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Dear Sir,
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Please find enclosed our report on the tests carried out on the
South African and French blastfurnace elage.
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Portland Semen! Instituut Portland Cement Institute
Kewweg. Richmond Kew Road
Johannesburg Richmond. Johannesburg
2001 2001
Telefoon 726-8023/6 Laboratory report Telephone 726-8023/6
feiegran.me URGECRETE. AucklandparK Telegrams URGFCRETE. Aucklandpark

Nature of test Strength toeto with South African Ret Wik 80/488 1980-03-25
and French blastfurnace ologo Client Mr. L. Olson,

Reinforced Earth (Pty) Ltd.,

P.O. Box 376,
S8ERCVLEIL

SCOPE OF WRK

A swnpla of French Blastfurnace slag was received oo that taste oould
be made of its hydraulic properties in cosiparleon with similar types
~f South African Blastfurnace claga.

MEIHOD OF TEST

(i) The sieve analysis wee performed In accordance with the method
specified in SABS MEIHOD 829.

(11) The nlega as received were used as an aggregate in a 3:1
aggrogate/coment mortar, the mixes bairg made to the same
consistency in each case. Due to the large difference in
meter demand of the French and SA slags the former had a
¢/m of 1,5 (m/c 0,6") and the latter 1,07 (0,93).

(ill) In this test, the French slag mas milled to a fineness eiedlar
to that of Slagment. Mortar cubes mere made using a binder
consisting of a 50/50 blend of normal portlend cement and the
appropriate fino slag using a total binder to mater ratio of
1,67.

(iv) An ISO type mortar mas made consisting of one fine slag to
three sand by mass. The ¢/m ratio mas 2,0. The activator
was 200 g of sodium hydroxide per litre of mater.

V Results
VOORWAAHOIS VIR roffsw o /* VFRSLAGII WIRING Mo.w.1 file w j gMn wnid o', CONOMONO TEST ANDRERCRT PRick every we 11 :*en to enure .he eccurecy ot w
tivvuur HIfile M tse en »t-slli pun [« un <M Ininluul <*i« emenemeis hoegemeinn teete end report- nemer e ninkilenor id employee men be bebMineny »ey wnelnv* tor
me ainsHeetie gWioti .aid v» emge fnulf in die uitvtwng en ¢ mg «*i ny .tot mede mTre eecuOon ar rermbng ot leete m my enoneoue rooctosroni ikewn

enetsi it ILIGC toueewe tDMings deeie.i gemuk ' »« emge gevolge .iwv* Ihrebom(rlcrtoy consequence eweo'



Mr. L. Disor, - 2 - WnE 80/488

RESULTS
(1) The grading analysis is shown on thm attached sheet.

(ii) Slag aggregate test.

7 Dave MPa 28 Days MPa %1 Days MPa
SA Slag 4,0 7,0 10,0
French Slag 6,5 15,0 24,0
(il1) Slag-Ceraent Blend
7 Days MPa 28 Dave MPa 90 Dave MPa
SA Slag 8,0 28,5 36,0
French Slag 13,0 34,0 39,5

(iv) Slags activated by sodium hydroxide

6 hours MPa 24 hours MPa
SA Slag 1,2 9,2
French Slag 8,9 14,2

CONCLUSION

The French slag is undoubtedly superior in strength to the South African
Slag, particularly at early ages. In test (ii) the extremely large
difference in strength results is due not only tc the better hydraulicity
of the French material but also to the fact that the French slag required
considerably less water to achieve the required consistency of mix.

The reason for the superiority of the French slag L not known but we
believe it mey be due to ita lower magnesia content. Other factors thet
may be responsible for the strength difference s.re the mineralogy and/or
the methods of processing the slags.

7-
M.B.1&ELSH



PORTLAND CEMENT INSTITUTE

ENT Reinforced Earth (Pty ) Ltd Ref UeE 80/488
Om 1980-03-26

...USE AGGREGATE.

iepra

.. . Dv'itv
Lo Uir >t H 1i'dryl m '
5 9>'d ii' i'v kg m

[ ANA. VSIb

SABS Screens Per cent Passing (by massl
7500 mm
aj ..«0 mm
3'50 'nm
36 50
’9 00 1r-m
13.20 mm
9 50 mm
6 70 mm
475 mm
fiNEAGGREGATE
Sample Description SA Slag Freoah Slag I I
Relative Density 2,52 2,64
Bulk density loose tan dry) kg m' 920 1 110
Consolidated lair dry) kg m 1 1 450 1 280

SCREEN ANALYSIS

SABS Screens Per cent Passing (by mass)
4750 urn 100 100
2 360 98 95 i
t 180 urn 74 73
600 urn 33 30
300 »m 11 19
150 urn 8 3
75 pm 3,0 0,5
>
Fineness Modulus 2,76 2,90

CONDITION OF TEST AND REPORT

While e]ery care is taken to ensure tne accuracy ot an tests and reports on arjqreqates, neither the Institute nor Its employees shall be liable In any way t
< 1/ nVeno7iv e I>the rvf tn tr reporting »f t*\t<"wn ,iggrros: Pt Or" vw imr -nPOtiS rnnr Iti- vo* riri.arn eeso<#reores Mr #m



APPENDIX 14

The purpose of the visit was to see the testing facilities at Dounl'j.t
and to continue consideration of the problems associated with the

use of South African granulated blast furnace slags and fly ash's.

The first piece of information to come to light via a French
reference work is that the temperatures at which bottom ash is formed
are usually between 1500 and 1600 degrees C., but with low grade

fuels temperatures are only from 900 to 1300 degrees C. Unless

firing temperatures are high and the ash is quenched rather than
air-cooled, it cannot be expected to have any significant cementitious
properties. Firing temperatures and the cooling practice adopted at
both Kelvin and Orlando should be investigated prior to undertaking

any investigation of the properties of local bottom ashes.

Mr. Deligne reported on progress on tests on Iscor blast furnace slag

and Kelvin fly ash. So far specimens have been made for future
strength testing, but these are still in the process of curing. Some
of the control tests on French materials are available. The programme

will use a local sand as the aggregate and will comprise a comparison
of Kelvin fly ash and Iscor blast furnace slag with two local French
materials, using as activators both South African and French lime
and South African and French gypsum. With regard to gypsum, the Frenc
gypsum will be a natural product, whereas the South African is
phospho-gypsum. French experience indicates that phospho-gypsum is
more effective as an activator than natural gypsum. I have arranged
for EJL, France, to send us 20 kgs each of French slag and fly ash
They will attempt to match the chemical characteristics of both the
slag and the fly ash with the South African products. Although the
slag will be from a h”"mitite ore, it will be quenched with sea water
rather than the fresh water used by Iscor, as all hcftnitite ores are
imported into France and are therefore smelted at the ports of entry.
The sifg they will send us will probably be from Fosse sur Mer.

A reciprocal set of comparative tests run in South Africa will give

us a feeling for the characteristics of French materials.



DISCUSSION WITH LCPC REGIONAL LABORATORY AT TRAPPES

At this laboratory we discussed the reactivity of slag and fly

ash, this time with Mr Astezan. With regard to slag, he made a
number of interesting suggestions. Firstly, he mentioned that if
slag is quenched at too low a temperature, i.e. below 1400 C, the
reactivity is much reduced. This would not noticeably affect the
cementitious properties of the slag in the form of slagment, but
would have a dramatic effect on its reactivity in coarser form,,

It is very common in France to partly grind a slag until it contains
ten to twenty percent of fines (fines being defined as material
passing an eighty micron sieve). He '.guested that as we have
slagment available, we might attempt to activate the granulated

s’.ag by adding a small proportion of slagment. He questioned me
closely about the pH und lime content, of our mixes, and in discussion
we agreed that it was possible that although the pH in our specimen
had been adequate at the time of compaction, the slag may be
deficient in CaO (which it appears to be in comparison with most
reactive French slags) and it may therefore be necessary to add more
lime than we have sofar thought necessary, i.e. the pH of the
material may drop as hydration of the slag proceeds. However, as
was pointed out, even if this procedure is technically successful,

it will not be economically viable if the cost of the additional lime
together with that the slag exceeds the cost of an equivalent content

of ordinary Portland cement.

As far as fly ash is concerned, he stated that the chemical compositio
of reactive fly ashes in France varies widely, and he supplied me
with a table listing the chemical composition of a number of reactive
fly ashes from France. He suggested that we compare the analyses

of all available South African fly ashes with this table to settle
once and for all the question of whether our ashes are chemically
suitable or not. Apart from this, he was unable to add any further

suggestions to those earlier made by Dr. Venuat.



DISCUSSION WITH DR. VENUAT - TECHNICAL DIRECTOR OF CERILH

CERILH is the French counterpart of the British C & CA or the
South African PCI.

The objective of meetim. Dr. Venuat was to discuss our lack of
success in South Africa , ./ing granulated slag and fly ash as
cementitious materials.. Dr. Venuat expressed surprise at our lack of
success in both areas, but as the French do have non-reactive slag
and fly ashes, he did not regard our experience as beyond the realms
of possibility. He suggested that we compare the cementitious
properties of fly ash from various precipit itors, as it may not
prove to be the case that the finest ash is the most reactive.

In fact, he thought it possible that the ash which had cooled most
quickly, and therefore was in a more glassy state would be the most
reactive regardless of particle size. He also suggested that if

the particle size was zoo coarse, we could try milling the ash.

He also made the point that bottom ash is usually more reactive
chemically than fly ash, because it contains far less unburnt
material. If we were looking for a cementitious material, he
suggested that we try milling a glassy quenched bottom ash. He

also suggested that we att pt to carry out electron microscope
studdies of the progress of hydration in slag and fly ash as this may
give some clue as to what is going wrong. He maue the further
suggestion that we compare the properties of French and South African
slags nd fly ashes in a reverse experiment in which French materials
are tested in South Africa, as this would eliminate any doubt as to //

differences in testing techniques. y



CERILH is the French counterpart of the British C & CA the
South African PCI.

The objective of meeting Dr. Venuat was to discuss our lack of
success in South Africa in using granulated slag and fly ash as
cementitious materials. Dr. Venuat expressed surprise at our lack of
success in both areas, but as the French do have non-reactive slag
and fly as!os, he did not regard our experience as beyond the realms
of possibility. He suggested that we compare the cementitious
properties of fly ash from various precipitators, as it may not
prove to be the case that the finest ash is the most reactive.

In fact, he thought it possible that the ash which had cooled most
quickly, and therefore was in a more glassy stare would be the most
reactive regardless of particie size. He ilso suggested that if

the particle size was too coarse, we could try milling the ash.

He also made the point that bottom ash is usually more reactive
chemically than fly ash, because it contains far less unburnt
material. If we were looking for a cementitious material, he
suggested that we try milling a glassy quenched bottom ash. He

also suggested that we attempt to carry out electron microscope
studdies of the progress of hydration in slag and fly ash as this may
give some clue as to what is going wrong. He made the further
suggestion that we compare the properties of French and South African
slags and fly ashes in a reverse experiment in which French materials
ire tested in South Africa, as this would eliminate any doubt as to ¢

differences in testing techniques. y



DISCUSSIONS IN PARIS WITH E.J.L. INTERNATIONAL. APPENDIX 15

These r “scussions were held between Mr. Tony Dimitri, Mr. Vivier of
Salviem and myself on the 22nd June, 1981. They centred about

the work that has been, and is to be, done in South Africa on

the use of blast furmace slag and PFA as potentially cementitious

materials.

On meeting Mr. Dimitri, I referred to the notes of our discussions
during September, 1980, and pointed out to him that, whereas he
had undertaxen to send 20kg samples of French slag and flyash to
South Africa, these had not yet arrived. Mr. Dimitri had been
under the impression that the said samples had been dispatched

to South Africa, and promised to follow up the question and to

have the samples dispatched if they had not already been sent.

In discussion, it was agreed that the lack of reactivity of South
African materials may be the fault of the lime. It therefore
appears essential to match the properties of any South /frican
lime used in future to those of lime used successfully in France.
Both the chemistry and the physical characteristics should be
comparable. It was agreed that a sample vf a suitable French

lime should be sent together with the slag and the PFA samples.

With regard to the work planned on Samancor slags, Mr. Vivier
stated that a nickel slag produced in the French South Pacific
island of Nou Mea has cementitious properties when quenched from
a temperature of 1S00°C. Two types of slag are available -
what is known as a low furmace slag and an electric furnace slag.

The chemical analyses of these two slags are as follows:

si°2 FeO MgO NiO CaO

Low Furnace 45-50% 8-12%  25-30% 5% 0.3-0.4% 8-12
Electric Furnace 51 % 7% 38% 3.8% 0.2% Negl
gibl

It was suggested that I should put the values of the above analyses
into our formula for slag reactivity as a test of its general
validity. Apparently there is a similar formula which is

commonly used in France, and Mr. Vivier undertook to look up the
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These discussions were held between Mr. Tony Dimitri, Mr. Vivier of
Salviem and myself on the 22nd June, 1981. They centred about

the work that has been, and is to be, done in South Africa on

the use of blast furnace slag and PFA as potentially cementitious

materials.

On m«eting Mr. Dimitri, I referred to the notes of our discussions
during September, 1980, and pointed out to him that, whereas he
had undertaken to send 20kg samples of French slag and flyash to
South Africa, these had not yet arrived. Mr. Dimitri had been
under the impression that the said samples had been dispatched

to South Africa, and promised to follow up the question and to

have the samples dispatched if they had not already been sent.

In discussion, it was agreed that the lack of reactivity of South
African materials may be the fault of the lime. It therefore
appears essential to match the properties of any South African
lime used in future to those of lime used successfully in France.
Both the chemistry and the physical characteristics should be
comparable. It was agreed that a sample of a suitable French

lime should be sent together with the slag and the PFA samples.

