ratios yields a higher strength fill material and
reduces strain with increasing stress. The one-dimensional compression tests
indicated that an eightfold reduction in yield could be achieved between a
loose- and dense-structured sandfill (21).

MODIFICATION OF HYDRAULIC SANDFILL

Thus far, the discussion has focused on an analysis of hydraulic sandfill
as it is placed in cut-and fill mining operations. The physical properties,
effect of water, and in situ densities have been presented, followed by an
abbreviated discussion of stress-strain characteristics and their effect on
vein-wall closure. Evidence dictates that hydraulic sandfill is not approach-
ing maximum density when placed in the mine. It is, therefore, inconceivable
that hydraulic sandfill can serve as a competent ground support media if
substantial vein-wall closure must take place before the sandfill will begin
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to achieve higher in situ density. Additional investigations were then ini-
tiated to seek ways to improve the support capability of sandfill in an effort
to provide greater competence with sandfill and reduce vein-wall closure and
pillar stress problems. Techniques that have been studied include vibratory
compaction; chemical modification with cement, dispersants, flocculants, and

other additives; and electroosmosis.

Vibratory Compaction

In situ densities of concrete structures and soil foundations have been
significantly improved through vibratory compaction. Pneumatic or hydraulic
vibration yields greater consolidation of soil grains and stiff concrete by
the extrusion of entrapped air bubbles and/or water and densification of loose

FIGURE 12. - Three types of probe vibrators used in
compaction tests.

and honeycombed structures.
Capitalizing on the success-
ful application of vibratory
compaction to structural
engineering situations,
laboratory and preliminary
field tests were undertaken
to evaluate the vibratory
densification of hydraulic
sandfill in mines.

An air-activated, 2-
inch concrete vibrator was
tested under laboratory
conditions (22). Sandfill
densities as high as 117
pounds per cubic foot were
achieved, dependent upon
the physical characteristics
of the test material. For
this particular sandfill, a
well-graded material, the
relative density® was
increased approximately 30
percent. Such densities
would enhance the support
capacity of this particular
material to near its maximum
without further strengthen-
ing with cement or other
treatment. These laboratory
investigations have further
demonstrated that hydraulic
backfill density is obvi-
ously dependent upon the
physical characteristics of

9GSee footnote 8.
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the material. The conclusions drawn from vibration of three different
materials were as follows:

a. Coarse-grained material exhibited good drainage; however, because of
the absence of finer size particles (200 to 325 mesh), a less dense hydraulic
backfill material would be obtained. The excessive quantity of coarse-grained
particles encourages the flotation and removal of the few fine-grained
particles.

b. TFine-grained material (>30 percent, 200 mesh) have poorer drainage
characteristics; therefore, they retain a high quantity of water. These mate-
rials have poor workability qualities.

c. Well-grained sands provide an ideal working material. They have good
drainage properties, and the improved mixing characteristic which would pro-
vide a higher density fill.

Preliminary underground vibratory compaction tests were conducted to
determine if backfill densities in an active stope could be improved in a
similar manner and magnitude as the laboratory experiments (23). The follow-
ing types of air-actuated vibrators were tested: 2-inch, 4-inch, and 6-inch
probe vibrators (fig. 12), a 2- by 2-foot-square steel plate vibrator, and an
aluminum plate vibrator approximately the same size as the steel plate vibra-
tor. The dynamic characteristics and influence of vibration in hydraulic
backfill are presented in table 3. The conclusions drawn from the five vibra-
tion tests were that the probe-type concrete vibrators were most effective.
The effectiveness of the probe vibrator was believed to be attributed to the
fact that the probe was immersed in the backfill and that a greater couple
was achieved between the material and the vibrator.

TABLE 3. - Dynamic characteristics of tested vibrators
2 inches |4 inches |6 inches|Steel|Aluminum
plate| plate
Vibrator weight............ pounds, . 21.0 37.0 91.0 90.0 50.0
Air, pounds per square foot:
Static......oovi i ., 90.0 90.0 90.0 90.0 90.0
Running.......covievivnunnnnnaa., 77.0 71.0 72.0 - -
Frequency....... cycles per second.. 170.0 105.0 105.0 |118.0 -
Acceleration peak........... grams. . 187.5 109.4 49.2 55.0 -
Velocity........ inches per second.. 67.8 64.0 28.8 - -
Amplitude.................... inch.. 0.0634 0.097 0.0437 - -
Approx. dynamic force......pounds.. 3938.0 | 4047.0 | 4479.0 - -
Maximum fill density
pounds per cubic foot.. 110.0 108.0 110.0 |104.0| 102.0
Maximum depth of influence...feet.. 2.0 3.0 3.0 1.2 1,2
Maximum diameter of influence..do... 3.0 4.0 5.0 4.0 4.0

To substantiate the results of probe vibration pilot tests, a full-stope
demonstration (10) was undertaken (figs. 13-14). Backfill pressures, stope
closure, and physical property measurements were recorded in two adjacent

565-423 O -175 -3
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stopes; one which was compacted while the comparison stope was placed under
normal techniques and was untreated. Density measurements taken in the com-
pacted stope did not approach maximum. Densities ranged between 98 and 114
pounds per cubic foot with an average of 104 pounds per cubic foot. These
values compare less favorably than the 117 pounds per cubic foot obtained

in laboratory tests. Water content of the backfill was believed to be the
cause of the disappointing results. Ponded areas in the stope and areas
containing water contents less than 15 percent have poor vibration
characteristics.

Although density results were disappointing, the following benefits were
derived from the vibration operation:

1. Excessive free water was exuded from the stopes.

2. Although backfill pressures were similar in both test stopes
pressures increased faster in the compacted stope. This would indicate that
the backfill was denser in the vibrated stopes, and the fill was providing
greater support.

3. Backfill in the compacted stopes exhibited improved strain
characteristics.

4. Compaction provided a relatively smooth surface throughout the stopes
which could improve the cement cap placed, reduce amount of cement to achiev:
suitable platform, and reduce ore dilution by eliminating extremely thin
cement layers.

Cemented Sandfill

Prior to the 1960's, cemented sandfill was placed in underground mines on
a piece-meal basis and with a very limited knowledge of its potential capa-
bility. Originally, timber-planked floors were installed over backfill to
serve as a working floor. The great quantities of timber required for this
task created a costly, burdensome material-handling problem, not only in the
stoping area but also in the shafts and haulageways. The concept of using
cemented sandfill to cap a backfilled stope was intriguing because of the
benefits to be derived.

