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SYNOPSIS
A system of artificial support for shallow mines is described, analysed, and evaluated. The system can be designed

rationally to support a predetermined overburden load, and tests have shown that the design theory gives accurate
predictions of strength. The support system, consisting as it does of two basic materials, reinforced granular material
and reinforced cemented material, is flexible and can be varied to suit changing requirements of height and load.

The system of preloading to the design load by jacking off the roof ensures that the walls are both stiff and proof-
tested.

SAMEVATTING
Daar word 'n stelsel van kunsdaksteune vir vlak myne beskryf, ontleed en geevalueer. Die stelsel kan rasioneel

ontwerp word om 'n voorafbepaalde bolaaglas te dra en toetse het getoon dat die ontwerpteorie akkurate voorspel-
lings van die sterkte gee. Die steunstelsel wat uit twee basiese stowwe, gewapende korrelrige materiaal en gewapen-
de gesementeerde materiaal, bestaan, is buigsaam en kan verander word om wisselende hoogte- of lasvereistes te pas.

Die stelsel van voorbelasting tot by die ontwerplas deur die dak op te domkrag verseker dat die wande stewig en
geproeftoets is.

Introduction

In shallow mines, the replacement of pillars by artificial
supports could permit complete extraction of the seam
being mined. Almost complete extraction is now
achieved by stooping or by long-walling, but these
methods can cause severe settlement of the surface and
severe surface distortion above the boundaries between
areas where extraction has been complete and areas that
remain supported. Such practices permanently affect the
land surface; damage surface roads, railways, powerIines,
and other installations; affect surface drainage patterns;
destroy the surface ground water table; and generally
have a permanently adverse effect on the surface
environment.

Pressure will mount in future for mining to optimize
the utilization of resources by increasing the percentage
of extraction while at the same time protecting and
preserving the surface environment and, if possible,
reducing accumulations of mining waste on the surface.
The authors believe that permanent artificial support
systems can be designed to achieve these objectives
rationally and economically. In addition, artificial roof
support would be valuable where a sequence of several
seams is available for mining. Without such support, the
lower seams in a sequence cannot be extracted totally
until mining of the upper seams has been completed.

This paper proposes a system of support using horizon-
tally reinforced materials in which the support system
can be accurately designed to accept a load predeter-
mined from the mining situation with a predetermined
load factor. Two sub-systems are proposed: one using
placed in situ, horizontally reinforced granular materials,
and the other using reinforced precast cemented
elements.

A list of the symbols and terms used is given at the
end of the paper.
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Support Requirements in Shallow Mines

For the purposes of this paper, a shallow mine is
defined as one in which the lateral extent of the workings
is large in comparison with their depth below the
surface. For such a mine, the support must be competent
to carry the full overburden load if settlement of the
surface is to be avoided. The geometry of the situation
is illustrated in Fig. 1.
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Fig. I-The geometry of bords and pillars

If a is the stress required to be carried by the walls
or pillars, then, for parallel walls,

a =
yz(b+s)

= yz(l+sJb)
b

or aJyz = I +sJb. . . . . .
For square pillars on a square grid,

a =
yz(bbtsl.

= yz(l+sJW

oraJyz=(I+sJW .(lb)
Relationships (la) and (I b) are illustrated graphically in
Fig. 2.

In addition to pillars or walls that are strong enough
in compression to carry the overburden load, the follow-
ing requirements must also be met.
(a) The stress a applied by the supports to the roof or

floor must not be so high as to cause a danger of

. . . . .
"

(la)
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Fig. 2- The relationship between pillar stress/overburden,

a/yz,!..andbord span/pillar width, sib,for pillarsand walls

punching failure of the roof or floor.
(b) The roof must be capable of spanning between the

supports without any danger of bending tensile
failure.

(c) The supports will compress as load is transferred
onto them. This compression will affect bending

moments in the roof and the distribution of load
in supports. The compression must be small enough
for requirements (a) and (b) above to continue to
be met.

(d) The supports must be durable and must retain their
integrity indefinitely.

Requirements (a) and (b) are largely site-specific since
they depend on the properties of the roof and floor
material. Requirement (c) is partly a property of the
pillars and will be examined in more detail.

Fig. 3(a) shows a typical cross-section through a
shallow mine adjacent to a working face. The roof can be
regarded as the equivalent beam illustrated in Fig. 3(b),
which has an equivalent fixed support at some distance
behind the face. In this analysis, the distance is assumed
to be bj2. The roof carries a distributed load in bending
that will not be uniform, but will be concentrated over
the supports and less at midspan.

Suppose that, as shown in Fig. 4, the reinforced wall
supporting the roof at B compresses by an amount ~
relative to the coal support at C. If the tangents to the
roof beam at Band C remain horizontal (which would
represent the worst conditions), moments M will be
induced in the beam as shown. These two clockwise
moments will cause additional reactions R to be
generated at the supports, the total reaction at C being
increased by R while that at B is reduced by an equal
amount.