With regard to the work planned on Samancor slags, Mr. Vivier
stated that a nickel slag produced in the French South Pacific
island of Nou Mca has cementations properties when quenched from
a temperature of 1500°C. Two types of slag are available -
what is known as a low furmnace slag and an electric furnace slag.

The chemical analyses of these two slags are as follows:

SiO? FeO MqO Al2°3+(:°2°3 NiO CaO

Lew Furnace 45-50% 8-12% 25-30% 5% 0.3-0.4% 8§-12
Electric Furnace 51 % 7% 38% 3.8% 0.2% Negl
gibl

It was suggested that. I should put the values of the above analyses
into our formula for slag reactivity as a test of its general
validity. Apparently there is a similar formula which is

commonly used in France, and Mr. Vivier undertook to look up the



formula and to send it to me.

Mr. Vivier made two further suggestions that in any comparative
test, we should compact to the same density to ensure that any strenc
differences are not due to differences in density, and also that we
should subject samples to scanning electron microscope studies

after testing to assess the presence and progress of any cementitiou;
reactions. He also mentioned that the use of crushed air-cooled
slag together with activated quenched slag, may result in good
performance, as one might expect the air-cooled slag to exhibit

a low level of reactivity especially if stabilised with an

activated quenched slag. He also mentioned that phosphogypsum

may reduce the pH of a stabilised mixture because of the traces
present of phosphoric acid. It was agreed that in any comparative
tests, we should check on the changes in pH by carrying out Edes

tests on the material that corresponds to each set of strength tests

Regarding our work on Dunswart steel slag, Mr. Vivier cautioned
that slags produced mainly from scrap as at D'-nswart, tend to be
highly variable in properties and are therefore not promising for
use either as cementitious mecerials or as aggregate. He suggested
that our proposed programme with Samanor was much more promising.
With regard to this programme, he also suggested that we carry

out 180 day tests in addition to the 56 day tests already on the
programme. With regard to this programme, he strongly advised
chat we try to assess the level of glassiness of the experimentally
quenched Samancor slags, possibly using X-ray defraction or optical
microscope techniques. I feel that I should discuss this

problem with Professor John Mclver of our Geology Department.

We then discussed the apparent water-reducing effect of PFAs in
concrete. The feeling of Mr. Vivier was that the addition of PFA
to a normal concrete mix reduces the water demand of the mix purely
by improving the grading. He felt that the addition of any ocher
fines of similar grading would probably have the same effect, and
in fact, if an inert non-water absorbent fines was used rather than
a water absorbent material such as PFA, the effect would probably
be even more marked. He did not fee I that any "ball-bearing action
resulting from the spherical character of the PFA particles would

be significant.



As a result of these discussions and later talks with Mr. Dimitri,
1 came to the conclusion that it is essential that we carry out
carefully planned and documented comparative tests between French
slags and PFA and corresponding South African materials in order
to decide whether to continue with testing of South African
materials or whether to abandon them. Careful tests of the slag
and flyash prior to their incorporation into mortars should be
carried out. For the slag, electron microscope studies and an
assessment of the degree of glassiness, as well as comparative
chemical analyses should be performed. Whereas for the flyash,
comparative chemical analyses and scanning electron microscope
studies should be carried out. During the tests , studies of

the variation of pH of the mix with time and also scanning electron
microscope studies to follow the progress of these c”"mentitious
reactions should be carried out. The resulting tests may prove
expensive, but their results will be invaluable in deciding whether
or not we are flogging a dead horse in persisting with the idea

of using South African PFA and granulated blast furnace slag as

cementitious materials.

I also feel at this stage that it is essential to bring in an
experienced petrologist to assist us with the determination of

the state of glassiness of the slag. I recommend that we involve
Professor John Mclver, as he is not only a top class petrologist
but is extremely interested in engineering applications of petrolog-
He has, for example, collaborated extensively with Dr. Derek Davis
on the concrete making properties of South African natural aggregate
and he has also been collaborating with me on the problem of alkali-

aggregate reaction in concrete.

I also asked Mr. Dimitri about progress with the use of LH38. He
told me that as far as he is aware, there are no problems with its
use, although at the moment it is being produced only at one
locality. There is at present an extensive stretch of motorway
being built using LH3S8. He also told me that whereas previously

it had been considered that the use of granulated slag activated wit
lime in order to stabilise gravel road bases had been thought to
reduce shrinkage cracking, this now appeared to be false. Shrinkag
cracking experienced when lime activated granulated blast furmace
slag is used as a stabilise! appears to be every bit as severe as

that experienced using Portland cement. He told me that a typical



crack pattern would have a crack spacing of six to nine met
with crack widths of up to 10mm. It is necessary to use a
of 140mm of asphalt in order to prevent this cracking from

reflecting through to the surface.
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Tficphont- iC" 71 6-2470 O 'f' GEB/sm
K27 M- OQac 18th December, 1981. VW <

Mr. R.J. Dismore,

Projects Manager,

Samancor Management Services (Pty) Ltd.,
P.O. Box 8186"

JOHANNESBURG.

2000

Dear Mr. Dismore,

;OGRAMME OF TESTS TO ESTABLISH PROPERTIES OF SLAGS AS AGGREGATES

For a number of reasons, the performance of these tests has been far

more protracted than I would have wished. However, I can now report
on the results of one series of tests to establish the aggregate
crushing value of the various slags. The SABs requirements for

aggregate crushing value are maximum values of the following:

1) ror surface dressings - 21%
2) In bituminous mixes - 25%
3) In concrete - 29%.

The values recorded for the five slags under test, as well as
Witwatersrand quartzite as a standard of comparison, are as follows:

MATERIAL ACV DRY ACV WET
/itwatersrand gquartzite 13,6% 13,9%
errochrome slag 18,2% 21,2%
Ferromanganese slag 29,7% 31 ,0%
Silicon manganese slag 27,7% 30,3%
Phosphate slag 18,6% 25,8%

As you will see from the table, it is only the ferrochrome and phosphate

slags that appear worthy of further examination. The ferromanganese
and silicon manganese slags appear to be too soft to meet normal
aggregate requirements. It appears that at this stage, we should

pause and assess the situation before carrying out any further tests
in the series, although I should mention that the series of 10% FACT
tests are already underway.

Yours sincerely.

<
G.E. BLIGHT.
c.c. Mr. L. Dison, E.J.L. (S.A.) (Pty) Ltd., P.O. Box 91231 AUCKLAND PARK

UN'VFRSITY or THt WITWA fFR"RAND JUKA .Nt DOUHG
1Jin S'nuts Av*nu» 716111
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A survey of the technical literetuie indie.tea that the cementit.ous

crcperties of slags Uepeno on a combination c¢f the.r chemical comroaiticn

and glass content. To renresent the chemical comnonition, a modulus f
is used, ..here
M = Cat > A'q0 + xAl1_CI, 1)
L-j.

(1 - xAa1 ,0 _ + SiG

in which eac ter- Ca , etc renrrsents the na s percentage of the
ccrrecoondieg concon®nt in the slag, and x i wusually taken as 1/1. A
number of alternative forms of this modulus have been proposed, but all
contain the terms Ca", MgO, AI"O and SiQ_. It is also aoparentfrom

the literature that FeO and MnO have adverse effects onstrength

development and to -akc account of this, one worker hassuggested the

modulus
M = CaC + 1/2Mg0 + Al 0 (2)
s < !
SiO. ¢ FeO * (Mn0)*
The hydraulic (i.e. cementitious) procertier ot the slag are measured

by means of an index
I * 100)*
O&b ) cﬂ (3)
where a = strength of an oidinary Portland cement (OPC)/milled slag
mixture;
¢ = strennth of a similar 0BC/millcd quartz mixture; and

b * strength of OPC by itself.

I has been experimentally related to G, the percentage glass concent
of the slag uy the empirical relationship

I =0,33 GM - 0,72) + 75 (4)

If one is/...



If one 1is the

investigating suitability of r1l1 .gt for making Ct-xnt, one
can equate I = 100, and then solve for G to see if a realist re percentage
of glass is indicated to achieve jn ideal result. Tht tran*- nocvd equot: on
for I = 1DO is:

G = 66_ (5)

(r - 0,72)
Alternatively, thi mooulus Mitself can be uses to assess thr hydr ulic
properties of the slag according to Taole 1 (below)
Range of Modulus M Hydraulic roperties
<1,1 Poor
1,1 - 1,5 Medium
1,5 - 1,9 Good
1.9 Excellent

Before embarking on the research project, a preliminary assessment of
the hyaraulic potential of Samanccr slags was undertaken. Table 2
summarizes M and G (I = 100%) for 4 slaqs of known cementitious value
as well as 4 lamancor 'e* igs and 1 Highveld :;l.,g.
prsir .t e or si o.M TIL. rifj-
Because of the importance of obtaining mlags with <s high a glass content

slag

by

samole

two methods

as possible, each slag sample was quenched by pouring from a molten
state into a relatively large volume of water. The quenched

was then chemically analysed and examined for glass content

(1) A small quantity or powdered quenched slag was

between microscone

immersion-mounted

slides/..



S\

between microscope slices in bronofor" (w ,cf hj a suitable refractive
index). In transm:tied light, crystalline particles arc transparent
while glassy particles are opaque. It is then a s:mol' matter to

assess the percentage of

glassy material by ccurtinc transonrent

and opaque grains.

(i1) An X-ray diffraction analysis was c¢c .rncs out on the oov.acred
quenched sl.g. A com. Iste absence of "peaks” on the diffractogram
would indicate a comule* el » gl ssy m teriel, while the presence of
peak"- incicates the presence of crystalline conppnmr.i1.

hese two examinations were carried out by Professor J.n. eeriver whose

two reoorts are ttached. Portions of the X-ray diffractogramp appear

as figures 1la, b,c and d.

“able 3 summarizes the chemical and glassy material analyses for the

four slags as well as giving values for the moduli N ana M , values for

I (calculated from equation (4)) anu an assessment of the hydraulic
properties of th. si g according to Table 1.

e/hen tne ferro-manganese slag was quenched, two distinct components arose:
the larger particles were "frothy" ,nd a greenish colour, while the
smaller particles were denser and brown coloured. Microscopic

examination showed that the green material was crystalline and the

brown glassy. It

the two components by sieving

peaks dn
still

contained a small

Two samoles of ferromanganese

proved possible

the X-ray diffractograms

proportion of crystalline

to achieve a reasonable separation of

through a 2mm sieve. However, as the

in figure la show, the sieved material

materiel.

the had a

slag were prepared. As one

considerably/...

e



darker colour than the other, it wau due :lc. t teet tot* in oro'i to
give an indication of the extent of v.ri iti' in slug crcocrtier that

can be expected from batch to batch from the same furnace.

The quenched ferrochromc, phusnhorus and silicon manganese slags all

aooeored to be homogeneous materials, Lu’ as figures 1b ana 1lc show,

y
both the fnrrochrorr and phosohoru- slugs contain n:.reciatile crystalline -
prooortions. Ironically, th- lea; : promising ouenched rl g from a
chemical st ndoaint, ; iicor-m.mgancse, is shown by figure 1lo to be (

comnletely classy I

Based on the moculus ", values of I taculated in Table 3 appear quite
promising. Eve” a slag/Or’C blend that will produce 76% of the strength
of an equivalent pure OPC is a useful material, especially in low-grade
applications such as soil stabilization. The reference to the strength-
depressing effects of "InO and Fed was only discovered after the testing
programme was well under way, but even if it had been discovered earlier
it is doubtful that the testing programme would not have been undertaken

because of the discouraging predictions of equations (2) and (<5 (see Table 3).

After the glassiness determinations and chemical a lalyses had been

carried out, the slogs were rilled to a powder in a small ball mill.
Killing proved unexpectedly iifficult anc it did not prove possible to O
mill the quenched slugs to a fineness equul to that of Slagment or -
ordinary Portland cement (OPC). Tabli 4 summarizes and compares the

fineness characteristics of the milled slag with those of Slogment. and OPC.

STRENGTH Of CUBFS IK'CCHPI ATINu 31 Af,

The strength characteristics of UPC/milled slag mixes were investigated

by preparing a series/...



darker colour than th< other, it wau due: :cu tu tert both in oru' r to
give an indication of the ext -nt of itior in slag LTOoerties that

can be expected from catch to batch from the same furnace.

The quenched ferrochromi , phuophorus anj silicon manganese slap- all

aooecared to be homogeneous materials, bu+ a< figures 1lb ana 1lc show, //

both the ferrochrorp ,-nd phosohorul si ..is contain <'-.creciablt crystalline /
proportions. Ironically, th' least ;romising ouenched si g from a
chemical st"nocomt, silicor-manganese, is shown by figure 1b to be i

completely glossy I

Based on the mocuius M, values of I taculated in Table 3 appear quite

promising. Even a slag/OPC blend that will produce 76 of the strength
of an equivalent pure QPC is a useful material, especially in low-grade
applications such as soil stabilization. The reference to the strength-
depressing effects of MnO end f*0 was onlv discovered after the testing
programme was well under way, but even if it had been discovered earlier
it is doubtful that the testing programme would not have been undertaken

because of the discouraging predictions of equations »'2) and (4) (see Table

After the glassiness determinations -nd chemical analyses had been
carried out, the slogs were milled to a powder in a small ball mill.
filling proved unexpectedly difficult ano it did not prove possible to
mill the quenched slugs to a fineness equal to that of Slagment or —
ordinary Portland cement (UPC). Tabli 4 summarizes and compares the

fineness characteristics of the milled slag with those of Slagment and OPC.

SINf'iTH pr LiiiifT ifIL A,

The strength characteristics of OPC/milled slag mixes were investigated

by preparing a series/...

3)s



by preparing a scries of 1 urr cui.'S ¢tf crushci son: and "rement". The
mixes consisted of:
(1) a control series consisting of 5 parts sand to i onrt DPC by mass of
dry material;
(;1) a second control scries consisting of 5 part sand to 0,5 part LrC
ano C,5 oart Ulagmecnt;
(iii) A series for each sl,:g ccnpipting of 5 parts sand to
(e) 0,53 part OPC and L',17 part slag
(b) 0,67 part ! :C and 0,33 r irt slag

(c) 0,5 p. Tt OPC nd 0,5 part slag.