Cemented sandfill was originally placed in 6- to 12-inch layers on
untreated backfill to serve as a rigid working platform for slushers and large,
rubber-tired vehicles. 1In addition to serving as a mining platform, cemented
sandfill eased the costly handling and setting of plank flooring and reduced
the incidence of ore-sandfill dilution. By 1965, adequate research had been
accomplished to prove the use of cemented sandfill as a matted floor for
undercut-and-fill operations, construction of competent bulkheads and free-
standing walls in large pillar mining operations. Cemented sandfill is now
a major support material and has improved mining costs and working safety in
traditional cut-and-£fill mines (narrow or wide vein), shrinkage stoping,
undercutting and filling, pillar recovery in overcut-and-fill operations, and
block cut-and-£fill mining (19).



FIGURE 13. - Compaction of sandfill

vibrator.

with hand-held

FIGURE 14. - Operation of immersion-type vibrator.
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However, before management accepted cemented sandfill on a large scale
in the aforementioned methods of mining, a great deal of research was neces-
sary. The questions that required answers follow:

1. What cement-to-sand ratio should be used?

2. Does particle size have an influence on cemented sandfill?

3. How does a cemented sandfill affect permeability?

4. What pulp density is best?

5. Does curing time affect in-place strength?

6. What strengths can be achieved?

7. How should cement be mixed with sandfill?

8. How will additives influence the strength of cemented sandfill?

gimilar to concrete, the important factors influencing the strength of
cemented sandfill are sand-cement ratio, pulp density, mixing time, and
aging. A fifth factor that has been investigated is the addition of additives,
either dispersant or flocculant. Investigations into these factors have been
predominately directed toward determining the strengths of sandfill as modi-
fied by varying quantities of cement, with a lesser emphasis on mixing time
and aging. Researchers at the Federal Bureau of Mines, Spokane Mining
Research Center (6, 8) evaluated the unconfined compressive strengths and
permeability of classified tailings from various mines. The test variables
were modified by varying quantities of portland cement, dispersants, and
flocculants. The testing procedure was generally uncomplicated with the
mixing of the desired cement -sand ratio and then adding 30 weight-percent of
water. All samples were cured 7 days and were tested using an unconfined
compressive testing machine shown in figure 15. The ranges and average uncon-
fined compressive strengths are shown in table 4.

TABLE 4. - Unconfined compressive strengths of cemented sandfill,
pounds per square inch

Sand-cement Ranges Averages Ranges (12) Values
ratio (37, p. 991)
40:1 16.1-40.6 25.3 40 30
30:1 - - 40-70 45
20:1 42.2-99.3° 65.1 70-100 75
10:1 - - 200 -

5:1 250.6-711.1 442.0 500-600 >500
2:1 - - 2,500 -

Similar compression tests were conducted by engineers (12) within the
Falconbridge Group of Mines in Canada with the exception that they cured their
samples for 28 days (table 4). Data from the two separate investigations are
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FIGURE 15. - Unconfined compression testing machine and DC DT with digital readout.

comparable. The high sand-cement ratio (2:1) is of particular interest. A
compressive strength of 2,500 psi was obtained. The use of such mixtures is
exceptionally unusual and is restricted to bulkheads because of the cost.

Research was also undertaken by the Canada Cement Co. Ltd. to investigate
the various parameters influencing the strength of cemented sandfill (36).
The results indicate that higher compressive strengths were achieved with
higher pulp densities (weight-percent of solids in mixture). As a compari-
son and following an 80-day cure period, samples mixed with 60 and 72 percent
pulp density had an approximate compressive strength of 22 and 39 pounds per
square inch, respectively. The approximate strengths obtained for other
sand -cement ratios are consistent with other investigations (table 4).

As discussed earlier under the section entitled, '"Physical Properties of
Backfill," particle size characteristics of sandfill and its distribution has
a definite effect on the percolation of water through a placed sandfill. A
well-graded sandfill will normally have a permeability of 4 to 5 inches per
hour. With increased percentage of minus 325-mesh particles, the permea-
bility drops in half. Cement will have the same effect as reducing the grain
size characteristics of a sandfill. Laboratory tests, which were conducted
to determine the influence of cement-sand ratio and curing time on permeabil-
ity of backfill material (9), found that the coefficient of permeability for
samples decreased as the curing time increased. As would be expected, the
rate of percolation decreased with additional percentages of fines (36).

A comparison of unconfined compressive strengths on test samples from
U.S. mines revealed that similar results were achieved with specimens composed
of differing particle size combination (9). Specimens prepared with well-
graded sand and moderately gentle slope on grain size scale yielded the higher
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average strengths. The highest strengths (5:1 sand-cement ratio) were sur-
prisingly obtained from a sample having no particles larger than 70 mesh,
uniformly graded, and with a wide range of finer particles (23 percent finer
than 400 mesh). Alike specimens, however, had below average strengths at

the leaner sand-cement mixes. A coarse, uniformly graded specimen (less than
4 percent minus 200 mesh) yielded the lowest strengths at all sand-cement
mixtures.

A regression analysis of test data from six different fill materials
of varying cement contents resulted in formulation of strength prediction
equations (9). Cement content and grain-size gradation were found to be
primary factors affecting sample strength. A relatively simple equation was
developed to account for 96 percent of the variability of the data:

In strength (psi) = 8.271565 + 1.482918 1n cement + 0.1129835 C,, (11)

in which Cy = uniformity coefficient (Dey/Dic),

1l

Dso diameter in millimeters of 60-percent-finer size,

and Do diameter in millimeters of 10-percent-finer size.

Subsequent testing of addition fill materials indicated that the equations
vielded realistic strength estimates for fills having physical and mineral-
ogical properties within the range used in the analysis.

Investigations at the Falconbridge Group of Mines in Canada have also
indicated that similar strengths can be achieved using classified tailings
of differing particle size (12). It was suggested, however, that a reduced
strength "up to 50 percent" was realized at mines adding coarser sand to
tailings. This was attributed to "particle size distribution of cement rel-
ative to tailings backfill." Sandfill with higher cement-sand ratios
exhibited layering or stratification within the sandfill material. The inves-
tigators suggested the use of a coarser cement to alleviate this situation.