In terms of the dimensions of Fig. 4,

M =
6 El ~
(8+W

.

2M
and R = (8+b) =

. . . . . . (2a)

12~El
(8+b)3 (2b)

in which E is the elastic modulus of the roof beam and

Failure surfaces
gen

~
r ted in pun

.

ching
failure .r- EqUlvalent

7'"
~ ..::: ~ ..:::...,- - - - ...l- - - - roof beam

--

",.-- (a) ~ c t u a 1
---Q~_?-~~.!:

r y

Distributed load
B

s+b s+b

(b)

c

s+b

Fixed,
support

Equi va 1 en.!: Roof Be_~~

Fig. 3-Support requirements in a shallow mine
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Fig.4-Deflected shape resulting from relative compression
of wall and abutment

1 is the second moment of area of its cross-section.
If the depth of the roof beam is 0,

I - 1°; per unit width of roof

°and R - LE(-)3
8+b

or L=R.(8+b)3 (2c)
E

°
The increase in tensile bending stress at B will be

M 0/2 3LE S
ab = y- = (8+b)2 . . . . . . . . '. . (3)

Suppose that initially load W per unit length is carried
at both Band C. After the differential compression has
occurred,

B will carry (W -R)
and C will carry (W +R).
If E wis the compression modulus ofthe wall and Ee that
of the coal; the differential compressive strain between
Band C will be

(W -R) R W R ( 1 1 )hEw - bEe= hEw - b Ew +Ee
L

-
H'

. (4a)

where the height of the coal seam is H.
The corresponding expression for an equivalent bord-

and-pillar operation would be

(W -R) (8+b)- !!
-bEe b bEe

E~ {~(8tb) -: rtb + I]} ~
Here, the differential compression would result from
subdividing a continuous wall of coal of width b into a
series of pillars measuring b by band 8 apart.

Some numerical examples of the above expressions are
given in the Addendum. It is not claimed that the
simplified approach set out above will give an entirely
accurate representation of the stresses set up in the roof
and coal abutments. However, the expressions enable the
effect to be assessed of varying the span and width of the
reinforced walls, the wall stiffness, etc.

Horizontal Reinforcin~ for Granular Material

The effect of horizontal reinforcing on granular
materials is to develop a horizontal confining stress. The
horizontally reinforced granular material will tend to go
into a state of failure as soon as a vertical stress is applied
to it. However, actual failure will not occur because of
the development of tension in the horizontal reinforcing.
As Fig. 5 indicates, on the Mohr diagram or the p-q
diagram, the stress path oa of the granular material will

follow the failure line for the material. On the stress path,
a represents the point at which the horizontal reinforce-
ment reaches its yield stress. At this stage the vertical
stress a will be related to the horizontal stress ah by the
relationship

a=Kpa",...
where

. . . . . . . . . . . . . (5a)

Kp_l+sin4> (5b)
I-sin4>

and 4>is the angle of shearing resistance of the granular
material (in Fig. 5, sin.p = tan4».

q . i(cr, + cr,I

Kf - line or

failure line for

material

p
= !;"1 + ,J

Fig. S-Stress path for reinforced granular material

Equating the tension in the horizontal reinforcing to
the compression in the granular material,

aYRAR = ah(Am-AR)

aYRAR
ah=(Am-AR)"

(6a)or

Hence.

KpaYRAR
a=amax=(Am-AR)

(6b)

If AR is small compared with Am,

a=Kp.aYR'p (6c)
The strength of a horizontally reinforced granular

material is thus directly proportional to the reinforcing
ratio P and the yield stress of the reinforcing GYRO

(4b)
Bond of Reinforcin~ to Reinforced Material

When a material is reinforced, the tension developed
in the reinforcing depends on stress transfm: by bond
between the reinforcing and the reinforced material. The
mechanism of bond development is more conveniently
demonstrated in the ease of a granular material, although
a similar mechanism applies in the case of cemented
materials. The mechanism of bond development is
illustrated in Fig. 6.
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Fig. 6-Mechanism of bond development in reinforced granu-
lar material
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The average bond stress transmitted to a reinforcing
wire over a length x by friction is

a { I
}

x
-'

] + - .tan"'TrD.-2
. Kp 't' 2'

in which the diameter of the wire is D.
The best form of horizontal reinforcing consists of a

system of orthogonal wires rigidly bonded to each other
at points where they cross. Readily available systems
consist of either square or rectangular welded mesh or
twisted diamond mesh. The wires that run at an angle
to the direction oftension under consideration contribute
considerably to the bond because they must penetrate
the reinforced material before the wire can slip relative
to the material. If the bond wires in an orthogonal
system are spaced l apart, the load transferred through
these wires in length x will be a minimum of

x a
I

( Kp.d + 2datancp) h,

in which d is the diameter of the bond wires and h the
spacing of the main tension wires. Full bond resistance
of the wire is therefore developed in a length x given by