The cuoes were cured in water at 2C C until due for testing and were
tested at ages of 7, 28, 56 and 130 days, 3 cubes of each mix being

tested at ecach age.

The results of the control tests are shown in Figure 2a while those for
the tests on slag are shown in Figures 2b, 2c, 2d ano 2e. Each of

Figures 2b to 2e also snow the strength-time curve for the s5.ind-OOC cubes.

Figures 3a, b, ¢, d and e¢ summarize the results of the test at 130 days.
In general, the very dis.ip; omt ing conclusion is reached that if X% of
the CPC is reduced by any of the slags tested in this series, the

strength will be reduced by X%

The most promising slag appears to be the phosphorur slag which displayed
some small cementitious effect even though the quenched material was only
10% glassy. However, it is understood that apart from the low tonnage

of this slag that is produced, it is hazardous to quench.

4. CONCLUSION/.



[U'jrmeT,

The reluctant conclusion iu th,U n ne of the four sings investigated show,

proirisp as cenenti tious materials. Although predictions based or, the
modulus K were interesting, the modulus Ms was less encouraging. It.
therefore appears th t the £n[ level:, in the ferromanganese an :

Sil:conmcng inese slag, are a likely reason or their poor performance.



Vv

VEIL ?

ind Source of CaO MgC Aln 5iC_, M G(I=100) Cementitious
Slag
< bl ist furnace 36 4 22 36 0.93 24
43 11 12 28 1,61, yes
xan blast 40 11 9 37 1,26 122 yes
re
i blast 35 11 15 35 1.13 136
re 45 4 5 31 1,32 yes
(Pta) blast 30 20 14 33 1.29 116 yes
furn
0 6
eld Ferrochrome 43 11 16 27 1,57 78 Doubtful
;cor Ferro- 33 0 4 33 1,17 147 ?
‘nese
'cur Phosphate 5 1 - 3 40 1,24 127 ?
‘cor Silicon- 24 12 3 48 0,74 3300 ?
*nese
cor Ferro- 6 25 24 27 0,91 347 ?
chrot.“e

In tl.e light of the values given in the above tabulation, the 5amancor phosphate*//
and I Rrromanganer,(’ slags appeared tc ue the most promising for further investigation,

Lyut *t was decided, in addition to test the sil icun-manganese and ferro-chrome slags.
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Material

OPC

Slagment

Siliconmanganese

Ferrorr.anganese

Ferrochrome

DhosDhate

FINENESS or o ILLED SLAG

Passing

52

99,t

99,6

100

99,9

95,3

92,5

sieve

No

100

96,9

99,2

97,4

2-0

66,6

94,7

65,8

54,7

36,4

35,8
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Report on Slag Samples

Preamble

Three samples of slag were submitted by Professor G. Blight with
the request that the crystallinity of the materials be investigated
and compared. To this end, the sample materials were studied in
immersion mounts using conventional petrographic techniques. X-ray
diffractograms were prepared from the sample constituents and are
attached to this report. The results of these investigations are

presented below.

Results

Sanrle 62 Sima slag-

This sample comprised white, granular, vesiculated slag which
under the microscope was found to consist virtually entirely of
glass together with trace amounts (less than 1%) of crystalline
material. Reference to the relevant X-ray diffractogram
prepared from this sample shows it to be essentially isotropic
to X-ray diffraction with the crystalline phases being too

sparsely present for their presence to be recorded.

Sample 6h Fema slog

This sample comprises a granular vesicular slag material in which
a green and a brown phase are microscopically recognisable.
Microscope study of the green phase showed it to be composed
essentially of a felty textured assemblage of crystalline
materials together with rare glass. The relevant X-ray
diffractogram displays a well defined diffraction pattern
indicating the high degree of crystallinity of the greemn slag

phase. Analysis of the pattern shows the crystalline material to



be dominated by a phase having a composition between that of
monticellite (CaMgSiO”) and kirschsteinite (CaFeSiO”). In
addition the presence of minor additional diffraction peaks
indicates the presence of another phase or phases which it has

not been possible to identify.

In contrast to the green phase, the brown phase of the slag was
found to consist cf glass accompanied by trace amounts of
crystalline material. This observation is reflected in the
relevant X-ray diffractogram where the presence of crystalline

materials is very weakly indicated.

Samrle Q

As in the case of the previous sample, a green and a brown phase
are macroseopically recognisable in this sample. The green phase
is again dominated by a felted aggr' gate of crystalline materials
with only rare glass. The relevant X-ray diffractogram confirms
the high degree of crystallinity of the green phase and shows the

crystalline phase to be the same as that present in the green

fraction of 64 Fema slag. The brown fraction of Sample 9 is
dominated by glass which is accompanied by minor (¢ 2 - 5%) of
crystalline material. This distribution is reflected in the

relevant X-ray diffractogram, where the presence of crystalline

materials is but weakly indicated.

Comment

On a comparative basis it may be noted that the 62 Sima slf.g is
virtually noncrystalline. The remaining two samples comprise
both crystalline and noncrystalline fractions. The crystalline
(green) fraction of 64 Fema slag makes up 40 - 50% of this sample
while in Sample 9 the crystalline fraction makes up 10 - 15%.
Sample 9 and 62 Sima slag thus constitute the least crystalline
of the three slag samples.

_J.R. Meclver
Department of Geology

University of the Witwatersrand 1 August 1981



Second Report on Slag Samples

Preamble

Five samples of slag were submitted by Professor G. Blight with
the request that the crystallinity of the materials be investigated
and compared. To this end, the sample materials were studied in
immersion mounts using conventional petrographic techniques and
X-ray diffractograms were prepared from all samples. The results

of these investigations are presented below.

Results
Sample Sieved -2mm SiMn sla”

This sample comprises granular, white, vesicular slag which under
the microscope was found to consist virtually entirely of glass,
with crystalline materials being present in trace amounts (c. 1%)
only. Reference to the relevant X-ray diffractogram prepared from
this sample showed it to be essentially isotropic to X-ray
diffraction. Overall the sample is identical to Sample 62 Sima

slag reported on in a report dated 1 August 1981.

Sample Sieved -2mm FeMn slag (dark)

This sample consists of brown and green particles of vesicular

slag. Grain counts of 100 grains of a random sample of this
material indicates that the green phase makes up . 5% of the

total sample. Under the microscope the brown phase was found to
consist dominantly of glass accompanied by trace amounts of
crystalline materia'. The green phase in contrast was found to

be dominated by a felty textured assemblage of crystalline material

with only minor amounts of glass. Overall, therefore,this sample



is dominated by glass. The X-ray diffractogram prepared from
this sample confirms the foregoing with the presence of
crystalline material being only weakly indicated. The
diffractogram is to be compared with the diffractogram of
Sample 9> brown fraction of the report dated 1 August, 1981.
The slight increase of diffraction intensity exhibited by the
sieved sample is in accordance with the presence of green
crystalline slag in this sample; no such material was present

in the X-rayed brown material from Sample 9, brown fraction.

Sample Sieved -2mm PeMn slag (light)

This sample again consists of greemn and brown vesicular slag
particles. Grain counts of 100 grains of a random sample
indicates that the green phase makes up c¢. 10% of the total
sample. Under the microscope the brown phase was found to
consist dominantly of glass which is accompanied by only minor
amounts of crystalline material. The green phase was found to
be dominated by a felty assemblage of crystalline materials with
only rare glass. Overall, therefore, this sample is again
dominated by glass. The X-ray diffractogram prepared from this
sample confirms the foregoing with the presence of crystalline
material being only weakly indicated. This diffractogram is to
be compared with that of the diffractogram of Sample 64 Fema
slag, brown fraction of the report dated 1 August 1981. The
increase in diffraction intensity exhibited by the sieved sample
is in accordance with the presence of green crystalline slag in
this sample; no such material was present in the X-rayed brown

material from Sample 64 Fema slag, brown fraction.

Sample P slag

This sample comprises fragments of dark grey slag. Under the
microscope this material was found to be dominated by an

assemblage of crystalline materials with at least two phases
being optically recognisable; glass is sparingly present and

does not exceed 10% by volume of the material studied. The



X-ray diffractogram prepared from this sample confirms the above
with a well defined diffraction pattern (patterns?) being

apparent.

Sample FeCr

This sample comprises a black vesicular slag. Under the
microscope it is seen to consist of a mixture of finely
crystalline material together with a semi-opaque phase which
has the optic properties of glass. From optic study the
proportions of crystalline material and glass are estimated at
c. 60 : 40. The presence of an abundant crystalline phase
(phases) in the slag is confirmed by the relevant X-ray
diffractogram which displays a sharply defined diffraction
pattern.

Comment

On a comparative basis, it may be noted that the sieved -2mm
SiKn slag is virtually non crystalline while the sieved -2mm
dark and light FeMn slags are characterised by the presence of
slightly more crystalline materials. Both P and FeCr slags are

dominated by crystalline phases.

J.R. Mclver
Department of Geology
University of the Witwatersrand

Johannesburg
8 August 1981
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METHOD Ol MINING

Phis invention relates to a method of mining 1i re
lales in partivular to a method of supporting the hangrg
wall in a mine, or in other undergound workings, partic-
ularly a coal mine, or in an> mine in which the volume
ofore or valuable fraction extracted is large in relation
to the ore left behind for support

In the past, coal has been mined by a method known
to the Applicant as the ‘bord and pillar method It is
also sometimes referred to as the pillar and stall'
method. This method results in large volumes of coal
being left as pillars for support of the hanging wall
underground

The stress imposed upon pillars left for support un
derground. de-ends upon the depth at which mining
takes place below the surface The nature of the over
burden will also he considered in determining the load
on the pillars and hence the stress

According to experts in this field, the car'h s crust,
prior to mining, is in equilibrium under the action of
compressive stressses. also referred to as primitive
stresses The vertical component of the primitive stress
in geologically undisturbed ground, is given by the
equation

«-2«.ie H*-1i H kP«

IRock Mechanics in Coal Mining, Salamon A Ora
veeez, page 16. published by the Chamfer of Mines.
South Africa, 1976)

In this equation the density of the rock is assumed to
be 2744 kg per cubic meter At depth H (in meters), the
vertical component (q n kl’a) of the primitive stress is
equal to the pressure exerted by the mass of a rock
prism of cross-section one square meter and height H
meters

The horizontal componei i M the primitive stress is
regard d by them as being equal in all directions and as
heme a constant proportion K of the vertical stress In
South African collieries, the value of K is given by them
(SAO) as ranging from 0 1to 0 4

On this basis the following Iable gives the vertical
components of the primitive stress underground, before
mining

Vertical I vimpiment of

Depth below Surface Primitive Shew

(kPest

30 730
100 2 VL
130 ) 730
200 5%
300 7 300

Removal of rock by mining underground raises the
average stress in pillars left for support It is believed
thct the increase in the average stress will be approxi-
mately in the ratio:

lotal srea mined area of pillar*

A method of calculating the load on pillars is given
by S&O, page 22. They also recommend (page 41) a
factor of safety of 16 in the design of supports In other
wi,-ds, the calculated load on a pillar will he increased
by an amount corresponding to the factor of safety, and
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the pillar will then he designed to laL Ii increased
load

li is ai) object of this invention to provide a method of
support for the hanging wall underground in mines,
which will permit the extraction of greater volumes of
coal and the leaving of less coal underground for sup-
port. than with other mining methods known to the
Applicant

Accordingly, in mining, there is provided a method
of supporting the hanging wall which includes provid-
ing support pillars extending between the hanging wall
and the fool will, the pillars having lower portions
incorporating particulate backfill material which has
been consolidated so that it has, at the most, one-quarter
voids by volume

If desired, the lower portion ofa pillar may have only
one fifth voids by volume

The backfill material may be fine such that about half
by mass would pass a sieve of 0 85 mm. and such that
only about 1% by mass would be retimed on a sieve size
0of 675 nm

The particulate material used as a backfill in the pillar
may be in the form of soil. sand, tailings from previous
mining operations, or quarried material, ash. burnt dolo-
mite. or limestone, or the like Thus, in coal mines
which have low grade coal which may not be suitable
lor other uses, the coal may be burnt for example in a
fluid bed or other system with dolomite and limestone
The "oh and burnt dolomite and limestone may then be
crushed, and may then be used with or without other
materials as a backfill Such burnt ash and dolomite and
limestone may be very advantageous in providing a
ccmentitious binding material in the backfill

Different particulate materials hzve different natural
angles of repose or angles of inter.ial friction When a
particulate material is confined to form a pillar, and a
vertical load is then applied to the pillar, then inlerpar-
ticulate friction causes a horizontal component of the
vertical load to be imparted to the particles in the pillar
This horizon al component causes a stress which tends
to cause lateral displacement of the material If the
vertical load is increased until failure occurs, then fail-
ure takes place in diagonal tension along planes, also
referred to as shear planes

For a particulate material having an angle of internal
friction A. it is believed that the relationship between
the horizontal component and the vertical load is given
by the following expression

IH-CU

where
1, is the vertical load imposed on the pillar;
\-H
C=

the horizontal component of thi load; and

J Had-
I +und '
where angle A depends on the particulate material
being used

When the angle A 30* then C J
The magnitude of I //therefore depends upon the angle
A The angle which the shear planes make with the
horizontal is



0'-+)

ilie lower portion of a pillar may he provided hy the
erection of retaining walls and by the hydrauln: place-
ment of the particulate backfill material in a hydraulic
carrier behind the retaining walls, the consolidation of
the particulate backfill material i.ikmg place by settle-
ment of the particulate material under gravity in the
hydraulic carrier Thereafter, the hydraulic carrier mas
be allowed to drain away

Alternatively, the particulate backfill material may he
pneumatically placed behind the retaining walls, the
consolidation of the particulate backfill material taking
place by the discharge of the material at speed under
pneumatic pressure