One basic objective of sandfill research was to find or develop an
additive to strengthen cemented fill at minimum cost. Various materials
added to sandfill have included dispersants, flocculants, and fly ash. Again,
similar research was initiated by soil engineering firms. The load-bearing
capacity of soil beneath structural foundations has been improved by mixing
cement with the soil. Further alterations of soil structures to increase
its strength have been accomplished through the use of additives. Predom-
inately dispersants, such as sodium silicate, sodium metaphosphate, and
sodium polyphosphate, have been successfully employed. Dispersants will coat
the soil particles thus encouraging the clay particles to repulse each other
without increasing the attraction forces. The soil particles become oriented,
thus improving the bonding and strength of the material.

The compressive strength of backfill modified with cement and a disper-
sant was determined by Corson (8). The quantities of cement and dispersant
(sodium hexametaphosphate) were varied to determine the optimum mixture for
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achieving the highest strength. Average values for the tests are shown in
table 5. Addition of a minor amount of dispersant is beneficial in increasing
strength of lean (40:1 and 30:1) sand-cement ratios. An increase in strength
in 40:1 sand-cement samples of approximately 50 percent was achieved with a

0.1 dispersant-cement ratio (fig. 16). As noted on figure 16, little increase
in strength is achieved through further dispersant addition until a dispersant-
cement ratio of 0.8 is exceeded. Using the 40:1 sand-cement mixture, the
optimum cement-dispersant ratio was 1.8:1. This mixture vielded a bearing
strength of 515 percent higher than strength values obtained without dispersant
treatment. The richer mixes (sand-cement ratios of 10:1 and 5:1) required
additional dispersant in excess of 1 welght-percent of dry materials before an
increase in strength was achieved. The strength values continued to increase
up to 5 weight-percent of materials. At 10-weight -percent dispersant with 5:1
sand-cement mixture, a drop in compressive strength was recorded.

TABLE 5. - Average unconfined compressive strengths of cemented sandfill
modified by a dispersant, pounds per square inch

Sand-cement Dispersant, pounds per ton of tailings
ratio 0 2 4 6 8 10 20 100 200
No cement. . 5.23 - - - - 2.92 2.89 - -
40:1....... 24.82128.47| 35.95 - - 34.93| 38.98]| 87.05 -
30:1....... 35.19142.17 | 47.46 - - 51.63| 52.31{179.89 -
20:1....... 72.87 - 81.85) 77.37 - - 8§8.0 [138.0 -
10:1....... 251.85 - 123.641173.0 |190.1]220.0 {236.84(278.61(657.0
S5:1....... 711.06 - 334.14 - - 372.491644.791754.07]498.84

Another method of modifying the structural arrangement of soil particles
can be accomplished through the use of flocculants. A flocculated structure
1s disorganized and haphazard; consequently, a reduced strength material
would exist. The loose arrangement of the individual particles would facili-
tate entrapment of excess water and create a soil that would be highly com-
pressible and lightweight. Although flocculant structures are not desirable
in soil foundations, unconfined compressive strength tests are being deter-
mined on backfill specimens modified with cement and flocculants. It 1is
thought that the coarser backfill materials may react differently as compared
with soils, which may contain a high percentage of minus 200-mesh particles.

Originally, the use of flocculants was considered because it was thought
that the flocculant would decrease the quantity of fines being carried in
stope decant water.

Laboratory tests have shown the flocculation of sandfill will retain a
substantial portion of the minus 20-micrometer material that would escape with
sandfill decant water. Percolation rates (4, 36) through sandfill varied,



36

100)

600 T T T T T T T T T T T T T T T T T I T

X

[ 40:1 sand-cement mixture (average of at ieast 3 samples)

500 ’
+ Other sand-cement mixtures as indicated, all presented

at a dispersant-cement ratio of [.8

400 |-

dispersant-treated mix
untreated mix

300 -
<
@ - —
o
°
S 2001 .
o L 2 i
= //-u—'
< Cl
® 100 -
x
= - _..
o
Z
w o I | I | i 1 1 ! 1 I 1 | J | 1 | 1 | 1 |
x 0 0.2 0.4 0.6 08 1.0 L2 L4 1.6 1.8 2.0
« dispersant
RAT'O’ cement
FIGURE 16. - Effect of dispersant addition on strength of 40:1 sand-cement
samples.

depending upon the type of flocculant added (table 6). Results of percolation
tests on samples with no flocculant and 0.01 pound of polyacrylamide B® per
ton of tailings at a 20:1 sand-cement ratio were 14.74 and 23.62 inches per
hour, respectively (6). Laboratory observation during sample preparation
indicated that polyacrylamide C retained practically all water mixed with sam-
ple, but water escaped from those samples prepared with ferric sulfate (20).

TABLE 6. - Effect of flocculant om percolation rate, inches per hour
No cement added 20:1 sand-cement
Flocculant Conc., No Flocculant |mixture (37, p. 996)
1b/ton | flocculant No Flocculant
flocculant
Synthetic, acrilamide
polymer......cooueniennnes 0.05 2.0 10.5 - -
Polyacrylamide A.......... .25 2.0 15.5 = -
Galactomannon gum-Guaran.. .10 2.0 9.6 - -
Polacrylamide B........... - - 14.74 23.62

10The basic component of three of the flocculants tested was polyacrylamide.
Therefore, they have been distinguished by letters A, B, and C.
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Unconfined compressive strengths of cemented sandfill modified with
different types of flocculants are presented in table 7. 1In all tests, sam-
ples containing flocculants experienced an increase in strength with curing
time. Strength values on test samples containing ferric sulfate were higher
than samples containing no flocculant. After a 28-day curing period, strength
of samples containing polacrylamide C would exceed the values obtained on
samples having no flocculant modifier. This strength increase was attributed
to drying of the specimen with curing time.

TABLE 7. - Average unconfined compressive strengths of cemented sandfill
modified with flocculants, pounds per square inch?

Ferric sulfate Polyacrylamide C Polyacrylamide B
Sand-cement No 10 20 10 20 (37, p. 995)
ratio flocculant | 1b/ton|1b/ton 1b/ton | 1b/ton 0.01 0.03
1b/ton 1b/ton
30:1 53.56 113.27122.67 113.27 | 201.01 21 24
20:1 75.0 - - - - 41 42
15:1 138.66 160.22|138.99 160.22 | 323.44 - -
10:1 107.0 - - - - 126 126
7:1 412.91 527.3 1264.09 431.88 | 443.44 - ~
1Curing period--28 days.