TrD2
~aYR -

a I ad4
4(1 + Kp)tancpTrDx + 4/( Kp + 8tancp)h'x,

. TrD2 aYR/aI.e. x = I 4dh I
TrD(1 + Kp)tancp + T(

Kp + 2tancp)

The value of x is astonishingly small. For example,
if a = 5 MPa aYR = 600 MPa

D = d = 2,5 mm Kp = 3,5
h = l = 25 mm tancp = 0,7,

then x = 98 mm.
Fig. 7 illustrates the results oftests on reinforced walls

that were designed to investigate the validity of equation
(7). :Fig. 7(a) shows the stress at failure in a series oftests
on walls in which the number of bond wires at each side
of the wall was increased progressively from zero. The
spacing of the bond wires was 12,5 mm and the theoreti-
cal bond length was 60 mm; hence, full bond could
theoretically be achieved with 5 bond wires. The results
in Fig. 7(a) confirm this. Fig. 7(b) shows the compression
of this series of walls at failure and illustrates that the
compression at failure was reasonably constant at 15 to
16 per cent provided the requirements for full bond were
satisfied. Where insufficient bond length was provided,
the compression at failure increased enormously. Here
again, the validity of equation (7) is established.

Horizontal Reinforcing for Cemented Material

It is often observed that brittle materials such as rock,
unreinforced concrete, and brickwork fail in uniaxial
compression by splitting parallel to the direction of stress.
A simple explanation of this phenomenon can be given in
the following terms.

Assume that the brittle material has a stress-strain
curve in uniaxial compression that is linear up to failure.
Before failure, the vertical and lateral strains in the
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(7)

material under a stress a are given by

a va
Ev=-Em' Eh=Em (8)

(a negative sign denotes compression), where Em is the
elastic modulus of the material and v is Poisson's ratio.
Most brittle or cemented materials have a Poisson's ratio
of about 0,1. Hence,

EV
Eh = - 10'

The failure strain in tension, however, is also about one-
tenth ofthat in compression for most brittle or cemented
materials. Hence, failure by horizontal tension either
coincides with or precedes failure by vertical compres-
sion. It is fairly obvious that it should be possible to
increase the compressive strength of these materials by
restraining the lateral tensile strain using horizontal
reinforcing.

Suppose that the introduction of area A R of horizontal
reinforcing having a Young's modulus ER reduces the
lateral strain under a to a value E~. The stress in the
reinforcing will then be ER E~.

For horizontal equilibrium, the tensile force induced in
the reinforcing must be balanced by a compressive force
in the cemented material, i.e.

t t
EhERAR = (Eh - Eh)Em(Am - AR).

t va(Am - AR)Hence, Eh = . . . . . (9)
ERAR + Em(Am - AR)

As a is increased, E~ will increase until it reaches a
limiting value, at which the cemented material will fail



by vertical splitting. For brittle materials such as

concrete and brick, the limiting value of E~ is about
200.10-6. At that stage, a will reach a maximum value,
the compressive failure stress for the reinforced material.

In the limit,
1 amaxv(Am - AR)

Eh = 200.10-6 -- ERAR + Em(Am - AR)
or

200.10 -6 {ERAR + Em(Am - AR)}
amax =

v(Am - AR)
If A R is small in comparison with A m (typically about 1

per cent of Am),

200.10-6 (ERAR + EmAm)
amax = v Am

,. . . . (lOa)

When the ratios p = AR/Am and a = ER/Em are
introduced and v = 0,1,

amax = 2000.1O-6Em (ap+l) . (11)
or

amax/Em = 2000,10-6 (ap+l) . . '. (11a)
Note that, ifp tends to zero, amax tends to 2000. 1O-6Em,
which approximates the crushing strength of the
unreinforced cemented material. Equation (11) repre-
sents a family of straight lines relating the ratio
amax/Em to p for given values of a. Fig. 8 shows typical
relationships between amax/Em and p for a range of
values of a.
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Fig.8-Graphical representation of the equation for the
strength of reinforced brittlematerial

0,015 0,02

Design of Walls or Pillars of Reinforced Granular
Material

Granular materials are reinforced with layers of steel
mesh placed at a vertical spacing v. If h is the horizontal
spacing of the wires in the mesh and AR is the cross-
sectional area of each wire, it follows that

AR
P =

Vh'
and equation (6c) becomes

AR
amax = KpaYR'Vh = Fa, . . . . . . . (12)

where F is the factor of safety on the design stress a.
For selected steel quality and mesh dimensions, v can

be calculated; alternatively, for a selected v, a suitable
mesh can be selected.