The consolidation of the backfill material in the lower
portion of a pillar may take place by the application of
mechancal force to the backfill material Alternatively,
or in addition, consolidation of the backfill may include
exerting pressure on the lower portion in a clearance
space between such lower portion and the hanging wall,
and by abutment against the hanging wall before filling
up the clearance space with load taking fill The pres-
sure exerted on a lower portii ¢ before filling of the
clearance space may he at least 9/10th* of the load
which the pillar is expected to take Preferably, the
pressure exerted is in excess of the load which the pillar
is expected to take

Generally, if " -sired, the step of consolidation of a
layer by pressure may he preceded by compaction of
this layer by impact, vibration, or the like Such com-
paction may take ptice by stampers, vibrators, or the
like Vibration ano compaction methods may be used
throughout the construction process to assist in achiev-
ing effective consolidation, including the use of external
removable supporting formwork. shapes, or structures
The pressure may be exerted bv a shoe or platen which
may also be subjected to vibration while pressure is
being applied Pressure may he applied by abutment of
a press against the hanging wall The platen may have a
slight camber transversely to the direction of the pillar

The making of the pillar may include the final step of
providing a load aking fill which may he in the form of
a layer of grout in between the hanging wall and an
upper layer of backfill The grout may be lamped or
rimmed in under pressure to ensure that there is active
support between the upper layer of the pillar and the
hanging wall

Alternatively, the provision of the load-taking fill on
top of the lower portion may include :hr driving in of
wedges into the clearanc space betwecr 'e lower
portion and the hanging wall, thereby exerting a down-
ward pressure on the lower portion As i further alter-
native, the load-taking fill may he piovidcd on top of
the lower portion by pumping particulate material car-
ried in suspension by a hydraulic carrier, into he cleat
ance space, the pumping taking plncc under hydraulic
pressure to ensure that a downward pressure is exerted
on the lower portion by abutting against the hanging
wall

The lower portion of a pillar may be built up in layers
of backfill with layers of reinforcing material at differ
cnt elevations between layers of backfill in the lower
portion The vertical spacing between layers of rein-
forcing material may, at the most, be equal to one third
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The minimum cross-sectional dimension of the pillar
The pillar may include opposing retaining walls on its
opposite sides, and the reinforcing material may engage
with the retaining walls to constrain them against out-
ward bulging

IThe reinforcing material may comprise uninterrupted
sheet material, expanded sheet material, or mesh, such
as wire mesh or netting, steel grid or plate, metal strips
or sheets It may also comprise materials such as syn-
thetic polymers, e g polyurethane, polystyrene, poly-
ethylene. and v) on, cloth like synthetic fibres, wooden
lath structures, metal strips or sheets, and so on The
reinforcing material may comprise the combination of
two or more of the above-mentioned items. Thus, for
examp'c, a sheet of polymer could be reinforced by steel
and wire mesh or by synthetic or natural fibre mesh or
iloth The reinforcing material may, if desired, ilso be
in the form ofa slab, metal plate, fibrcglnss moulding, or
a geotexlile It is designed to accept, with a sufficient
factor of safety, the horizontal component of load L//
s'sociaied with the vertical load on the pillar The rein-
forcing layer may have indentations or projections pro-
viding an uneven surface so as to improve the frictional
grip between the layer and the particulate material in
contact with it If desired, fibrcglass or other material
may be reinforced by high tensile wire Alternatively, if
desired, the reinforcing layer may be in the form of a
relatively thin concrete slab which has been pre
stressed by arrays of high tensile wires at right angles to
each other

The particulate backfill material may be made up m'o
the form of gabions which comprise the backfill mate-
rial contained in envelopes of reinforcing material, and
in which the lower portion of a pillar is built by laying
the gabions in layers At least some of the gabions may
be prc-compressed before being installed

The invention extends to a pillar when made accord-
ing to the method as described

The invention extends also to a method of mining,
which includes providing a plurality of pillars behind a
work place adjacent a work face, the pillars being pro-
vided in accordance with the method as described, and
being spaced in a direction along the work face and
extending hack in the direction transversely to the work
face Thv lengths of pillars in a direction transverse to
the work face may be at least twice the width jf the
nillar in a direction along the work face

The adjacent pillars may he strengthened against
outward bulging under load by hav,ng beams extending
along their lengths in a direction transverse to the work-
ing face, the beams being supported by struts spaced in
series generally in a direction away from the work face,
and the struts themselves extending generally in a direc-
tion along the work face The spacing between struts
may. it the most, be equal to the minimum cross-sec-
tional dimension of the pillats.

The invention extends also to a method of building
pillars underground for supporting the hanging wall in
underground mining operations, which method in-
cludes calculating the vertical load which a pillar is to
lake, calculating the horizontal component of load asso-
ciated with such vertical load, laying particulate materi-
als in layets between hanging wall and fool wall, con-
solidating such layers, and providing reinforcing mate-
rial within or between the layers of particulate material
10 accept, with the desired degree oi safety, the hon-



5
/onial components of louil ass<,ciated with the vertical
load which the pillar is expected to take
The invention will now he described by was of exam
pie with reference to the accompanying diagrammatic
drawings
In the drawings.

FIG. I shows a sectional side elevation of a working

place in ' coal mine, taken at I T in FIG 3 of the
drawings.

FIG 2 shows a sectional elevation taken at II I in
FIG I of the drawings.

FIG 3 shows a sectional plan taken al III III in
FIG. I of the drawings.

FIG 4 shows across sectional elevation al IV~ IV in

FIG 5. ;hrough a plurality of pillars spaced along the
work face in another arrangement.

FIG. 5 shows a sectional plan stew al X V in FIG
4. of the pillars of FIG 4

FIG 6 shows a cross sectional eievation through a
pillar during the final stages of budding

FIG 7 shows a side elevation of the from end of a
pillar during budding.

FIG 8 shows a plan siew ofa wedge suitable for use
in budding pillars

FIG Vshows a side elevation of the wedge, corre-
sponding to FIG 8.

FIG 10 shows across section taken al X X in FIG
L

FIG 11 shows, an oblique side view of a template
element for defining the side of a pillar.

FIG 12 shows diagrarnma icalls an end view of the
template element of FIG. II.

FIG 13 shows a detailed view if the mesh used as
reinforcing material between opposing template ele-
ments in use.

FIG 14 shows one end of a gabion suitable for use in
The making ofa pillar according to another aspect of the
invention.

FIG 15 shows a cross sectional end elevation of a
pillar when made with gabions of FIG <4.

FIG 16 shows a cross-sectional end elevation of a
pillar when made with gabions having a length equiva-
lent to the width of the pillar,

FIG 17 shows asectional side elevation of the under-
ground working of @ mine, in which a pillar according
to another aspect of the invention, is being budl,

FIG 18 shows a part plan view corresponding to

FIG 17.

FIG 19 shows a sectional elevation al XIX XIX in
FIG 17,

FIG 20 shows a sectional end elevation taken al

XX XX in FIG 17.

FIG 21 shows a sectional siue elevation of a pillar
according to the invention, during the process of mak-
ing it underground by means of a mobile press.

FIG 22 shows a sectional side elevation at XXII

XXII in FIG 23

FIG 24 shows asectional front elevation of a pillar in
accordance with the invention, taken al XXIV XXIV
in FIG 22

FIG 25 shows a view similar to FIG 24. but with a
variation in construction, taken at XXV XXV in FIG
23;

FIG 26 shows a stress strain (load deformation) dia-
gram of a pillar according to the invention.

FIG 27 shows a sectional front elevation of a further
development of the invention.
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FIG 28 shows a ihr r-dimensional view of rcmfort
mg material suitable for use in carrying out the invcn
lion

FIG 29 shows a detail plan view of typical reinforc-
ing material in the form of wire mesh,

11G 30 shows ,i section at XXX XXX in FIG 29
and,

FIG 31
wires .if elliptical section secured in criss-cross fashion,
and suitable for use as reinforcing in the pillars accord
mg to the invention.

Referring to the drawings, reference numeral 10 re-
fers generally to a work place underground in a coal
mine It has a work face 12 which advances in the direc-
tion ofarrow 14 The coal face extends between the foot
wall 16 and the hanging wall 18 Immediately behind
the work face, the hanging wall 18 is supported by a
head plate 20 which is itself supported by a plurality of
props 22 These props and head plate extend rear-
wardly. moie or lev- m line with the forward end of
pillars 24 which are arranged to advance al more or less
the same rate as the working face

The pillars 24 are made by the use of retaining walls
26 on either side, the space between such walls and the
hanging wall and foot wall is then filled with a particu-
late backfill material This may be in the form of ash.
external make-up in the form of sand or soil, gas heton.
waste, in any proportions When sufficient waste male
rial is not available, then the foot wall 16 may he under-

shows a wire mesh arrangement having

W cut as al 16 t in the spaces between pillars 24
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must behind the work face 12. a work space 12 1is left
free for mining activity Immecd.itely behind the first
line 22 I of props 22. there is provided a conveyor belt
30 whose centre line is indicated in FIG 3 by reference
numeral 30 I

In operation, pairs of claming walls 26 will be ar-
ranged spaced relati.inship extending rearwardly
from near the working ,ace Several piers of retaining
walls 26 are so provided and are located in spaced rela-
tionship along the width of the coal face relative to
other retaining walls for other pillars

in

The retaining walls 26 as described, may be in the
form of cladding which is capable of advance to follow
at more or less the same rate as the rate of advance of
the work face Flowever, such cladding 26 may instead
be permanent and may he of cementitious material and
mesh The opposing retaining walls 26 of a pillar may he
tied together by means of reinforcing material 32
Where the cladding 26 is movable, the attachment be-
tween the material 32 and the cladding 26 will be of a
temporary or disvonnectahle nature However, when
the cladding 26 is in the fo-m or a permanent or semi-
permanent structure, such as a cementitious coal with
reinforcing, then the connections between the reinforc-
ing material 32 at different elevations, and the cladding
26. may he permanent

Referring now to FIG I of the drawings, it will be
noted that immediately behind the work face the hang-
ing waH 18 is -upported by the head plate 20 together
with its supporting props 22 ITis zone 40 will be a
non-subsidence zone

Immediately behind the props, there follows what is
regarded as a safe zone 42 which contains also the for-
ward end of the pillar 24 The broken material between
the retaining walls 26, revs at an angle of repose, indi-
cated by reference numeral 66 The immediately adja-
cent zone rearwardly is a zone 44 in which settling has
not yet taken place It is in the next zone 46 that the
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hanging Xall IN tint hcaix up against the upper end nf
the pillar 24. as shown at 47

Immediately behind the zone 44. there is the settled
zone 4# where tin hanging wall IN has already settled
onto the upper end of the pillar 24 It xill he noted that
the hanging wall IN I in zone 4 is at a .omewhal lower
level than the hanging wall IN immediately behind the
work face 12

Thb. fill, when introduced inter the space between the
retaining walls may be lamped to ensure good contact
with the hanging wall Alternatively, or in addition, the
'nace above the lower portion of the pillar and between
the till and the hanging wall may he grouted The pur-
pose is to obtain early acceptance of the load preferably
before root fracture takes place from subsidence

The retaining walls can be very thin and could in fact
he m the form of a skin merely, and when in the form of
cladding may he movable for later re-use Alternatively,
dep "itding upon economics, the retaining walls may he
left in situ The prime purpose ofthe retaining walls is to
ensure that the particles of fill do not fall out at the snles
of the running pillars

For ease of rdvanxc of If e work face, the conveyor
30 max b- mounted upon transverse skids to permit easy
displacement towards the work face in a direction nan-
verse to its Imgitudmal awia 30 I

The members 32 act as reinforcing members and may
he in the fi rm of metal plate or metal sheet or wire
mesh They need not tx connected to the retaining
walls 26 as long as the rclaiii'irg walls 26 ensure that the
particle-, of the hackrll do not fall out

Referring to FIGS 4 and 5 of the drawings, the ar-
rangement of the pillars at thr work face is similar to
that described with reference to FIGS 1 to 3 of the
drawings Like reference numerals refer to like parts
The pillars 24 shown in FIGS 4 and 5 are however,
taller In order to provide strength in the middle against
outw aid bulging under load, beams SO are provided or
opposite sides of the columns 24 These beams are sup
ported by struts 52 spaced in series, generally in a direc-
turn away from the work face The struts themselves
extend generally in a direction along the work face, and
are provided across spaces which are not required for
access to the work face

Referring to FIG 6 of the drawings, reinforcing
material in tne form of wire mesh 32 and 32 I arc shown
inside backfill arranged in layers 54 The thickness of a
layer 54 isdefined by U shaped wire mesh side members
56 The layers of backfill are consolidated by vibration
or compaction by making use of a vibrator 58 or com
pacior 60

In order to monitor the behaviour of the pillar 24
under load, a pressure sensitive device 62 is embedded
within the backfill leadings or recordings can then be
taken periodically of the pressure in the backfill

After the lower portion 24 I of the pillar 24 has been
built up then the clearance space bclv cen thr lop of the
lower portion 24 I and the hanging wall IN may he
taken up by wedges 36

Referring to FIGS 8.9, and 10ofthe drawings, there
is shown a wedge 36 which is made of concrete and
which has reinforcing 36 I The wedge is tapered from
a parallel portion 36 2 at Us tear end to a thin, pointed
end 36 3 at its front end The wedges may be from half
a meter to one and halfa meters in length A wedge may
be tapered over most of its length, ie from a pointed
end rearwards But at least onc-quaitcr of it* length, at
the rear end, will he parallel to ensure that it is not
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8
ejected under load The wedges may he of concrete,
and may he diiven by wooden mallets If desired, the
wedges may he reinforced with steel iiid or wire mesh
or netting embedded within il. The wedges may also he
of haidwood or plastic

Referring to FIG 7 of the drawings, the retaining
walls 26 are shown made of wire mesh having a coal of
cemecnlilious material The natural angle of repose of
the particulate material being charged into the space
between the opposed retaining walls 26 is indicated by
reference numeral 66 The front end of the particulate
material may, however, be confined by providing a
plurality of bars 6N

The reinforcing means 32 separating the backfill into
courses ensures that instead of a single tall pillar there is
provided a plurality of squat pillars on top of one an-
other By merelv containing the sides of the courses to
prevent falling away al the sides, a robust pillar having
a high load bearing capacity is provided

The retaining walls 26 and reinforcing means 32 may
be provided in roll form, and may be untolled in the
direction of advance of the working face, as indicated
by arrow 14, as the working face advances and as the
pillar advances.