Because of successful application of fly ash with concrete, the increas-
ing supply of fly ash due to air pollution legislation, and its low cost, fly
ash appeared as a likely sandfill modifier. The mineralogical composition
varies, but silica, alumina, and iron generally comprised over 80 percent of
the total constituents. Fly ash is a pozzolan that is not an adhesive itself,
but reacts with lime in cement to form a compound that exhibits cementitious
characteristics. A limited series of laboratory unconfined compressive and
triaxial tests have been performed to evaluate the effect of mixing fly ash
with cemented fill. Weaver and Luka (36) found that similar sample strengths
(1:8 cement-sand ratio) were achieved with up to 20 percent fly ash content.
At leaner ratios, a comparison of sample strengths is much less favorable.
Compressive strength values are listed in table 8. Corson (9) made a similar
investigation substituting fly ash for part of the cement component. The
research was expanded to identify the influence of fly ash particle size.
Using classified mine tailings from mine B (fig. 5), 1 part fly ash was mixed
with 2 parts cement in a 20:1 sand-cement sample batch. Compressive strength
of 65 and 121.4 psi were obtained using coarse and fine fly ash, respectively.
A strength of 72.9 psi was recorded on a straight sand-cement mixture of 20:1.
Unconfined compressive strengths for 2 parts fly ash to 1 part cement were
lower, but the values were again higher for those samples mixed with a finer
sized fly ash.

Triaxial test results supported the aforementioned strength values using
fill from mine B. Fine size fly ash yielded significantly higher strength
than the coarse size material. The mixture composed of one-third fine fly ash
had higher strength than samples containing two-thirds coarse fly ash.
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TABLE 8. - Strengths of cemented sandfill with addition
of fly ash,! pounds per square inch

Sand-cement Fly ash-to-cement ratio, percent
ratio Intermixed Interground
0 10 20 33 66 10 20
20:1 - - - 2121.4 | 240.0 - -
865.0 | 237.9 - -
10:1 - - - - 18.1 - -
28:1 - [ 2141 2117 - - | ”la4 | 2121

lCuring period--7 days.

Fine fly ash.

3Coarse fly ash.

4Taken from page 993 of reference 36.

Testing with other additives to replace or to enhance stabilization with
portland cement met with varied success (9). Results of limited testing of
sodium silicate, emulsified asphalt, and gypsum as stabilization additives to
sandfill were not encouraging. An evaluation of expansive cement indicated
that the effectiveness of this type of additive is hampered by the excess
water present in a hydraulically emplaced sandfill. Strengths of samples
incorporating expansive components were generally less than those containing
a comparable amount of portland cement, and expansive stresses developed
during a 7-day restrained cure were minimal.

Triaxial tests of a relatively fine (unclassified) and a well-graded
fill reflected the influence of grain-size distribution on cemented strength.
The well-graded material exhibited a higher confined strength and larger
angle of internal friction, whereas the finer fill appeared to have the
higher value for cohesion. TLikewise, triaxial testing indicated that par-
tial substitution of fly ash for the cement in a 20:1 mix resulted in a
lower strength and higher cohesion. If cohesion is indicative of the ability
of a material to withstand abrasion, incorporation of fly ash may be desirable
when pouring a slusher floor (9, 36).

Attempted simulation of stope sandfilling using a plexiglass model
demonstrated, at least qualitatively, the effect of some factors on the dis-
persion of cement within a fill mass. The cement tended to segregate from
the fill and collect where the excess water ponded at the ends of the model.
This condition was reduced to some extent by adding a dispersant and by using
a manifold, which permitted simultaneous discharge at several points along
the length of the model. Pouring through a manifold also produced a rela-
tively level surface compared with pours made through a single outlet held
at one location in the model. This type of filling technique would be
desirable in achieving level scraping floors, particularly when a cement cap-
ping is used. A small volume of cemented fill would be required to produce
an adequate thickness of capping if the underlying fill surface were level (9).
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Electroosmosis

The application of electroosmosis to dewater soils having low permeabil-
ity has been used by soil engineers just as other techniques have been used to
strengthen soils as already discussed. Until recent research (31) at the
Federal Bureau of Mines Spokane Mining Research Center in Washington, raw or
unclassified mill tailings had never been successfully dewatered using electro-
osmosis or any other method. The general theory of electroosmosis is the
placing of negative electrodes (cathodes) in such a pattern near a proposed
water discharge point and applying a direct current. This current will gener-
ally encourage the water to move toward the cathodes.

Bureau engineers designed a series of laboratory experiments to evaluate
the effectiveness of electroosmosis in dewatering unclassified mill tailings.
The success of this research was directed toward the possible placement of
unclassified tailings in underground stopes instead of classified tailings.
The data presented herein represent laboratory experiments conducted in small,
clear, 0.3 cubic foot plexiglass models which would contain approximately 37
pounds of slurry. At the time of the writing, larger scale model experiments
were being completed and a full-scale in-mine demonstration was ready to be
undertaken. Although many variables can influence the degree of dewatering
achieved for any material, this report will outline only the major procedural
changes made during the investigation. The various procedures tested to
dewater and densify the unclassified tailings were current density, periodic
current reversal, intermittent current, agitation of tailings, variation of
anode size and shape, cathodic current densities, vertical versus horizontal
electrode position, variation in electrode materials, modifying sand-to-
water placement ratios, and placement of tailings in layers.

The results of these preliminary tests indicated that unclassified tail-
ings can be dewatered and densified by electroosmosis. The results of this
series of tests include the following:

1. Tailings with low initial water contents (slurry having a lower
volume of transport water) will achieve a lower water content in the final

product.

2. Material should be permitted to drain naturally prior to application
of direct current.

3. Using periodic current reversal, best test results were achieved with
current reversals in the ratio of 8.33/15 and 17/30 minutes.

4. TImproved dewatering was achieved with agitation.

5. Intermittent current tests gave improved densification results with
reduced power costs.

6. Lead cathodes, although more costly, were more effective than iron
cathodes.
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Results of tests indicate that water content of treated tailings
decreased from 42- to 63-volume-percent water to 18 to 36 volume-percent.
At the same time, densities increased from values ranging from 62 to 78
pounds per cubic foot to 8l to 120 pounds per cubic foot after electroosmotic
treatment and agitation.