The properties of horizontally reinforced granular
materials have been extensively investigated in both

(10)

model-scale and full-scale tests. Fig. 9 shows a compari-
son between a calculated from equation (12) and corres-
ponding measured values. It will be seen that there is
generally an excellent correlation between the calculated
and the measured values. Some tests show a measured a
that is considerably less than the calculated value.
However, there is a valid explanation for each of these
understrength failures. Test 7, for instance, featured a
wall reinforced with woven steel mesh in which the
contribution to bond from horizontal resistance on the
bond wires was small. Failure resulted from bond failure,
and the bond wires that should have provided the bond
slid across the main tensile reinforcing wires. In contrast,
Test 8 featured a wall reinforced with identical woven
mesh (although at a different vertical spacing) in which
the nodes were tied with wire. This specimen developed
the necessary bond and failed in accordance with the
calculated stress.

11

10

Line of

equality

.
">:

"'"'":0
'""
'">: 07

10

CALCULATED "Pa

Fig.9-Relationship between calculated and measured
strengths of walls built'of horizontally reinforced granular

- material

Tests AI, A2, and A3 (Figs. 10 to 12) represent the
results of three tests in which all three walls were
designed to have the same strength, but different
combinations of A R, ay R, v, and h were used.

Figs. 10 to 12 illustrate an important feature of walls
or pillars of horizontally reinforced granular material.
Each of these walls was designed to have a factor of
safety of 1,6 on a design vertical stress of 2,39 MPa. The
walls were loaded to the design load, and were then
unloaded and reloaded to failure. The stress-compres-
sion curve for the first loading indicates a low compres-
sion modulus in each case. However, the reloading curve
is considerably steeper, and the reloading modulus is
much higher. These diagrams illustrate how it is
intended to use the walls of reinforced granular material
in practice. After building the walls in situ, they will be
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Fig. II-Stress-compression curve for a wall of horizontally reinforced ash (Wall A2 in Fig. 9)

precompressed and test-loaded to the design load by
jacking off the roof. The space created between the top
of the wall and the roof by the precompression will then
be filled by horizontally reinforced cemented slabs that
will be bedded against the roof by grout or wedges. As
the load is subsequently transferred to the wall when the
roof tends to sag, the wall will be recompressed along the
recompression curve back to the design load. The
support system thus created will be both relatively stiff
and pretested to the design load.

The recompression modulus of horizontally reinforced
walls is related to their strength as shown by Fig. 13.

282

The scatter of results is caused mainly by variations in
the characteristics of the granular materials used. The
upper band of results relates to walls built of a highly
frictional weathered-quartzite sand. Test 3 featured a
wall built of the same sand, but compacted at a water
content dry ofthe optimum for compaction and therefore
in a more compressible state. However, as shown in Fig.
9, the strength of the wall was not affected. The lower
band of results relates to walls built of power-station
bottom ash, a highly frictional material that is, however,
considerably more compressible than the residual quart-
zite sand.
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The results shown in Figs. 9 and 13 were obtained in
tests on walls ranging from 300 to 1000 mm in width
and from 850 to 1500 mm in length. There appears to be
no scale effect in this size range, a.nd it is expected that
the results will be valid in the prototype size range of
widths from 1500 to 2500 mm.

Failure Mechanism of Reinforced Granular Walls

As the design theory indicates, reinforced granular
walls fail when the tensile strength of the horizontal
reinforcing is reached. When this occurs, the reinforcing
wires fracture and the granular material shears along
diagonal planes inclined at approximately (45° +1>/2) to
the direction of the major principal stress (which is the
vertical stress).

Figs. 14 and 15 illustrate the observed positions at
which the reinforcing wires fractured in two test walls.
Fig. 14 illustrates a case in which multiple fractures of
the reinforcing occurred, defining a system of multiple
shear planes inclined at a mean angle of 26° to the
direction of the major principal stress. This mean angle
corresponds exactly to the theoretical angle (45° -4>/2)
for the fill material. Fig. 15 shows the observed positions
of the fractures in the wires for a wall in which only a
single shear plane developed. Here also, the observed
angle of the shear plane corresponds to the theoretical
inclination of (45° -4>/2) to the vertical.

Theoretically, it is possible for an infinite number of
shear planes to develop in the granular material. In
practice, however, the development of shear planes is
affected by the frictional restraint exerted on the top and
bottom of the wall. The combination of end restraint
and the limited height-to-width ratio of the walls
prevents shear planes from developing fully except in
the diagonal 'corner-to-corner' position illustrated in
Figs. 14 and 15.

Following on this observation, it appeared that it

~
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o.t;

Ang le of

indicated shear

planes, 64°

> = 38°

45°+'>/2=64°

...
WIDTH AFTER TEST VARIED FROM

./
1035 to 1180mm

Fig. I4-Positions of tensile failures in the reinforcing of a
horizontally reinforced wall of granular material - multiple

shear planes
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Fig. IS-Positions of tensile failures in the reinforcing of a
horizontally reinforced wall of granular material - a single

shear plane

might be possible to increase the strength of a wall by
inhibiting the development of the shear planes. Accor-
dingly, a wall was built that was stiffened by horizontal
diaphragms of heavy reinforcing mesh at the third-
points of its height, which subdivided it into three short
sub-walls. However, the strength of this wall (10 in Fig.
9) was no greater than that of corresponding unstiffened
walls.