Referring now to FIGS 1II and 12 of the drawings,
there is shown a template element generally indicated
by reference numeral >O and comprising a retaining
wall member 26 1 and leaf elements 72 flexibly or
hingedly connected to the retaining wall member 26 1
In order to fax ilitale transport, the leafelements 72 may
be provided with hinges 72 I extending along their
lengths This will permit folding of the template cle
menl into a narrower item which can be more easily
transported than when it is wide The retaining wall
member 26 1 may be made up of wire of 2 to 3 mm
diameter at spacings of 15 to 20 cm square It may,
however, have openings which may be larger
smaller r which may be rectangular in shape, depend-
ing upon what is required to contain the backfill

Hie leaf elements 72 may be made up of a mesh such
as is shown in FIG 13. It will be noted that there arc
many more wires 74 in the one direction than wires 76
in the other direction In use, the mesh will be laid in
such a manner that the wires 74 extend transversely
across the width of a pillar, and the wires 76 extend
longitudinally The stressable area of the reinforcing
means 32 in a direction across the width of the pillar 24
will lie about 10 to 40 times as much as the stressable
area of the reinforcing means, in a longitudinal direction
relative to lhe length of the pd'ar If desired, the wires
74 and 76 may be of different diameters to meet this
condition The stressable arer or the strength may, of
course, be equal for the two directions

In use, the template elements 70 will be erected to
define the sides of a pillar, the leaf elements 72 being
raised as shown in FIG 12 As the courses fill up, so the
leafelements 72 will be lowered onto the top ofa course
of back-fill material which has been laid Thereupon,
reinforcing means in the form of mesh 32. similar to the
mesh shown in FIG 13. will he secured to the member
26 1 Alternatively, the mesh 32 may merely be laid on
top of the leaf element 72 and the reinforcing means 32

Referring now lo FIGS. 14, 15 and 16 of the draw-
ings, (‘“-ere is shown one end of a gabion generally indi-
cated by reference numeral 90, comprising an envelope
92 and particulate naterial 94 within the envelope. The
primramlity of the envelope 92 will be matched to the
fineness of the particulate material 94 used within it



Thus, the envelope must he able u. >.oniaiii ili< .riivu
late material within it

In use, gabions 9U .ire used and slacked on top of one
another to form the lower portion of a pillar 96 Such a
pillar may also he rendered to provide active support to
the hanging wall 26, h\ making use of wedges, hydrau
lie fill material, or grout in the clearance space against
the hanging wall

Referring now to HCi 16 of the drawings, there are
shown gabions 9H. similar to those shown in f1Cr 14
but having a length corresponding to the width of a
pillar 100 which is to he huili flie pillar 100 may aiso be
rendered to provide active support to the hanging wall
18. by means of the use of wedges as previously de-
scribed. or of providing hydrauhcally placed filler ma-
terial or grout in the clearance space between the top of
the lower portion of the pillar and the hanging wall IN
The degree of support provided can be determined by
the use of pressure sensing de» ices 62. as previously
described

When making the gabions, i; is important to ensu ¢
that the particulate material within the gabions is prop-
erly consol'dated. such as by vibration, compaction, or
compression

It is an important feature of this invention that the
particulate material in the back-fill, in the various
courses, be vibrated and compacted as fully as possible,
when laid The gabions should, in turn, also be com-
pacted as fully as possible, whether before or after lay
mg

Referring now to FIG 17 of the drawings, a further
variation of the pillars 24 previously described
shown Like reference numerals refer to like parts

The pillar 24 is made of backfill material arranged in
layers 54 and comprising vertically spaced layers of
reinforcing material 32 embedded within back-fill par-
ticulate material As the successive layers 54 are laid, so
they are compacted and later consolidated by means of
mobile presses, generally indicated by reference numer-
als 130 and 132, until the whole of the lower portion
24 2 of the pillar has been pre-loaded If desired each
layer 54 may be consolidated by pressure afler it has
been laid Alternatively, two or more layers 54 may he
consolidated together The press 132, is specially
adapted to provide consolidation for the uppcrir.o-'
layer with minimum clearance between the upper sur-
face of such layer, li e the top of the lower portion
24 2). and the hanging wall 13 The rounded shape of
the layers 54 at the opposing sides of the pillar may be
obtained by form work which is removable after consol-
idation of the layers The clearance space 133 between
the upper surface of the lower portion 24 2 of the pillar
and the hanging waii. 18, is filled with grout 134 after
consolidation by the mobile press 132 has laken place
The grout 134 is lamped in solidly under pressure to
ensure that 1b epillar is suitably prestressed or preloaded
to support the hanging wall 18

The degree of consolidation by the presses 130 and
132. is preferably such, that the load applied to consoli-
date the layers, will approximate and even exceed the
load which it is estimated that the pillar will ultimately
have to take, in supporting the hanging wal' IN Ihis is
to ensure that the amount of deflection (if any) of the
pillar under the load which it is to take ultimately will
he as small as possible. It is also for this reason, that the
grout layer 134, is firmly lamped in. by mechanical or
hydraulic rams if necessary to ensure that the load will
be taken with minimum and preferably no deflection

is
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IIn pri-sso 130 and 132 ai
construction excepting that the press

rally .d th, same
132 is made to
operate wiilim a smaller clearance space 133

II mpress 140 movable i\
or mobile cranes from one

130 comprises a platen
means of forklilt-type ir- >s
layer or rone requiring consolidation to another On lop
of the platens, lher. art provided hydraulic jack- 4N
having head members 150 adapted in operation to abut
against the hanging wall IN and to press the platen 140
liimlv onto ihe layers 54 Thereby consolidating them

Referring to the mobile ss 132. the construction is
similai. excepting that the jacks 148 I on the platen It.)
are shorter than the jacks 118 because they have
operate ,n a smaller space, namely the clearance sp ¢
133 Thus the o' ss 132 may be arranged to operate ui i
space oi say, 30 to 50 cm More jacks 148 and 14N .
may he used than arc shown in the drawings

f.ach mobile press 130 and 132 is conveniently pro-
vided with its own hydraulic pump and reservoir ar-
rangement 152 together with appropriate valve gear, to
supply hydraulic fluid under pressure, to th- hydraulic
jacks 148 and 148 1 This will enable the hydraulic jacks
to he placed under load, so as to consolidate the layers
54, as and when required

Referring to FIGS 19 and 20 of the drawings, the
reinforcing material 32 is in lhe form of a v re mesh
which has been suitably protected against corrosion and
which has its side panel 110 and end panel 112 (see FIG
28) standing upright while the particulate backfill mate-
rial is being charged to form the layer 54 Once the
particulate material has reached a |re-determined
depth, corresponding to the height of the side panel 110,
then the end panel 112 is folded over onto the backfill
If desired, prior to charging with backfill, panels 160
impervious to the paniculate backfill material may be
provided on the inside of the side panels 110 to ensure
that the backfill particles does not pass through them
To this extent, the panels 160, also form part or the
reinforcing material 32 The panels 160 may be made up
of smaller mesh 160 I (say a mesh also referred to as
bird or canary mesh) and a lining 160 2 of cloth, card-
board. sheet material or plastic film (see FIGS 29 and
30)

The length of the end panels 112 of the reinforcing
material 32. will conveniently be at least half a meter
but may be a meter or more if desired, so as to ensure a
good purchase and frictional restraint between consecu-
tive layers of material 32 Where desired, the end panels
112 may be bound or otherwise secured to the underside
of the next succeeding layer 32 before charging of par-
ticulate material starts

Ilie panels 160 may he of plastic sheet material,
timber panels, metal sheeting, or the like If desired,
there may he provided in addition, longitudinal be.m
elements in the form of rods 162 secured to the panels
110. and adapted to span the joints between adjacent
reinforcing material 32 If desired, successive reinforc-
ing layers 32 may he arranged to overlap in a longitudi-
nal direction, along the length of the pillar 24

In order to exclude moisture and water borne corro-
sive materials, which may corrode the reinforcing mate-
rial 32. a plastic sheet of film 164 (see FIG 20, may he
draped over the uppermost layer be, the grouting
layer 134 is introduced Instead or in addition, a plastic
film or sheet 166 may be provide! between the hanging
wall INand the groul layer 134 T1 e rolls 166 I of plas-
tic film will then be temporarily supported by tempo-
rary support posiv 168. which can be removed and Inc
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film 166 can then be allowed to fall and drape down
over the sides ol the pillar 24. when %roul 134 has been
placed Ifdesired plastic sheet material or other suitable
material may be used as a damp course between the
lower most la>er of the pillar and the foot wall 16

Referring to FIGS. 29 and 30 of the drawings, there
is shown reinforcing material in the form of wire mesh
The wire may he of round, rectangular or elliptical
cross-section Depending upon the load which is to
taken, the ross sectional area of the wire used for the
wire mesh, may he equivalent to the area of wire has mg
a diameter of between, sas. 2 mm and. say, 6 mm The
pitch P| between wires in a longitudinal direction, ma
be between 10 and 30 times the diameter or transverse
dimension of the wire The pilch Il: may he between
once and six times the pilch 1’i hut is preferably of the
order of four times P, Reinforcing material 32 can be
made of this mesh

If desired, the reinforcing means 32 may he made up
of flat metal strips, extending transversely across the
width of the pillar 24. and by wires extending along the
length of the wall The cross-sectional area of metal
adapted to take tensile loads in a direction transverse to
the wall, that is in the direction of arrow 170, may con
veniently be twice to ten times the cross sectional area
of metal, adapted to take tensile load in the direction of
arrow 172 Alternatively, the wires taking load in the
direction of arrow 170 may be of high tensile steel so as
to be able to take a greater ' iad

Referring now to FIG 21 of the drawings, the pillar
24 built is of similar construction to that already de-
scribed. and like reference numerals refer to like parts
Tne difference is in the type of mobile press used The
mobile press used in the building of the running pillar as
shown in these drawings, is in the form ofa fork lift type
of vehicle generally indicated by reference numeral 1*0
It has wheels or tracks 1*4. a pair of spaced posts 1¥6 a
platen 140 The platen 140 carries a number ofjacks 14*
(or 14* 1 where the jacks arc to operate m spaces with
little clearance)

The use of forklift-type of vehicles 1*n makes it possi-
ble for the vehicle to move around, and for the width of
the pillar, to he varied by making the platens 140 la r
ally movable relative to the pillar 24 For strength and
lightness the platens 140. the jacks 14* and 14* 1. anc,
indeed many articles used in carrying out the method
may be made of manganese aluminium alloy, for exam-
ple, Duralumin

If desired, instead of laymt backfill and reinforcing
material separately, prefabricated units (gabions) van he
laid in courses bnck-fashion to form the pillar The
courses laid correspond to the layers S4 Thereafter the
courses of units mas he consolidated under pressure as
described with reference to FIGS 17 to 21 of the draw
mgs The units (gcinons) may he precompressed before
laying

Referring now to FIGS 22 to 25. there is shown a
pillar 24 for use in Mining a thick scam, say, in excess of
three meters A plurality of pillars extend hack from the
work face 12. continuously from thru front ends near
the work face for a length equal to at least twice their
widths W

Where the height between the fool wall 16 and the
hanging wall IN is not excessive, say, up to a maximum
of three meters, then the pillar previously described
may hr used, comprising a plurality of layers 54 of
particulate man lal reinforced with reinforcing male
nal 32 Such reinforcing material may be in the form of
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wire mesh, steel strips, steel plate, fibreglass mouldings,
pre stressed concrete slabs, or the like The amnunl of
reinforcing which is inserted will depend upon the ulti-
mate load which the pillar is expected or designed to
take This will depend upon the depth D at which min-
ing is taking place below the surface 235, and upon the
density of the rock As previously mentioned, at 100
meters depth the loading could be of the order of
200 300 tons per square meter At 200 meters depth the
loading could be 400 b(X) tors per square meter, and at
VX) meters it could be. say, 700 800 tons per square
ID kPa).