FIELD EVALUATION OF SANDFILL EFFECTIVENESS

Among the research efforts to evaluate and enhance the support capa-
bility of sandfill, several studies have been conducted to monitor fill
pressures and vein-wall deformation. These studies have provided vital data
that not only enable the understanding of in situ mine conditions, but also
offer the opportunity to theoretically model these conditions and to determine
what sandfill competency will be required to alleviate heavy ground conditions.

Instrumentation

Pressure Readings

1. Hydraulic pressure cells (HPC) were used to monitor sandfill pressure
changes. The cell, connecting tubing, gage block, and readout gage were
filled with glycerin, and fill pressure on the HPC was reflected by a cor-
responding reading on the gage (24, p- 11). In order to interpret the
hydraulic pressure cell readings in terms of fill pressure a series of labo-
ratory tests were conducted using identical HPC's, as well as smaller cells
of the same design, at various depths in backfill of minimum and maximum
density. Results indicated that the observed pressure is sufficently close
to the actual pressure, particularly in the range of 400 to 600 pounds per
square inch, to be used without any further correction. Major problems with
these gages are that (1) instruments cannot be repaired once stopes has been
sandfilled, and (2) HPC may be reoriented with stope wall closure and shifting
within the sandfill.

Bourdon gages of 500- and 1,000-pound -per -square -inch capacity, depending
upon the orientation of the associated HPC, were used to indicate pressures
within the backfilled stope. The stainless steel gage block was fitted to
accept a pump to faciliate filling the connecting 1/4-inch-OD steel tubing
during installation of the cells. A valve between the gage block and the
gage provided control of fluid pressure and allowed the replacement of gages,
should they malfunction or their capacity be exceeded. Gages were housed in
protective cabinets within the manway.

Borehole pressure cells (BPC) were installed in the rib rock to monitor
rock pressure changes (24). The system consists essentially of the same
components as the HPC's except that steel tubing, which replaces the flexible
conmnecting tube, is used to withstand the greater pressures (up to 2,500
pounds per square inch). The major difficulties encountered with this
instrumentation were (1) the BPC must be set in a cement -mortared borehole
and care must be taken to assure that air pockets do not exist; (2) it is
impossible to repair or place the equipment after the stope is filled; and
(3) corrosion and rupture of steel tubing, again not repairable.



FIGURE 17. - Replacing tape on first-generation
continuous recorder.

FIGURE 18. - Second-generation continuous recorder.
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Later, an automatic
recording system (fig. 17),
which was successfully uti-
lized to monitor pressures,
consisted of full-bridge
strain gage-type pressure
transducers, a transducer
power supply and balance
unit, signal conditioning
amplifiers, and strip chart
recorders. The transducers
replaced pressure gages in
existing installations in
the manway and were con-
nected by shielded strain
gage cables to a metal cab-
inet located in the crosscut
that housed the other
components.

A second-generation
continuous recorder was
designed and fabricated;
this recorder was more com-
pact (fig. 18). The basic
modification included replac-
ing the full-bridge, strain
gage -type pressure trans-
ducers, balance unit and sig-
nal conditioning amplifiers
with a potentiometer-type,
high-output transducer with
signal conditioning.

2. Vein-wall closure
was monitored in the raise
area by measuring between
rock bolts placed diamet-
rically opposite each other
in the walls. The ends of
the bolts were allowed to
extend into the manway crib
and any excess protrusion
was cut off (fig. 19). Meas-
urement were taken with a
dial extensometer having a
4-inch travel. A combina-
tion of different length
extensions and points
allowed measurement of the
varied distance between bolt
ends.
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FIGURE 19. - Raise closure-measuring installation.

3. A hydraulic cylinder (fig. 20) was fabricated to measure total stope
wall closure after the sandfill had been placed. The cylinder was attached to
two rock bolts diametrically opposite each other in the stope. As wall clo-
sure occurred, hydraulic fluid was transferred from the cylinder through a
plastic tube to a manometer-type readout unit. Closure of the vein walls
displaced oil within the cylinder; fluid displaced is measurable in the read-
out unit. This unit has two columns for measurement of fluid flow: a larger
tube having the same inside diameter as the hydraulic cylinder and a second
smaller tube. Oil from the cylinder is introduced into the smaller tube,
whose small diameter produced approximately a 10 to 1 magnification of the
amount of wall movement to be measure. A 1-inch movement of the piston within
the hydraulic cylinder yields a 10-inch rise in height of the fluid in this
smaller readout tube, as determined by laboratory calibration prior to



FIGURE 20. - Readout unit and hydraulic device for

measuring stope wall closure.
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installation. Provision was
made to permit emptying the
smaller tube into the larger
without disconnecting any of
the fittings; any overflow
from the smaller tube would
automatically be transferred
to the larger container.
Thus, the larger tube pro-
vides a gross (1l to 1) meas-
urement of wall movement,
whereas the smaller tube

(10 to 1 magnification) per-
mits measurement of small
increments of closure (10) .1

This device was uncom-
plicated. The only drawback
was the readout device. This
particular unit was large
for use in a mine, and the
readout tubes were prone to
damage.

One new innovation was
a mechanical device to moni -

tor wall closure in the back-

filled stope, as shown in
figure 21. Rock bolts were
placed opposite each other

in the stop walls, and exten-

sions from these bolts over-
lap approximately 2 feet in
the middle of the stope.
Stainless steel wires,
affixed to the ends of the
extensions, are led through
1/8-inch plastic tubing to
the raise. The interior

ends of the tubing are fastened to a T-shaped member called a tee) located in
the center of the stope and adjacent to the overlap of the rock bolt exten-
sions. The exterior ends (in the raise) of the tubing are fastened to a
curved, metal bracket; the wires are allowed to extend below the ends of the

tubing. Metal clamps are affixed to the wires at

some set distance from the

ends of the tubing, and lead weights are suspended from the ends of the wires.

}1The numbers indicate wall movement. In the large tube, the level of
hydraulic fluid would rise 1 inch for each inch that the stope walls would

close; whereas, the fluid in the smaller tube

would rise 10 inches for

each inch the stope wall would close. This process enables the engineer
to measure wall movements of hundredths or thousandths of an inch.
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FIGURE 21. - Schematic diagram of mechanical closure device.