Figs. 16 and 17 show, respectively, a reinforced wall
after being tested to maximum load and a sheet of mesh
reinforcement from the wall after it had been dis-
mantled. It should be noted that the only sign of distress
shown by the failed wall is a slight bulging of the sides,
and that the double tensile failure of the transverse
reinforcing wire is consistent with the observations
summarized in Fig. 14.

Fig. I6-Appearance of a large.scale model wall after being
tested to maximum load
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Design of Walls or Pillars of Reinforced Cemented
Material

The most convenient way of using cemented materials
is in the form of precast slabs or wedges laid horizontally
with the reinforcing in the joints. The wedges or slabs
may be of burnt clay, precast concrete, cemented mine
waste, cemented bottom ash, etc. If the vertical spacing
of the joints is v and the horizontal spacing of the
reinforcing is h,

amax=2000'1O-6Em[a~R +1] . . . . . (llb)

If a vertical stress a is required to be carried with a factor
of safety F, then the corresponding amax is given by

amax = Fa.
The most efficient form of reinforcing is welded-steel

square mesh. For a selected steel mesh and the cemented
material that is to be used, a, AR, and h are known and
hence the value of v that corresponds to the required
amax can be calculated. Alternatively, a convenient value
of v can be selected based on handling considerations,
and a suitable mesh can be selected. The mesh can either
be placed in the joints or it can be cast into the slabs
or bricks.

So far, only preliminary confirmatory tests have been
carried out on reinforced cemented materials. Specimens
have consisted of burnt-clay building bricks with steel-
mesh reinforcing located in the horizontal joints. A
number of tests have been performed on small piers

measuring 220 mm by 103 mm (i.e. one brick) in plan,
and consisting of single bricks laid one above the other
and bedded in sand-cement mortar. The bulk of the
testing, however, has been on brick 'sandwiches' con-
sisting of two bricks with reinforcing in the mortar bed
between them. These 'sandwiches' were compressed
between soft-board end pieces to eliminate stress con-
centrations on the ends and to reduce frictional restraint
from the platens of the testing machine. All the speci-
mens were tested after being cured in air for 28 days.

Fig. 18 shows the experimental results, which are very
similar in form to the predictions of Fig. 8.

2.0

'c
0

~~u~~~~j'n~;~~~dth

0,6

0,001 0,002 0,003 0,004 0,005 0,006 0,007

AR
P 0 Vh

Fig. IS-Observed strength characteristics of horizontally
reinforced brittle materials

Walls of Cemented Horizontally Reinforced
Granular Material

If the granular material is mixed with a small per-
centage of Portland cement, it is possible to produce a
hybrid wall of cemented granular material.

Fig. 19 compares the stress-compression curve for a
wall built of horizontally reinforced granular material
with that of a similar wall built of horizontally reinforced
cemented granular material. The walls were identical
except that the fill of one incorporated 5 per cent
ordinary Portland cement. Both walls were precom-
pressed. The uncemented wall was then tested to failure.
The cemented wall was wrapped in plastic sheeting to
seal in its moisture, and was cured for 25 days before
being tested to failure.

The precompression modulus of the cemented wall
was about twice that of the uncemented wall, while the
failure stress was 1,6 times as large. After the cemented
wall had failed, its strength dropped to approximately
that of the uncemented wall, indicating that, once the
cementation bonds between the granular particles had
failed, the wall behaved like a wall of uncemented
granular material.

Fig. 19 illustrates another feature of horizontally
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Fig. 19-Comparison of stress-compression curves for hori.
zontally reinforced walls of cemented and uncemented gran.
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reinforced walls - the fact that, once the failure load has
been passed, the wall continues to carry load. (The
termination of the stress-compression curves for the
walls shown in Figs. 10 to 12 represents a deliberate
unloading.) Hence, walls ofthis type are inherently safe.

Relationship between Load and Mass of Reinforcing

The load per unit length carried by a horizontally
reinforced granular wall of breadth b supporting spans 8
(see Fig. 1) is given by

Kp'UYR .AR.b
w= Fvh

(l3a)

A .b
v~

represents the volume (or the mass) of the rein-

forcing per unit area of the side area of the wall, per
unit length of wall. As the factor KpUYRis const~nt for
given qualities of granular materials, the mass of rein-
forcing incorporated in unit length of wall of given
height for a given reinforcing quality is directly propor-
tional to the load.

A given load can be supported by one of the following:
(a) a wide wall with a small reinforcing ratio AR/vh,
(b) a narrow wall with a large reinforcing ratio; or
(c) a narrower wall with a smaller reinforcing ratio,

but in combination with reinforcing having a
higher yield stress.

Hence, the economics of wall-building can be adjusted
to suit the quality (Kp) and cost of placing the granular
fill, and the quality (UYR)and cost of the reinforcing.