If the load on the pillai is increased, then it will ulti-
mately fail in diagonal tension along planes 242 and 244
(see FIGS 24 and 25) The pillar be strengthened
against such failure by means of beams 236 and 238.
extending longitudinally along the sides of the pillar 24.
and at about the middle, more or less in line with the
intersection of the planes 242 and 244 These beams 236
arc then tied across to each other by means oftransverse
tensile elements 240 pasi.mg through the pillar and
which may be in the form of bobs or steel wire ropes
Die bolts or steel wire ropes may be sheathed in a steel
or plastic tube or plastic film sheath for protection
against corrosion and for easy withdrawal The beams
236 and 23* may be in the form of cold-rolled metal
plate to provide a tiffsection for a beam The longitudi-
nal spacing between the tensile elements 240 may vxry
from one meter to two or three meters, depending upon
the strength required and upon the load which is to be
taken Die spacing will also depend upon the strength
of the beams 235 and 238 The spacing between ele-
ments 240 will generally not be greater than the width
or thickness of the pillar

Referring to FIG 24 of the drawings, the arrange-
ment there is similar to that shown for FIG 25, except
that a strong reinforcing layer 342 is provided, which is
of adequate strength to turn the high pillar 24 having a
height Hi into two shorter and suffer superimposed
squat pillais hiving heights Hz, and have the effect that
the points of intersection of the planes 242 1 and 244 I in
FIG 24 arc more widely spaced than the points of
intersection of the planes 242 and 244 in FIG 25

In practice, the heigh" Hi will depend upon the thick-
ness of the scam of coal which is being mined This may
vary from 2 3 meteis to 5-10 meters However, when
the i.ught Hi 1s very laige then, depending upon the
loads which are to be taken, the heights H; of the squat
pillars will he reduced to a value preferably not exceed
mg the minimum cross sectional dimension of the pillar,
it the width or thickness of the pillar

When the seam of coal which is being mined is shal-
low. there may he some relaxation with regard to the
height of the pillar relative to its width However, when
v-.ims deep down are hemg mined, and where loads of
the order of I(XX) tons per square meter are contem-
plated. then the overall height H; of a squat pillar, as
shown in the lower halfof the pillar shown in FIG 24,
will be much less than the tall pillar of FIG 25, shown
for an application where the contemplated loading is
much less

The various layers of particulate material 54, together
with their reinforcing mesh layers 32. and the rein-
forced cap or foot plate 342, are consolidated by vibra
lion, compaction, or the like, and ultimately by being
compressed by means of jacks 14* and 148 !. pressing
directly against the hanging wall 18, as shown by jacks

meter (I Ton per square meter
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14X 1, or indirectly via a spacer 254. as shown b\ jacks
14* (see HO 22)

When the seam being mined is very thick, then the
working face 12 may he worked in steps 12 1, 12 2, and
123

The spacing between layers of reinforcing mesh 32 is
given by H Here again, (he strength of the mesh will
he determined by the horizontal component ofthe serti
<al loading which the mesh isexpected to take when the
pill .r is subjected to its vertic il load The strength of
the mesh will be chosen with a suitable lactoi of safely
being taken into account, say. 1.6

Referring now to FIG 26 of the drawings, reference
numeral 260 indicates a Stress strain or I oad Deforma
non curve which the layers of particulate material 54.
ssilh reinforcing material 32. are expected to take as
they are loaded The pillar is designed to lake an ulti
male stress indicated by point A which is appreciably
higher than the stress indicated by point H and which
represents the stress or load which it is expected (from
the depth of working below surface) that the pillar will
ultimately have to take In practice, the various layers
54 and reinforcing material 32 will be stressed by pre-
loading by abutment against the hanging wall 18, to an
extent indicated by point V Thereafter the upper layer
134 in the form of grout is tamped or rammed in under
pressure in an endeasour to take the stress of the grout
also, up to a value indicated by point C All the layers
will then have been prc-compresscd. and upon (he load
being taken subsequently, the initial strain D will al-
ready have been taken up and the minor amount of
strain E is all that will take place in the pillar The
spacing between points C and B has been exaggerated in
the diagram, for clarity

It is. of course, possible for the pre-loading, to take
place to the same value as the stress B. or even slightly
beyond it. say, to a point Cl This will then ensure that
the particulate material in the pillar ha- been fully con-
solidated by being pre-loaded so as to ensure that the
load i.om the hanging wall will be taken with minimum
or no deflection or dr formation of the pillar The de-
gree of deflection or deformation of the pillar under
pre-loading or precompression is expected to be about i
or 1/16 of the original height of t..i pillar.

Referring to FIG 27 of the drawings, a further possi
bility suggests itself of preventing bursting of adjacent
pillars The arrangement shown in FIG 27 is believed
to he part, alarly useful in very thick seams which arc
being mined, say, from about 6 meters upwards If the
desc ent of the hanging wall 18 is accurately predetermi
nablc, ic it is known almost exactly how far it will
descend to the final settled position, then, by making use

of (he toggle mechanism 270. the descent of the roof IN

can he transmitted to the post 272 which will then urge
the laterally extending posts 274 to abut against beams
276 to prevent outward bulging of the pillars 24

Referring to FIG. 31 of the drawings, there is shown
a wire mesh material of elliptical section, but which,
between adjacent wires, are twisted to present the maxi
mum width as a greater depth It is believed that such
wires of elliptical * etion, wl.”n twisted in this fashion,
will provide increased grip and greater frictional resis-
tance to movement within the paniculate backfill mate-
liai.

The invention accordingly extends also to a met) id

of mining coal in coal mines, which includes the step of

having the work face more advanced in some places
than in others, there being provided pillais extending
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backwardly from a work space immediately behind the
woik face, the leading ends of the pillars being aligned
with those parts of the work face which are more ad-
vanced than the other parts of the work face

It will he realised that the length of various pillars
m.iv vary depending upon working conditions, access
to workings for men, and movement of material- The
length of a pillar in a particular location may accord-
ingly be as small as iwice Us width In another, more
remote, location it may extend continuously Where
possible, continuous pillars will he preferred because of
cost savings :n not having to make off ends in a manner
similar to the sides

The step of consolidation of a layer of particulate
backfill, may include the use of cementing materials or
synthetic chemical materials to promote cohesion in the
backfill

When formwork or temporary structures arc used
while backfilling and consolidation of the particulate
backfill material is in progress, then such formwork and
structures will he capable, where necessary, of resisting
all the pressures resulting from the construction of the
pillar

The slight camber which the platen 140 may have
(see FIG. 19). will assist in providing good access for
effective grouting The grout layer 134 is intended to
have the same width as the pillar and may be con-
strained between removable forms, while setting Such
removable forms will exert pressure on the grout and
will prevent grout breaking out

Tie width of the pillar, while depending upon the
thii. xneu of the coal seam the depth below the surface,
and the condition of the hanginf wall, will also depend
upon the availability, quality, and nature of the backnll
The use of burnt ash and dolomite and limestone, be-
sides providing a cementitious binding material in the
backfill, will also mitigate against corrosive attack of
reinforcing material in the pillar structure It will also
provide savings in the cost of the backfill.

The vertical spacing between successive reinforcing
layers 32, will be the subject of design by considering
the load which the pillar is expected to take, the na.ure
of the backfill, the cost of the reinforcing layers 32, and
the economic gam which is to be achieved by making
use of the pillar in winning material otherwise lost eco-
nomically when left in situ for support The vertical
spacing bcetweei successive layers of lateral constraint
means will vary dtjientimg upon its position in the pil-
lar

The pillars will he designed to take loads which will
he less than those which will cause them to collapse or
fail due to diagonal stress In other wore
resistance of lhe pilV’r to diagonal tensile stress will be
above that imposed by the load which the pillar carries

The use of the mobile press reduces the degree of
deflection of the pillar under load to a minimum when
the pillar receives its full loading of (hr roof Such mini
mum deflection also reduces to a minimum the subsi-
dence of strata and other movement

It is believed that even if the loading on the pillar
increases so that it fails under diagonal tension along the
planes 242 and 244, then the pillar will yield gradually
and will not fail by shattering as when brittle material
shatters under excessive compressive loads

This method of supporting a hanging wall according
to the invention, may be used advantageously by budd-
ing pillars or running pillars according to the invention
between in situ pillars left for support in mined-out

the maximum
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14* 1. > mdireclly \ia a spacer 254, as shown h> jacks
14* (see MG 22)

When (he seam being mined ,s sery (link, (hen (he
working face 12 may he worked m steps 12 I. 12 2 and
12.3.

The spacing between layers of reinforcing mesh 32 is
given by Hi Here again, the strength of the mesh will
he determined by the horizontal component of the ver'i
cal loading which the mesh is expected to take when the
pillar is subjected to us vertical load The strength of
the mesh will he chosen with a suitable factor of safety
being taken into account, say, lLh

Referring now to MG 26 of the drawings, reference
numeral 260 indicates a Stress Strain or 1 oad Deforma
non curve which the layers of particulate material 54
with reinforcing material 32, are expected to lake as
they are loaded The pillar ISdesigned to lake an ulti
mate stress indicated by point A which ISappreciably
higher than the stress indicated by point Il and which
represents the stress or load which it ISexpected (from
the depth of working below surface) that the pillar will
ultimately have to lake In practice, the various layers
54 and reinforcing material 32 will be stressed by pre-
loading by abutment against the hanging wall IN to an
extent indicated by point C Thereafter the upper layer
134 in the form of grout is tamped or rammed in under
pressure in an endeavour to take the stress of the grout
also, up to a value indicated by point C All the layers
will then have been pre compressed, and upon the load
being taken subsequently, the initial strain I) will al
ready have been taken up and the minor amount of
strain F. is all that will take place in the pillar The
spacing between points C and R has been exaggerated in
the diagram, for clarity

It is. of course, possibl- for the pre-loading, to take
place to the same value as the sires H, or even slightly
beyond it, say. to a point C1 This will then ensure that
the particulate material in the pillar has been fully con-
solidated by being pre-loaded so as to ensure that the
load from the hanging wall will be taken with minimum
or no deflection or deformation of the pillar The de-
gree of deflection or deformation of the pillar under
pre-loading or precompression is expected to be about I
or 1/16 of the original height of the pillar

Referring tc FIG 27 of the drawings, a further possi-
bility suggests "self of preventing bursting of adjacent
pillars The arrangement shown in FIG 27 is believed
to he particularly useful in very thick scams which arc
being mined, say, from about 6 meters upw.s-ds If the
descent of the hanging wall INisaccurately predct-.mi
nable, ie it is known almost exactly how far it will
descend to the final settled position, then, by making use
of the toggle mechanism 270. the descent of the roof I*
can be transmitted to the post 272 which will then urge
the laterally extending posts 274 to abut against beams
276 to prevent outward bulging of the pillars 24

Referring to FIG 31 of the drawings, there is shown
a wire mesh material of elliptical section, hut which,
between adjacent wires, arc twisted to present the maxi
mum width as a greater depth It is believed that such
wires of elliptical section, when twisted r this fashion,
will provide increased grip and greater Inational resis-
tance to movement within the particulate backfill mate-
rial.

The invention accordingly extends also to a method
of mining coal in coal mines, which includes the step of
having the work face more advanced in some places
than it others, there being provided pillars extending
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huckw.irdly from ,i work space immediately behind the
work face, the leading ends of the jvilars being aligned
wdh those parts of the work face which are more ad-
vanced than the other parts of the work face

It will he realised that the length of various pillars
may vary depending upon working conditions, access
to workings for men. and movement of materials Th:
length of a pillar in a particular location nay accord-
ingly he as small as twice its width In another, more
remote, location it may extend continuously Where
pis able continuous jullars will he preferred because of
cost savings in not having to make off ends in a manner
similar to the sides

The step of consolidation of a layer of particulate
backfill, may include the use of cementing materials or
synthetic chemical materials to promote <ohexion in the
backfill

When formwork or temporary structures are used
while backfilling and consolidation of the parti.ulate

) backfill material is in progress, then such formwork and
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structures will he capable, where necessary, of resisting
all the pressures resulting from the construction of the
pillar

The slight camber which the platen 140 may have
(see FIG 19), will assist in providing good access for
effective grouting The grout layer 134 is intended to
nave the same width as the pillar and may hr con-
strained between removable forms, while setting Such
removable forms will exert pressure on the grout and
will prevent grout breaking out.

The width of the pillar, while depending upon the
thickness of the coal seam, the depth below the surface,
and the condition of the hanging wall, will also depend
upon the availability, quality, and nature of the backfill
The use of burnt ash and dolomite and limestone, be-
sides providing a crmentitiou* binding material in the
backfill, will also mitigate against corrosive attack of
reinforcing material in the pillar structure It will also
provide savings in the cost of the backfill

The vertical spacing between successive reinforcing
layers 32, will be the subj-ct of design by considering
the load which the piMar r expected to take, the nature
of the backfill, the cost of the reinforcing layers 32. and
the economic gam which is to be achieved by making
use of the pillar in winning material otherwise lost eco-
nomics Iy when left in situ for support The vertical
sjvacing between successive layers of lateral constraint
means will vary depending upon Us position in the pil-
lar

The pillars will he designed to lake loads which will
be less than those which will cause them to collajsse or
fail due to diagonal stress In other words the maximum
resistance of the pillar to diagonal leti'ile stress will be
above that imposed by the load which the pillar carries

The use of the mobile press reduces the degree of
deflection of the pillai under load to a minimum when
the pillar receives its full loading of the roof. Such mini
mum deflection also reduces to a minimum the subsi-
fence of strata and other movement

I' s believed that even if the loading on the pillar
inc.cases so Tha it fails under diagonal tension along the
planes 24? and 244. then the pilLr will yield gradually
and will .at fail by shattering as when brittle material
shatters under excessive compressive loads

This method of supporting a hanging wall according
to the invention, may be used advantageously by build-
ing pillars or running pillars according to the invention
between in situ pillars left for support in mined-out
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arc..s This makes possible the ecovery of coal from
such in situ pillars without increasing thj danger of the
hanging wall coming down The value of the coal to he
extracted will, of course, have to he balanced against
the cost of making such pillars, to ensure that it will be
economically possible to extract such coal

The particulate material used as a backfill in carrying
out this invention should preferably be strong and have
high inter particulate friction

I claim:

1 In mining, a method of supporting the hanging wall
which includes providing support pillais between the
hanging wall and the fool wall, by

building lower portions of the pillar to include partic-

ulate backfill material, and

using jacking means in clearance spaces above the

backfill and below the hanging wall to bear against
the hanging will to exert a downward pressure or
the particulate backfill material, thereby obtaining
consolidation of the backfill material in the lower
portions of the pillars

2 A method as claimed in i laim I, in which the hack
fill material is fine such that about half by mass would
pass a sieve ot 0.85 mm, and such that only 1% by mass
would he retained on a sieve si/c of () 76 mm

3 A method as claimed in claim 1 in which, after
consolidation of the backfill in the lower portion of a
pillar the clearance space r filled under pressure with
load-taking fill which thereby exerts a downward pres-
sure on this lower portion by hearing against the hang-
ing wall

4 A method as claimed
downward pressure exerted on a lower portion before

in claim I, in which the

filling of the clearance space, ,s at least 9/10 of the load
which the pillar is expected to take