As the stope walls close, movement of the rock bolts draws the wires
through the plastic tubes. The rock bolts and the T-shaped member are assumed
to remain stationary because of their central position, relatively static
within the backfill. TIndividual vein-wall movement is measured by the amount
of displacement of the clamp on its respective wire with relation to the end
of the corresponding plastic tube. To inhibit access of water, both ends of
the plastic tubes are filled with grease.

4. Explosive borehole anchors, called down-the-hole anchors (DTH), were
also installed to measure rock movement on each side of the vein in advance of
mining (fig. 22). Diamond drill holes were placed through which the DTH
anchors could be set at a predetermined depth, and with the detonation of a
mild end primer and low-energy detonating cord, the outer tube would swell
against the borehole rock. The indicated movement of the expanded anchors is
monitored by measuring the distance between a stationary point and a button
attached to wire leading to the anchor. Detailed information can be found in
a report prepared by Parsons and Osen (26). Additional information on field
application of the instrument was discussed by Waddell (34).

5. Commercially available probes made by the Nuclear Chicago Corp. were
used to determine depth density and moisture of placed sandfill. Both the
model P20 depth density gage and the model P19 depth moisture gage are capable
of monitoring soils to a depth of 200 feet below the surface. Both probes
were used in conjunction with a Nuclear Chicago model 2800 portable scaler
(fig. 23). Count rates indicated by the scaler were converted to wet density
in pounds per cubic foot and pounds of water per cubic foot (moisture content)
by using the calibration graphs supplied with each probe. Thus, monitoring
of the same point in the tubing with both probes yielded the dry density of



FIGURE 22. - Monitoring movement of explosive borehole anchor.

the backfill at that point. The probes functioned well when calibrated in the
laboratory; however, this equipment is highly susceptible to distortion and
erroneous readings when exposed to varying degrees of temperature and humidity.
Consequently, with the fluctuating atmosphere in the deep vein mines, the
reliability of the instrumentation was questioned.

Field Data

Field projects have been conducted by the Federal Bureau of Mines at
mines operated by Hecla Mining Co. in the Coeur d'Alene mining district of
Idaho, and by Department of Energy, Mines and Resources, Ontario, Canada, at
the Geco mine, Noranda Mines Ltd. and the Garson mine, International Nickel Co.

Star Mine Installation

The Star mine (11) workings extend vertically from an elevation of 5,130
feet above sea level to 1,947 feet below sea level, or some 7,900 feet below
the surface. Stope filling with classified mill tailings was instituted in
1958, and in general, the mine used untimbered cut-and-fill stoping above the
4,000 level and a timbered cut-and-fill method in stopes below this level.
The ground in this lower country where the instrumentation was located is
considered very incompetent, with a history of movement and hydrothermal
alteration.
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FIGURE 23. - Radioactive density probe and scaler.

A "blind stoping' method of mining, utilizing prefabricated, hexagonal
cribs for ore chutes, manway, and timber slide, was used on the instrumented
jevel. The vein is essentially straight and nearly vertical with an average
width of approximately 10 feet. Stopes are mined both directions from the
cribs, taking a 10-foot-high cut along the vein. Raising for the next floor
is done before mining is completed on the work floor. Stopes are timbered
with heavy 12- to l4-inch-diameter caps on 6-foot centers supported with 6-
to 8-inch posts. A combination of solid and staggered planking is placed
above each set of timber. Solid planking is used up to 21 inches, and any
distance over this to the back is filled with a latticework of planks. Rock
bolts are installed in both walls across the raise area.

Stopes are sandfilled as soon as possible after cleanout. A fill reten-
tion wall is built at the end of the cleaned out stope, and a burlapped sand -
wall is erected next to the raise area prior to filling. The stoping areas on
either side of a raise are normally filled before raising the cribs and fill-
ing the raise area.

The field installation encompassed stopes on each side of No. 5 raise,
6,700 level of the Star mine through a vertical distance of 200 feet and a
distance of 120 feet along the strike of the vein. A total of 22 pressure
cells were placed in the fill at various orientations to the vein, and 6 vein-
wall closure measuring points were installedzatselectedelevationsijltheraise.
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Pressure cells oriented both parallel and transverse to the vein on the
7th and 14th floors indicated that initial pressures developed were essen-
tially hydrostatic. Pressure registered by the parallel cells increased at
a higher rate than the pressure indicated by the transverse cells, as was
anticipated. However, after a reading of approximately 100 psi was exceeded,
the pressure longitudinal to the stope fell off to zero. A possible explan-
ation for this is that the cell attempts to orient its large surface perpen-
dicular to the direction of principle stress, and this movement of the cell
ruptures the connecting tubing.

Vein-wall closure on the various floors was monitored as long as the
measure points remained accessible. Closures are shown in relation to their
time of installation in figure 24.

Maximum vein-wall closure and recorded pressures within the backfill are
summarized in table 9,

TABLE 9. - Maximum pressures and closures by floor (Star mine)
Maximum Maximum | Maximum
trans - longi - vertical Maximum
Floor verse Months® | tudinal | Months? pressure, [Months?|closure, |Months?
pressure, pressure, psit inches®
psil psi®
4 464 30 - - - - 22.0 36
7 340 10 116 6 - - 20.9 29
9 - - - - - - 20.7 25
10 530 10 - - - - - -
11 - - - - - - 19.5 22
14 500 9 112 4 - - 16.5 18
16 450 15 - - 115 9 - -
17 - - - - - - 8.7 7

1Maximum observed pressure before cell malfunctioned.
®Approximate time after installation.
SMaximum closure before points became inaccessible.

Lucky Friday Mine Installation

The Lucky Friday mine (10) vein, which has little surface expression, has
been developed to a depth of 4,050 feet and is one of the major lead-silver
producers in the district. The vein is tabular and sinuous, and it ranges in
width from a few inches to several feet. Mining employs the conventional cut-
and-fill system, wherein the ore is removed in a series of successive hori -
zontal slices, and the resulting void is sandfilled with mill tailings as

each slice is removed. A cemented capping on the sandfill serves as a floor
during mining of the next slice. Raises between levels may be timbered or
formed, using either hexagonal, wooden cribs, or circular steel sections
contained within the sandfilled area and extended upward as the mining
progresses.
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FIGURE 24. - Vein-wall closure versus time (Star

mine).