For a wall of horizontally reinforced cemented material,
the load carried by a wall of breadth b supporting spans 8
is given by

W = 2000'1O-6bEm ( aAR
+1 ) . . . . . (13b)

vh vh
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Once again,

A .b~ represents the volume (or the mass) of the rein-
vh

forcing per unit of side area of the wall. The load carried
is now a linear function of the reinforcing ratio and the
breadth of the wall.

Durability of Wall Materials

The durability of walls built with slabs of reinforced
cemented material should not be inferior to the well-tried
durability of reinforced concrete.

The durability of walls of reinforced granular material
depends largely on the durability of the steel reinforce-
ment. For this reason, the properties of the granular fill
should be such that no corrosion will be induced in the
steel. It may be necessary, for instance, to Teject fill
containing chlorides or sulphates. Alternatively, lime or
cement may be added to the fill (at additional cost) to
create a high-pH environment for the steel and thus
inhibit corrosion.

Proposed Underground Trial

As a sequel to the laboratory programme and the
concurrent development of a design theory, preparations
are being made for tests on the system underground. It is
planned to build a series of walls in a section of No. 5
Seam in an eastern Transvaal colliery, and to subject
the walls to the full load of the overburden. The design,
layout, and performance of the walls will be officially
monitored.

Fig. 20 shows a cross-section of the proposed walls,
which will comprise the following materials.

GROUT OR WEDGES
R()I1!'

SLABS OR GUNITE

0 = - -= -= -= -- -- -=8 slde relaininq
clements

88== ~e~;:rC-:d
- -:13

granular -13
0:': matenal :.D
8-- --80- - - - - - - --'D
0= :: ::- -- ::: .::-_- :: .:0-1
0 0 ,U'cd mesh reinforce-

g=::::..-:.-:...---- ---':8' men t

1- ./
FLOOR

Fig. 20--A typical cross-section of a reinforced wall

Granular Material
The following potential fill materials were used in the

laboratory trials: washed concrete sand, weathered-
quartzite sand, and power-station ash. For economic
and environmental reasons, it was decided that power-
station bottom ash is the most appropriate material for
the trial section since it is produced in vast quantities
at a nearby power station. Weathered-quartzite sand
may also be used in certain selected lengths in the trial.

Tests indicate that the ash will not create short-term
problems in respect to corrosion of the reinforcement. A
programme of research into long-term corrosion will
continue.
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Side Retaining El( ments
Laboratory trials have shown that the prime function

of these elements is to retain the fill at the edges of the
wall, and that they do not need to resist lateral forces of
any magnitude. The elements require to be compressible
so that they are able to deflect under precompression.

Woven polypropylene tubes filled with the same granu-
lar material as will be used in the main fill adequately
fulfil the function of side retainment.
Slabs

These units will comprise a mixture of ash and cement
with reinforcing of mild-steel mesh. Sand or stone
aggregate will be added to the mix if required.
In Situ Gunited Concrete

As an alternative to precast slabs, a gunited mixture
of ash, sand, and cement, probably lightly reinforced,
may be used.
Grout

A grout of ash, sand, and cement will prove suitable.
Steel Reinforcement

This will comprise a welded mild-steel mesh fabric as

main reinforcing
wires

bond wires - . direction of length of wall

FJg; 21'- The proposed welded mild-steel mesh

shown in Fig. 21. Steel reinforcement is the major cost
item, and research is therefore continuing into possible
new patterns and designs of reinforcement using both
mild and high-tensile steel.

Construction Methods and Equipment

The principal construction operations envisaged in
this system are

(i) procurement, placing, and compaction of backfill,
(ii) fixing of reinforcement,

(iii) fixing of side retaining elements,
(iv) precompression of the reinforced granular material

to its design load by jacking,
(v) placing of precast slabs or wedges, and

(vi) final grouting (if wedges are not used).
The trial section underground will occupy a total area

of about 1 ha, and the trial will be used to develop
construction methods. The experience thus gained will
give a lead to the methods to be employed for future
large-scale construction.

A self-propelled jacking unit that has been designed
and built for the trial is shown in Fig. 22. The possibility
of adopting pneumatic or hydraulic placing methods
involving special equipment is also being investigated.
For the rest, standard mining and construction equip-
ment will be used to carry out the various operations.

Power-station bottom ash will be transported by road
to the mine, conveyed underground through a wide-
diameter borehole, and then placed and compacted in

Fig. 22- The sel(.propelled jacking unit designed and built (or the precompression o( reinforced wall
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the fill. Large-scale operations will eventually require a
cheaper method of transport for the fill. A hydraulic
pipeline may well be used.