5 A method as claimed in ¢ aim 4, in which the
downward pressure exerted on a Vwer portion before
filling of the clearance space takes place, is in excess of
the load which the pillar is expected to take

ft A met/iud as claimed in claim I in which the lower
portion of a pdl.ir is built un in layer of backfill with
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ig material at different
backfill in the lower portion

layers of rei elevations
between layers

7 A method asilaimed in claim 6 in which tne verli
cal spacing between layers of reinforcing material is at
the mvsl equal to one third the minimum cross sectional
dimension of the pillai

N A method as claimed in claim b, which includes
providing retaining walls on opposite sides of a pillar,
and m which ihe reinforcing material engages with the
retaining walls to constrain them against outward bulg-
ing

9 A method as claimed in claim 7. in which consoli-
dation of backfill material in a lower portion takes place
on one or more layers of backfill at a time

10 A method as claimed in claim 7, in which the
particulate backfill material is made up into the form of
gabions which compose the backfill n.atenal contained
in envelopes of reinforcing material, and in which the
lower portion of a pd'ar is built by laying the gabions in
layers

11 A method as claimed in claim 10. in which at least
some of the gabions are precompressed before being
laid

12 A method as claimed in claim I. in which rein
forcing material is provided in the backfill material in
the form of a slab, metal plate, fihrcglass or geotextile
cap, or the like, at a height which is at the most equal to
the minimum cross sectional dimension of the pdlar

13 A method as claimed in claim I in which a pillar
is reinforced against outward bulging under load, by
having beams on opposite sides extending generally
parallel to one andhcr, and by having tie members
passing transversely through the pillar and through the
beams, and placing lie tie members under stress,
lher:by tying the beams on opposite sides of the pillar
together

14 A method as claimed in claim 1), in which the lie
members arc in the form of bolts or steel wire ropes
which have been sheathed in outer protective sheaths

15 A method as claimed in claim 13, in v hich the lie
members are spaced along the length of the pillar at
intervals at the most equai to the minimum cross sec-
tional dimension of the pdlat



m 3P FINOT<

Support in shallow mines using horizontally

reinforced system s

by J.A. HAHN -
7 E. BLIGHT
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SYNOPSIS

Eng., B Sc. (Eng.). F.I.C.E., F.S.ALLC.Ey -
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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 k.n rasioneel
ontwerp word om n voorafbepaalde Ljlaaglas te d'l en toetse het getoon dat die ontwerpteone akkurate voorspel-
lings van die sterkte gee Die steunstelsel wat uit twee basiese stowwe. gewapende korrelnge materiaal en gewapen-
de gesementeerde materiaal, bestaan, is buigsaam en kan verander word om wisselende hoogte- of lasvereistes te pis.

Die stelsel v-.n worbelasting tot by die ontwerplas deur die dak op te jomkrag verseker dat die wande stewig en

genroeftoets is.

Introduction

Inshallou mines, the replacement of pillars by artificial
supports could permit complete extraction of the aeani
being mined. Almost extraction is
hut

methods can cause severe settlement of the surface and

complete now

achieved by stooping or by long walling, these
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, powerlines,
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 optunize
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

vstems can lie designed to achieve these objectives

ationally and economically In addition, artificial roof
support would be valuable where a sequence of several
seams is available for mining W ithout such support, t’.e
lower seams in a sequence cannot lie extracted totally
until mining of the upper seams has Isen completed.
This paper proposes a system ofsupport 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 sitru, horizontally rei xforced granular materials,
and the

elements.

other wusing reinforced precast cemented

A list of the symbols and terms used is given at the
end of the paper.
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Support Requirements in Shallow M ines
of this paper, a
defined as one in which the lateral extent of the workings
with their depth the
surface. For such a mine, the support must be competent
load
surface is to be avoided. The geometry of the situation

For the purposes shallow mine is

is large in comparison below

to arry the full overburden if settlement of the

is illustrated in Fig 1

|

overburden density
=p = S
-71 bord 1111, ¢t hord
Fig. I—The geometry of bordi and pillars
If a« is the stress required to lie carried by the , U
or pillars, then, for parallel walls,
z(6-f-s
Y (b ) yz(l +»/&)
orofyz = 1-sb. . . . . lla)
For square pillars on a square grid,
< YL+ jle),
0T 0/YZ = (14 S/ 0) et (lb)

Relationships (la) and (Ib) are illustrated graphically in
Fig. 2.

In addition to pillars or walls that arestrong enough
in compression to carry the overburdeni >ad, the follow -
ing requirements must also be met.
the

to cause a danger <t

(a) The stress a applied by the supports to root

floor must not be so high as
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pillars

o/Y r

s/b

Fig. 2—The relationship between pillir stress overburden,
o/yz,* and bord span pillar width, i b, (or pillars and walls

punching failure of th» roof or floor.

(h) The roof must be capable of spanning between the

supports without any danger of bending tensile
failure.

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

F ailure surfaces

qener/itcd in punch ingq

failure

D istributed

(b)

E quivalent

moments in the roof and the distribution of load

in supports. The compression must be small enough

for requirement* (a) and (b) above to continue to
be L'et.

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

Requirements (a) and (6) arc largely site specific since

roof and floor

they depend on the properties of the

material. Requirement (c) is partly a property of the
pillars and will lie examined in more detail.
Fig 1l(a)

shallow mine adjacent to a working face. The roof ran lie

shows % typical cross section through a
regarded as the equivalent beam illustrated in Fig 3(b),
which has an equivalent fixed support at some distance
behind the fare

to lie 6/2 The roof carries a distributed load in Ilending

In this analysis, the distance is assumed

that will not Ik- uniform, but will lie concentrated over
the supfiorta and less at midspan

Suppose that, as shown in Fig 4, the reinforced wall
supporting the roof at B compresses by an a aount A
relative to the coal support at C. If the tan”.nts to the

roof beam at B and C remain horizontal (whi would

worst moments = ill be
These

reaction* X to Dbe

represent the conditions),

beam as shown. two clockwise

additional

generated at the supports, the total reaction at C l*eing

induced in the

moments will cause

increased by sr while that at II is reduced by an equal
amount.

In terms of the dimensions of Fig 4,

(at+6)°
2.0/ 12AX/
«(& " t61

is the elastic modulus of the roof Is-am and

and fr (2b)

in whi.'h K

E quivalent roof beam
Wor.Kinq Face
load
Fixcd
support
Roof Beam

Fif. —Support requirements In « shallow mine
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H

4 Deflectrd 'shape resulting from relative compression
of wall and abutment

of its cross-section.
It the dejth ot the roof heam is &,

! is the second moment of

,» per unit width of roof

and R ¢ A/\(jg)s

or A - F (2¢)
*he increase in tensile bending stress at H will Ik-
- V2 3ANS
MW 3

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

R will carry (II" R)
and C will carry (w f ?)
It A, isthe compression modulus of the wall and Acthat

of the coal, the differential compressive strain between
B and C will be

(IF =*A) R w R (1 I\ A
A TS
where the height of the coal seam is //

The corresponding expression for an equivalent Isinl-
and pillar operation would lie

w1 R
~~bET
1 ilF j f6) R _gst+fc . 11
S Gy oy T “b)
1 \ the differential compression would result from

suiidividing a continuous wall of coal of width 4 into a
series of pillars measuring b by » jnd Qapart.

Some numerical examples of tne above expressions are
in the Addendum. It is that the
simplified approach set out above will give an entirely
accurate representation f - stresses set up in the roof

given not claimed

and coal abutments. However, the expressions enable the
effect, to tie assess- u of varying the sfian and width of the
reinforced walls, the wall stiffness, etc.

Horizontal Reinforcing for Granular M aterial

The

materials is to develop a horizontal confining stress. The

effect of horizontal reinforcing on granular
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 reinfor ting
As Fig. 5

diagram, the stress path Od of the granular material will

indicates, on the Mohr diagram or the p-+j
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lillow the failure Inn for the .imtmiml. (In the stress [|ialli,
a represents the point .it whi. 1 the liori/.ontnl reinforce-
ment reaches its yield sire Al this stage the vertical
stress « will lie related to the horizontal stress oj, hy the

relationship

v = Apo*, (>a)
wh« re
1 +sin” A
(lli“ - A .. . (fib)
I—sin
and is the angle of shearing resistance of the granular
material (in Fig fi, sin0 tan<g).
Hir envelopt
q- liei «
hor yart «dty \e inforred

poe 11 1

Fig. $—Stress pat i for reinforced granular material

Equating the tc wion in the. horizontal reinforcing to

the compression 1l the granular material,

v>*-4e nhMm—4%*)
°r - - <6)
Hence
<Z - tZmas Y s (6b)
If 4 * is small compared with 4 m,
L= K P oYW P (6C)
The strength of a horizontally reinforced granular

material is thus directly proportional to the reinfo.cing

ratio p and the yield stress of the reinforcing oyil

Bond of Reinforcing to Reinforced M aterial

When a material is reinforced, the tension developed
in the reinforcing depends on stress transfer by bond
between the reinforcing and the reinforced material. The
mechanism of bond development is more conveniently

demonstrated in the case of a granular m aterial, although

a similar mechanism applies in the case of cemented
materials The mechanism of bond development is
illustrated in Fig ti.

, Bond by
resistance to
penetration

A m  °yRAR

Bond by

trlctton Rigid connection

between wires

Fig. 4—Mechanism of bond development In reinforced granu-
lar material
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The- iiveragt: liund stress transmitted to ,i rcinfori'iiig

wire over a length x L> friction is
'(, + -Lj.tan”/)]|
in xrhich the diameter of the « ire is &.

The best form of Iirizontal reinforeiitg consists of u
system ofcthogonal wires rigidly bonded to each other
at points where they cross. Readily available systems
consist of either square or rectangular uelded mesh or
twisted diamond mesh. The wires that run at an angle
to the direction of tension under consideration contribute
considerably to the bond because they must penectrate
the reinforced material Is-fore the wire can slip relative
to the If the
system are spaced 7 apart, the load transferred through

these wires in length x will be a minimum of

m aterial. bond wires

in an orthogonal

4 Cdctan™l
T nd h

in which d is the diameter of the bond wires and A the
spacing of the main tension wires. Full bond resistance

d the wire is therefore developed in a length x given by

nDI

Tk
ad4
4illcp

Lo v ir/)1 Oyi/o Rl

jrDd + -[gﬂtanA 4 w—(-g~+ 2tan<’)
n t n

£tan™ir/)x 8tan") A x,

The value of x is astonishingly small. For example,

if a = 5 MPa Jyn = 600 MPa
/) =d=2,5mm A -35
A * Z—25mm tan” 0,7,
then x — 98 mm.

Fig. 7 illustrates the results of testa on reinforced walls
that were designed to investigate the validity ofequation
(7). Fig. 7(a) shows the stress at failure in a series of tests
on walls in which the number of bond wires at each side
of the. wall was increased progressively from zero. The
icing of the bond wires was 12,5 mmand thetheoreti-

bond fullbond could
theoretically tie 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

cal length wits 60 mm ;hence,

compression at failure was reasonably constant at 15 to
16 per cent provided the requirements for full bond were
satisfied. W here insufficient bond length was provided,
the compression at failure increased enormously. Her ¢

again, the validity of equation (7) is established.

Horizontal Reinforcing for Cemented M aterial

It is often observed that brittle materials such as rock,

unreinforccd concrete and brickwork tail

in uniaxial
compression by splitt mgpaiallel to the direction ofstress.
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.
and lateral strains in the

Before failure, the wvertical

280 OCTOBER 1M2

1
AN

J
0
0o »
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12 15
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Fig. 7—Investigation of bond length requirements for rein-
forced granular material

material under a stress a« are given by

-- \Cr—n, «h = G (8)

(a negative sign denotes compression), where £ m 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,

$ =

The failure strain in tension, however, is also about one-
tenth of That in compression for most brittle or cemented
materials. Hence, failure by horizontal tension cither
coincides with or precedes failure by vertical compres-
sion. It is fairly obvious that it should tie pos-.il,le to
increase the compressive strength of these materials by
the tensile

restraining lateral

strain using horizontal
reinforcing
Suppose that the introduction of area .1H ot horizontal

reinforcing having a Young's modulus
The

reduces the

lateral strain under « to a value stress in the
reinforcing will then lo

For horizontal equilibrium, the tensile force induced in
the reinforcing must lie balanced by a compressive force

in the cemented material, i.e.

h”g.-t, = (th — «b)E'm(-dm — X*).

va(A i - A,
b = " ) ©)

Hence,

As a is increased, <b will increase until it reaches a

limiting value, at which the cemented material will fail
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by vertical splitting. For brittle materials such as

concrete and bri'-k, the limiting value of <" is
-00+ I0~*.

about
At that stage, « will reach a maximum value,

the compressive Uiltire stress for the reinforced m aterial.

In the limit,
_ oo "max (4 m 1«1
2= 200 K r i a1, 10
or
200 10 «(f.A, + *m- An))

m —-Ta)
If ~t, is small in comparison with 4 m (typically atuiut I

[xu" cent of .4m),

200 10-* (F,.4, + EmA m)

%
®roa* vAm . (10 )
When the ratios p — A4 n/A4m and n Et/Em are
introduced and v —0,!,
»max = 2000-I0~*Em (a p + 1) (1ID)
or
"mu/Em = 2000-10 «(* *+ 1) e, (I1a)

ite tiiet, ifp tends to zero, <m*a tends to 2000 10 *E m,
which

unreinforced cemented material.

approximates the crushing strength of the
Equation (II)
the

Fig 8 shows typical

repre-

sents a family of straight lines relating ratio

t> p for given values of a
relationships between

and p for a range of

values of a.