The 108 raise
was timbered and open
from foot to hanging
wall, whereas the 106
raise consisted of
hexagonal, wooden
cribs "floating' in
the fill throughout
most of the 200-foot
elevation. When it
became difficult to
maintain the raise,
circular steel chutes
and manway sections
were substituted in
the upper portion of
the stope.

In the initial
stages of the study,
monitoring of pressure
and closure instrumen-
tation was performed
on a weekly basis.
This schedule was
later reduced to
biweekly as the range
of change in pressure
and wall movement
slowed down. At some
intervals, readings
were even more infre-
quent because of lack
of access to one or
the other raise. For
the most part, data
are presented graph-
ically to faciiitate
comparison.
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FIGURE 25. - Pressure across stopes in the Lucky Friday mine.

Figure 25 shows a comparison of transverse pressures in the five instru-
mented areas. The period of inactivity while the miners were on strike is
reflected by the minimal increase in pressure. When mining was resumed,
several rock bursts of varying magnitude occurred in the general vicinity of
the instrumented stopes. As indicated on the graph, the rock bursts were
frequently accompanied by an appreciable increase in pressure within the fill.
This increment implies that a greater portion of the wall load was transferred
to the sandfill during the failure producing the rock burst. The fact that
this event is not shown at all instrumented areas for every burst may be due
to its location in relation to the instrumentation. For example, a rock burst
occurring within the sill pillar over an instrumented stope would probably
affect pressure readings at all elevations within the stope, whereas a rock
burst within the stope wall would have a more localized effect.

Comparison of closure rates in the two stopes is hampered by their vari-
The rate of strain (inches of closure per inch
width of stope) for the seventh cut in both stopes is shown in figure 26. As
noted with the pressures monitored, strain during the period of the strike was
negligible. Likewise, occurrences of rock bursts in the general area were
accompanied, in most instances, by appreciable increases in strain rate.
Despite the relatively small increment achieved in fill density in 108-W,

the compacted fill did exhibit somewhat improved strain characteristics as
compared with the natural fill in 106-W.

ation in width, strike, etc.
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FIGURE 2. - Comparison of strain on seventh floor (Lucky Friday).

Geco Mine Installation

The Geco mine (37) has workings extending to a depth of 1,850 feet.
Conventional cut-and-fill stopes are filled with classified mill tailings,
whereas vertical blast-hole stopes are filled with qua<ry rock and stabilized
with a cemented sandfill.

The investigation was undertaken to determine vein-wall deformation
during the extraction of a vertical ore pillar and relate this data to the
support offered by sandfilled stopes. Horizontal extensometers were installed
from an access drift on the 1,050 level toward the vein. The four extensom-
eters per hole were located to monitor rock deformation at the pillar to be
mined and on both sides of the pillar. A fifth extensometer installation was
placed on the opposite side of the access drift. Convergence was 7lso meas-
ured in the access drift.

The resultant deformations following mining of the pillar were as ioilows:
1. After the initial blast, the access drift expanded in excess of 0.5

inch near the contact between current mining and the adjacent vock and sand-
filled stope, but contraction occurred at the solid piilar area. ¥ollowing a
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2-year observation, drift expansion at the filled stope-mining contact
approached 1.5 inches. The drift section near the pillar contracted over
0.5 inch. Practically no noticeable amount of deformation occurred in the
drift opposite the rock-sandfilled stope as the distance from the mine site
increased.

2. Stope-wall deformation measured with borehole extensometers was !
similar to the access drift measurements. Expansion was approximately 1.5
inches near the mined pillar and little or no deformation occurred away from
the mined area whether or not the measurement was near a solid pillar or the
rock-sandfilled stope.

3. The effect of mining on the filled stope was estimated from the
deformation data. Measurements indicated that the stope wall moved 1.8 inches.
The investigator estimated that the 60-foot filled stope compressed 0.25
percent and, with all effects taken into consideration, a total fill compres -
sion of 1 percent was established.

Garson Mine Installation

In a field study conducted by the Canadian Mines Branch at the Garson
mine, fill pressure and wall convergence were monitored in a horizontal cut-
and-fill operation that used a natural sand as fill (38). A comparison of
stress-strain data in areas of cemented and uncemented sandfill indicated that
the benefit to increased bearing capacity may be limited to the initial load-
ing period. After exceeding the theoretical strength of the 10:1 sand-cement
mixture, the cemented fill deformed about the same rate as the natural
material.

Considering three categories of stope wall convergence, the fill was
believed to have an important influence on convergence in the sandfilled area,
limited influence in the working area of the stope, and no influence on con-
vergence at and beyond the stope back.

THEORETICAL ANALYSIS OF HYDRAULIC SANDFILL

The preceding discussion in this report has described the results of
laboratory and field studies to determine the effectiveness of hydraulic
sandfill. Despite the information gained from this and other related research,
there was needed a method of determining the quality of sandfill required for
a particular ground support situation. As a result, preliminary numerical
analyses of the support performance of various qualities of hydraulic sandfill
were undertaken.

A two-dimensional model performing elastic-plastic, finite-element
analyses was modified to investigate and evaluate the support capability of
hydraulically placed sandfill. The latest model (14, 25) was developed for
two vertically adjacent stopes separated by a sill pillar (fig. 27). The
computer program was designed to predict stope convergence, stress in the sand-
fill, and stresses in the vein wall and sill pillar.
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The support performance of several sandfills of differing qualities were
completed. The predicted stope closure as a function of fill modulus is shown
in figure 28. A threefold decrease in stope closure was realized with a fill
modulus increase from 1 to 10 thousand pounds per square inch (ksi), which is
well within the realm of possibility. Theoretical sandfill pressures using a
fill modulus of 1 and 10 ksi agree reasonably well with actual fill pressures
measured at the Lucky Friday and Star mines, respectively (fig. 29).

Stresses in the vein-wall and, more importantly, the sill pillar were
analyzed to compare the effectiveness of various sandfill in reducing
increased sill pillar stress as mining approaches the pillar area. Initial
stresses prior to mining were determined using normal gravitational or
hydrostatic loading. Pillar stress as a function of sandfill is shown in
figure 30. The stresses normal to the pillar are shown to be greater on
smaller pillar width than on greater pillar width. Similar relationship
exists in a stoping area. As stope mining advances upward toward the upper
level, the ore pillar shrinks, and the incidence of heavy ground or rock
bursts magnifies.