Analysis of Costs

At this stage it is not possible to predict the total costs
of wall building very accurately. Nevertheless, an
attempt has been made in the analysis to arrive at an
order-of-magnitude cost and to relate this to the cost
and profit per ton of coal extracted.
Complete Extraction in One Operation

Where coal is completely extracted in one operation
using reinforced walls for roof supports, the costs will be
as follows, if M is the cost of mining in rands per ton of
coal, S the selling price in the same units, and C the cost
of wall building in rands per cubic metre of wall. Then,
the cost of wall building per ton of coal mined, i.e. thc
cost of replacing coal pillars by walls, will be

CV W Rjt
pVc'

in which V w is the volume of walls supporting the space
created by extracting an in situ volume Vc of coal and
p is the mass per unit volume of the in situ coal.

V
If a = V:'

then, for a system of parallel walls of

width w supporting spans s of roof,

a=w+s=I+~ (14)
w w

Hence the profit per ton mined will be

Pl=S-(M+a~')'" . . .(15)

and the total profit from mining Vc of coal will be
VCpP1.

Now consider a conventional bord-and-pillar opera-
tion in which the extraction ratio is ex:

(s + b)2 - b2 (b)2
ex = (s + b)2 = 1 - (s + b)2

. . . . . (16)

The profit per ton milled will be
P.=S-M, (15a)

but the total profit from the same original volume Vc of
coal will be

ex V cpP 2'
Hence, the additional profit from complete extraction
using reinforced walls will be

VcP (PI - exP2) = VcP[ (1 - ex)(S - M) - a~
], ~

and the additional profit per ton mined will be

C
/::,.P = (1 - ex)(S - M) - -ap

/::,.P
or 100

(S -M) = percentage additional profit result-
ing from complete extraction.

(S~~) % = [ (I-ex) - (S-~1)ap
]100 (17)

The relationship defined by equation (17) is presented
graphically in Fig. 23(a) for values of a = 4 and
p = 1,55 tjm3 and various extraction ratios, ex.

(S~:) %
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Fig. 23-Cost and profit relationships for mining with rein-
forced wall support

The additional profit is clearly heavily dependent on
the cost of wall building in relation to the price difference
(S-M). Current costs are such that Cj(S-M) is in the
region of 175 to 200 per cent. The major component of
C is the cost of steel reinforcing, which can be expected
to be less for large-scale operations, lowering Cj(S-M)
to less than 175 per cent. Hence, the proposed method
would become attractive only in situations where the
extraction ratio by conventional bord-and-pillar methods
is less than 60 per cent. The proposed method would also
become more attractive for higher-priced products,
namely export coal.
Secondary Pillar Extraction

The cost of wall building per ton of mineable coal, i.e.
per ton of coal in pillars, is

C
(I-ex)ap

.

Hence, the profit per ton mined will be

P3=S-(M+ c) ), (18)
(I-ex ap

and the total profit from extracting the pillars will be
(l-ex)VcpP3.

The profit from pillar extraction as a proportion of the
profit from a conventional bord-and-pillar operation is
given by

P30)
P2

0
C

- (I - (l-ex)(S-M)ap)' 100 . . . (19)
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Ew
I R D ab

MN per
GPa m width m.10 -3 MPa

1 1,01 8,65 5,30
1 1,75 7.67 5,87
1 1,48 8,02 6,68
1 0,46 9,39 4,31
1,5 0,70 5,97 3,66
1,5 0,31 6,35 2,91
3 0,36 3,09 1,89

3 0,065 1,63 0,49

8 8

m m

5 2
5 2,5
4 2
5 1,5
5 2
5 1,5
5 2

5 2

This relationship is shown graphically in Fig. 23(b) for
the same values of a, p, and ex as used in Fig. 23(a).
Equation (19) is valid provided the cost of secondary
mining using walls can be equated to that of mining
using bord-and-pillar methods.

Fig. 23(b) shows that extraction using wall building
becomes attractive only when the primary extraction
ratio is less than 60 per cent and when OIlS-M) is in
the range 175 to 200 per cent. It becomes progressively
more viable as the ratio OIlS-M) or the primary
extraction ratio becomes less.

Conclusion

The tests showed that a system can be designed
rationally to support a predetermined overburden load,
and that the design theory gives accurate predictions of
strength. The support system of reinforced granular
material and reinforced cemented material is flexible and
can be varied to suit diffcrent heights and loads.

The system of preloading to the design load by jacking
off the roof ensured th2.t the walls were both stiff and
proof-tested.

A study of the economics of the system shows that it
can be used profitably provided the cost of wall building
lies within definable limits. Economies of scale would
probably bring about significant reductions in the
expected cost, specifically in regard to the steel rein-
forcement and the bulk movement and processing of
backfill material.

Further aspects of the system, not quantifiable
economically, are that it allows mining to proceed
without adverse effect on the surface environment and
that it effectively increases the coal reserves of a region
by freeing coal for exploitation that would otherwise be
sterilized.

Finally, the utilization as backfill of very large quan-
tities of waste material could reduce adverse environ-
mental impacts on coal-mining areas.

References

The technical contents of this paper are believed to be
completely original, and there are no references to
related" work.

Addendum: Examples of Roof Stresses

In these examples of roof stresses generated by
differential compression between parallel reinforced walls
and coal, the following typical values are taken:

W
b = 5 MPa

Ec = 3 GPa E = 5 GPa.

Calculated values of E, D, and ab corresponding to the
above for a small range of values of 8, 8, and E ware
given in Table 1. The last line ofthe table represents the
effect of an equivalent bord-and-pillar operation in
which b = 8 = 5 m.

Table I shows that bending stresses in the roof are
most sensitive to the stiffness of the reinforced walls and
the flexibility of the roof beam. Wall stiffness can be
optimized by the use of good-quality granular material

b = 2m H = 2m

TABLE I
CALCULATED VALUES

---

--

(see Fig. 13), while it appears that, under certain
conditions, it may be possible to control roof flexibility
by rock bolting to a carefully predetermined height
above the roof. Both these factors are being considered
in further research.

There are obviously major advantages to be derived
from permanently stressing the reinforced walls against
the roof, thus transforming the walls into active supports.
Research is currently in progress to determine how this
can be done effectively, permanently, and at low cost.

Unit

List of Symbols and Definition of Terms

ExplanationSymbol
(with or
without

subscript)
a megapascal (MPa)

kilonewtonl (metre )2(kN1m2)
metre (m)
metre (m)
metre (s)
dimensionless fraction
gigapascal (GPa)
(metre)4 (m4)
dimensionless
angle n
angle n

y
z
b
8

f3
E
I
K
<P
.p

Direct stress
Unit weight
Overburden depth
Pillar breadth
Span between pillars

Compression or extension modulus
Second moment of area
Ratio of stresses
Angle of shearing resistance
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Syrnbol
(with or

without
subscript)

A
D
x
l
d
h
�

jJ

p

a
W
F
M
8
C
Vw
Vc
p
a
w
PI
ex
P2
/'.,P
P3
H

Unit

(metre)2 (m2)
metre (m)
metre (m)
metre (m)
metre (m)
metre (m)
dimensionless
dimensionless
dimensionless
dimensionless
kilonewton/metre (kN/m)
dimensionless
rand/ton (R/T)
rand/ton (R/T)
rand/(metre)3 (R/m3)
(metre)3 (m3)
(metre)3 (m3)
ton/(metre)3 (T/m3)
dimensionless
metre (m)
rand/ton (R/T)
dimensionless
rand/ton (R/T)
rand/ton (R/T)
rand/ton (R/T)
metre (m)

Explanation

Area
Diameter of reinforcing
Distance
Spacing of reinforcing
Diameter of reinforcing
Spacing of reinforcing
Linear strain
Poisson's ratio
Reinforcement ratio
Ratio of elastic moduli
Load carried by wall per unit length
Factor of safety
Cost of mining
Selling price of coal
Cost of building reinforced wall
Volume of reinforced wall
Volume of coal in situ
Unit mass
a = Vc/V w
Wall width
Profit from total extraction using walls
Extraction ratio
Profit from conventional bord-and-pillar mining
Additional profit
Profit from extracting pillars using walls
Thickness of coal seam

Refining processes
The Gesellschaft Deutscher Metallhiitten- und Berg-

leute and the Institution of Mining and Metallurgy,
London, will hold a joint symposium Refining Processes
in Metallurgy, 1983, in Hamburg, Federal Republic of
Germany, from 20th to 22nd October, 1983.

Members of the organizing bodies and non-members
are equally welcome to attend"the symposium and to
present papers.

In the production of metals, refining is performed in
various steps of the process. The papers should cover
fundamentals and industrial applications of metallurgical
refining processes for main, accessory, and special metals.

The Organizing Committee requests the submission of
titles and abstracts (up to 300 words) of papers, and will
select about 20 papers for presentation at the sym-

posium and for publication as preprints, which will be
distributed to registrants at the symposium. Abstracts
in English or German should be sent before 1st Decem-
ber, 1982, to the Secretary, Gesellschaft Deutscher
Metallhiitten- und Bergleute, P.O.B. 210, D-3392
Clausthal-Zellerfeld, Federal Republic. of Germany.
Complete manuscripts of the papers selected must be
submitted before 1st June, 1983.

In addition to the technical sessions, which will be
conducted in English and German, plant visits will be
arranged for registrants from outside the Federal
Republic of Germany. Full details of these and of the
symposium programme will be given in the Second
Circular, which will include a registration form. Copies
will be available in April 1983.

Another honour for Professor Krige
We congratulate Professor Daniel Gerhardus Krige,

who has been awarded the gold medal of the Suid-
Afrikaanse Akademie vir Wetenskap en Kuns. The
award was made at the Rand Afrikaans University on
the 24th of June, 1982.

He has already received several awards of this kind, as
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detailed in 'Spotlight on geostatistics - Professor D. G.
Krige' by A. N. Brown, which was published in the
November 1981 issue of this Journal. At present Profes-
sor Krige holds the Chair of Mineral Economics at the
University of the Witwatersrand.
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