The results of these analyses indicate that, in addition to other
benefits such as improving mine ventilation, controlling mine fires, and
providing work platforms, hydraulic sandfill can be effectively used for
ground control. The results also indicate that better quality sandfill
alone would permit greater quantities of ore to be mined from the pillar
before the rock burst situation became critical.

DISCUSSION

Placement of hydraulic sandfill in deep vein mines (cut-and-£fill) has
become recognized as an efficient, time -saving method of mining over pre-
viously used systems. Sandfill placement has obviously reduced the costly
placement of timber, improved mine ventilation, increased ore production,
and to some degree provided support to surrounding rock masses. This latter
criteria is evident in those mines not experiencing heavy ground pressure
conditions or in those circumstances where loosely bedded roof and rib rock
capable of immediate spawl must be supported. The major problem, of course,
is to develop and place a sandfill possessing sufficient strength that will
minimize vein-wall closure, rock stress orientation upon vein pillars and
resultant rock burst situations. As mining depths increase, ground condi -
tions will become increasingly aggravated.

Classified tailings, used as a mine sandfill, are a cohesionless
material whose physical properties and support characteristics are well
documented. Because the material normally placed in mines is limited to
classified tailings, which are transported underground hydraulically, adequate
support will probably never be achieved, especially if heavy ground conditions
are encountered. Maximum relative density and accompanying material strengths
potentially capable with sandfill cannot be attained until excess water is
removed from the stope and the individual grains are at their maximum relative
density. In other words, the void ratio of the particular sandfill must
approach its densest condition whereby shear or movement of the grains will
only occur with an increase in volume.
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Even with treatment (physical or chemical), 100-percent maximum relative
density will seldom be achieved. In many instance, 90- to 95 percent relative
density will satisfy normal construction requirements. Field and laboratory
experiments have shown that hydraulic sandfill is placed at a minimum relative
density ranging from 65 to 90 pounds per cubic foot and water content exceed-
ing 40 percent. After natural drainage, but prior to mining, densities will
not normally exceed 30- to 40-percent relative density and the water content
is yet well above 20 percent. Such sandfills will provide little more than a
walking platform in this condition. With resumption of mining, additional
water will escape from the sandfill and the density will increase. This sand-
£fi1l alteration is predominately attributed to vein-wall closure. However,
once closure begins, the concept of using sandfill as a competent artificial
support becomes questionable.

A more effective sandfill can be placed through minor operational changes
and proper maintenance. Most components of the hydraulic system adequately
perform their designed function, but over a period of time, a few components
become less reliable. Cyclone maintenance often occurs only when a breakdown
forces such attention. Because of the lack of periodic maintenance, many
cyclones are allowing a greater percentage of slimes (<200 mesh) to pass into
the sandfill system. Sand lines are not properly installed; often, they are
laid with minimal engineering. Sand lines should be rigidly alined and peri-
odically inspected. 1In mines that experience heavy ground conditions, single-
point discharge should be replaced with multispigoted discharge to prevent
grain segregation and formation of impervious slime barriers. Adequate drain-
age systems should be installed to dewater the sandfill as efficiently as
possible.

Improved sandfill operation and maintenance will upgrade the quality of
the material placed in the stope. However, many investigators argue that even
the best-placed sandfill will not control vein-wall closure and rock pressure
buildup in deep vein mines. This position is not only realistic, but has been
proven through conduct of field investigatioms. Sandfill placed at 50-percent
relative density will not support vein walls in deep metal mines at depths
exceeding 2,000 to 3,000 feet.

The next obvious approach was to develop and test methods of altering
traditionally placed sandfill to improve its support characteristics. The
majority of methods tested to modify sandfill and the results have been dis-
cussed. Vibratory compaction produced a denser sandfill and effectively
dewatered the fill predominately through densification and decanting the water.
The addition of cement increased both the unconfined compression and confined
strength of sandfill. The richer the sand-cement ratio, the greater the
strengths achieved. For example, at sand cement ratios.of 40:1 and 5:1, the
unconfined strength was 25 and 440 psi, respectively. Using the same test
mixtures, the angle of internal friction as determined by the triaxial tests
increased from approximately 36.7 to 46.8, thus increasing the overall shear
strength of the richer cemented sandfill. Similar internal friction angles
were achieved on compacted, uncemented sandfill of similar densities. One
questions whether cemented sandfill is more effective than compacted, unce-
mented material. The addition of cement to sandfill alters the sand from a
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cohesionless material to a substance possessing cohesion. The cohesive prop-
erty increase the effective shear strength of cemented sandfill and, until
failure occurs, cemented sandfill will support greater stress or load. The
following questions remain to be answered: Will mine or fill water perco-
lating through the failure zone in the failed cemented sandfill rebond the
material? What bonding strength can be anticipated?

Addition of modifiers such as dispersants, flocculants, fly ash, gypsum,
and other substances influenced the unconfined compressive strength of
cemented sandfill. Research results have shown the improved strength can be
obtained at specific mixtures. The addition of increasing quantities of these
modifiers will not necessarily improve the strength characteristics of the
mixture. Investigations have shown that each modifier must be examined
through a series of tests to arrive at the optimum mixture ratios and maxi-
mum strength. Increased strengths at shorter curing periods are possible
using certain modifiers. This characteristic is an important asset where
quick reentry into working areas such as sublevel or underhand stoping is
desirable.

These laboratory experiments have documented the strength increases that
can be expected through treatment or modification of sandfill with vibratory
compaction, cement and/or additives. Field investigations have provided vein-
wall closure and sandfill pressure data. Using all this information, theoreti -
cal analysis of deep-vein mines through use of finite element models was
undertaken. The insertion of actual field data was incorporated into the
analysis and served as a reference base. Additional analyses and comparison
were made in which various sandfill properties were placed in the program.
Improved sandfill properties will reduce vein-wall closure and rock and pillar
stresses. Consequently, hazardous and costly rock falls and bursts should be
decreased using the proper sandfill material.

An actual large-scale demonstration to prove that the proper sandfill can
be placed and can be expected to function as a competent artificial support
has not been undertaken. Verification or rejection of the potential capa-
bility of sandfill is yet unknown. Efforts are underway at the time of this
writing to gather the necessary data and to develop a detailed research effort
so that a demonstration program can be undertaken.
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