E, 4000

3000

2000

0 of
pm

Fig. $—Graphical repreientation of the equation for the

strength of reinforced brittle material

0.02

Design of Walls or Pillars of Reinforced Granular
M aterial

Granular materials are reinforced with layers of steel

mesh placed at a vertical spacing v. If Ais the horizontal

spacing of the wires in the mesh and .4, is the cross-
sectional area of each wire, it follows that
X,
P -
and equation (fic) becomes
ciio=
plya fii = 10, (12)

where E is the factor of safety on the design stress <.
For selected steel quality ami mesh dimensions, v can
be calculated; alternatively, for a selected t> a suitable
mesh can be selected.
The properties

m aterials

of horizontally reinforced granular

have been extensively investigated in both

JOURNAL OF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY

model scale and full-scale tests Fig 9 shows a compari-
son lietwcen o calculated from equation 112) and corres-
ponding measured values. It will !>e seen that there is
generally an excellent correlation between the calculated
and the measured values. Some tests show a measured a
that is than the

However, there is a valid explanation for each of these

considerably less calculated wvalue.
understrength failures. Test 7, for instance, featured a
the

esistance on the

wall reinforced with woven steel mesh in which

contribution to bond from horizontal
bond wires was small. Faduu resulted from bond failure,
and the bond wires that should have provided the bond
slid across the main tensile reinforcing wirer. In contrast,
Test 8 featured a wall reinforced w'th identical woven
mesh (although at a different vertie*.) spacing) in which
the nodes were tied with wire. This specimen developed
the necessary bond and tailed in accordance with the

calculated stress

1

07

oairi uxrru  *n

Fig. t—Helatlon«hlp between calculate' and measured
strengths of walls built of horiiontally reinforced granular
material

.0 to

in whi L. all

Tests Al, A2, and A3 (Figs.
of three
designed to

12) represent the

walls were
different

results tests three

the but
combinations of 4 * wy* v, and Vweie used.
10 to

or pillars of horizontally

hav same str. ngth,

Figs 12 illustrate an important feature of walls
reinforced granular material.
Each of these walls was designed to haze a factor of
safety of 1,6 on a design vertical stress ¢f 2,39 MPa. The
loaded to load, then
unloaded and reloaded to failure. The compres

sion curve for the first loading indicates a low compres-

walls were the design and were

stress

sion modulus in each case. However, the reloading curve
the

diagrams

is considerably steeper, and
These

intended to use the walls of reinforced granular material

reloading modulus is

much higher. illustrate how it is

in practice A fter building the walls in sitru, they will be
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DESIGN STRESS 2,S iMI-i

4,19 MPa 14,20 MPa predicted)

Reloading Modulus

2S54MPa

3.0
2.5
2.0
1.0
0.5
0

0 2 3 4 6 7

COMPRESSION

LAYER THICKNESS 50mm

a 9 10 1

IN PER CENT

Fig. IX' -Stress-compretsion curve for a wall of horizontally reinforced ash (Wall Al in Fig. 1)

DESIGN STRESS .,6JMPi
z

w

BL

n

&

d

0 I 2 3 4 6 7

Reloading Modulus

3,2 7NPa (4,20NPa
predict e<ll
50 x 50 x 3,18mmjhESH *« tOOMPa

LAYER THICKNESS 80mm

8 1 10 n » 13

COMPRES5SJON IN PER CENT

Fig. II -Stress-compressian curve for z wall of horizontally reinforced ash (Wall A2 In Fig. 9)

precompressed and teat-loaded to

the design load by
jacking off the roof. The apace 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
rooftends to sag. the wall will lie recompre.uK d along the
back to the load 1 he
support system thus created will he Loth relatively stiff

and pretested to the d isign load.

recompression curve design

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

232 OCTOBER 1982

The scatter of results is caused mainly by variations in
the characteristics of the granular materials used. The
upper hand of results relates to wa'ls built of a highly
frictional weathered quartzite sand. Test 3 featured a
wall hiilt of the same sand, but compacted at a water
content dry ofthe optimum forcompaction and therefore
in a more compressible state. However, as shown in Fig.
9, the strength of the wall was not affected. The lower
hand 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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4 .86MP.1
(4 ,61MPa predicted).

DESIGN STRESS 2,63MPa

Reloading Modulus
328MPa

LAYER THICKNESS SOmm

COMPRESSION IN Vt R Ci-NT

Fig. 12—Stren-compreision curve for i wall of horizontally reinforced ath (Wall A3 in Fig. 1)

1200
1000
800
Walls of
Quartzite
é 600 sand
2
400
1 A3
u
a
200
0 1 2 3 4 5 6 7 8 9 10

WALL STRENGTH MPA

Fig II-—Relationship between wall strength and compression modulus on reloading for walls of horizontally
reinforced granular material
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and Id were obtained in
IOtMt m n\ in width
and from 850 to 1500 mm in length. There appears to lie

The results shown in Figs.
tests on walls ranging from 300 to

no scale effect in this size range, ami it is expected that
the results will lie valid in the prototype size range of

widths from 1500 to 2500 mm

Failure Mechanism of Reinforced Granular W alls

As the design
walls fail when the

theory indicates, reinforced granular

tensile strength of the horizontal
reinforcing is reached. W hen this occurs, the reinforcing
wires fracture and the granular material shears along
f<€ 2) to

the direction of the major principal stress (which is the

diagonal planes inclined at approximately (t.1

vertical stress)
14 and

which the reinforcing wires fractured in two test walls

Figs. 15 illustrate, the observed positions at

Fig. 14 illustrates a case in which multiple fractures of
the reinforcing occurred, defining a system of multiple
the
Thu mean angle
<)
15 shows the observed positions

shear planes inclined at a mean angle of 2G” to
direction of the major principal stress
orresponds exactly 'a the theoretical angle (45°
inr the fiil material. Fig
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 < 2) to the vertical

Theoretically, it is possible for an infinite numie-r of
shear planes to develop m 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
the limited height to width of the

prevents shear planes from developing fully except in

and ratio walls

the diagonal 'corner to corner position illustrated in
Figs 14 and 15.
Following on this observation, it appeared that it
F----- at—
—
|l x |l

VWD BID \

Fig. 14—Petition! of tensile failures in the reinforcing of a
horizontally reinforced wall of granular material — multiple
shear planes
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HUM IRCISO - 180 1 * 01 *M<iNO KLiM

O.IHJH mi¥ eiat

-y

4/-

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

might Ik- 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
the third
points of its height, which subdivided it into three short

diaphragms of heavy reinforcing mesh at
sub walls. However, the strength of this wall (10 in Fig.
I>) wits no greater than that of corresponding unstiffencd
walls.

11 and
alter liemg tested to maximum load and a sheet of mesh
the had been dis-
mantled. It should lie noted that the only sign of distress

Figs 17 show, respectively, a reinforced wall

reinforcement from wall after it

shown by the failed wall is a slight bulging of the sides,

and that the double tensile failure of the transverse

reinforcing wire 1is consistent with the observations

summarized in Fig 14

Fig. 14—Appearance of a large-scale model wall after being
tested to maximum load

JOURNAL OF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY



Zj

[ T 1,
e11iBieM 1
E3B

Fij. 17 -Appramnte of « iheet of meih reinforcing after teit.
Note the double tensile failure of the transverse reinforcing
wires

Design of W alls or Pillars of Reinforced Cemented
M aterial

IThe most iorven ent 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 lie of burnt clay, precast concrete, cemented mine

waste, cemented bottom ash, etc If the vertical spacing

of the joints is e and tin horizontal spacing of the
r< forcing is A
ffima* = 20t*)10-*y?mf-{j5- + 1j (lib)

It a vertical tress <isrequired to be curried with a factor
then the <<rresponding <il,
A<

The most efficient form of reinforcing is welded steel

of safety F, is given by

(Tmax

square mesh. For a selected steel mesh and the cemented
material that is to lie used a, ,-Ir, and A are known and
hence the value of v that corresponds to the required
(zmax can be calculated Alternatively, a convenient value
of v can lie selected biased 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
the
have been performed on

mesh reinforcing located in horizontal joints. A

number of tests small piers
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the other
Tlic bulk of the
'sandwiches'’

.mil consisting of single bricks laid one uhovi
lifd led in
testing,

and sand ccjuelit mortar

however, has been on brick con-
sisting of two bricks with reinforcing in the mortar bed
These

soft board end pieces to eliminate

between them. 'sandwiches' were compressed

between stress con-
centrations on the ends and to reduce frictional restraint
from the platens of the testing machine. All the speci-
mens were tested sfter being cured in air for 28 days.
Kig.

similar in form to the predictions of Fig 8.

18 shows the experimental results, which are very

1477 -.

Fig IS Obierve<< itrength characteriitics of horizontally
reinforced brittle materials

W alls of Cemented Horizontally Reinforced

(Iranular M aterial

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

Fig 1I!) compares the stress compression curve for a
bud
with tbat ofa similar wall built of horizontally reinforced
The
incorporated 5 per
Both walls
pressed. The uncemented wall was then tested to failure

wall of horizontally reinforced granular material

cemented granular material. walls identical
that the fill of one

ordinary Portland cement.

were
except cent

were precom -

The. cemented wall was wrapped in plastic sheeting to
ial in its moisture, and was cured for 25 days liefore
I#mg tested to failure.

The of the

was about twice that, of the uncemented wall, while the

precompression modulus cemented wall
failure stress was I Il tones os large. A fter the cemented
wall had failed, its strength dropped to approxir ely
that of the uncemented wall, indicating that, once the

cementation bonds between the granular particles hod

failed, the wall behaved like a wall of uncemented
granular material.
Fig. 11) illustrates another feature of horizontally
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1'S- ¥ -Comparison of itreis-compreiiion turves for horl-
i.intally reinforced walls of cemented and i-ncemei.ted gran-
ular material

the fact that, once the failure load has
load (The
stress-com pression curves for the
walls shown in Figs 10 to 12 represents n delilieratc
unloading.) Hence, walls of this type ire inherently safe

ivioforced walls

lieen passed, the wall continues to carry

termination of the

Relationship between I o.id anti M ass of Reinforcing

The load per unit length carried by a horizontally
reinforced granular wall of breadth 6 sup|x>rting spans s

(see Fig 1) is given by
Ac
w F,A (13s)
Ae-6

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

ing per unit area of the side area of the wall, per
unit length of wall As the factor A’,,</>, >s constant 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 proper
tional to the load
A given load can lie supported by one of the following:
(a) a wide wall with a small reinforcing ratio A Jvh,
(0) a narrow wall with a large reinforcing ratio; or
(¢) a narrower wall with a smaller reinforcing ratio,
but
higher yield stress.
Hence, the economics of wall building can be adjusted
to suit the quality (k?) and cost of placing the granular
fill, and the quality (<ry,) and cost of the reinforcing.
Forawallofhorizontally reinforced cemented m aterial,

the load carried by a wall of breadth » supporting spans t

in combination with reinforcing having a

is given by

IF
2000 10-*64, -(—"4 £-+ 1)
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.1.6
r<'j)rt'stTils the volume (<r the inas*) of the rein

forcing per unit of side area of the wall, 'be load carried

is now .i linear function of the reinforcing ratio and the

breadth of the wall.

Durability of Wall M aterials

The durability of wa'ls built with slabs of reinforced
cemented material should not Is* inferior to the well-tried
durability of reinforced concrete

The durability of »malls of reinforced granular material
depends largely on the durability of the steel reinforce-
ment For this reason, the properties of the granular till
should be such that no corrosion will lie induced in the

steel It may lie necessary, for instance to reject fill

containing cliloridt or sulphates. Alterna'ively, lime or

cement may lie added to the till (at additional cost) to

create a high pH environment for the steel and thus
inhibit corrosion.
Proposed Underground Trial
\s a sequel to the lalxiratoiy programme and the

concurrent development of a design theory, preparations
are being made foi tests on the system underground. It is
planned to build a series of walls in a section of No 5

and to subject

Seam
the walls to the full load of the overburdtn. The design,

layout, and performance of the walls will lie officially

in an eastern Transvaal colliery,

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

hLAHS OR GUNITE

rux>*

L—

Fig. 20 A typical crois-iettion of a reinforced wall

(Irnnuilir Mattrial

The foil, wing potential fill materials were used in the
sand, weathered
quartzite ash.
and environmental reasons, it wits decided that power-
station bottom ash is the most appropriate material for

laboratory trials: washed concrete

sand, and power station For economic

the trial section since it is produced in vast quantities

at a nearby power station W eathered quartzite sand
may also lie 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
into corrosion will

programme of research long term

continue.
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Ijilmrutory trials haw min that the prime function
of these elements is to retain the till at the edges of the
wall, and that they do not need to resist I.'era! forces <l
any magnitude The elements require to lie compressible
so that they are aide to deflect under precompression.

Woven polypropylene tula s tilled with the same granu
lar material as will tie used in the main till adequately
fulfil the function of side retaiiunent.
Slab.i

These units will comprise a mixture of ash and <count
with reinforcing of mild steel mesh. Sand >r stone
aggregate aill be added to the mix if required.
In Situ Uunitrd Concrefr

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

A grout of ash, sand tnd cement « ill prove suitable
Steel Reinforcement

This uill comprise a welded mild steel mesh fabric as

foxrad wi r¥y eeJtruction

FIf 21 The propotrd welded mild-steel mesh

@i length t( wall

si ivvn in Fig 21. Steel ri iufon enieiit 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
this

principal construction operations envisaged in

system are

|i) procurement, placing, and compaction of backfill,

lu) fixmg of reinforcement,

(in) ti*mg of side retaining elements,

(iv) precompressmn ofthe reinforced gi.titular material
to its design load by jacking,

(v) placing of preeast slabs or wedqes, and

(vi) linal grouting (if wedges are not used).

The trial section underground will occupy a total area

1 ha. and the to develop

The experience thus gained will

of atsnit trial will la* used
construction methods
give a lead to the methods to Ik* employed for future
large-set.le construction

A sell propelled jacking unit that has been designed
and built for the trial is shown in Fig. 22 The possibility
hydraulic

of adopting pneumatic or placing methixis

involvii g special equipment is also liemg investigated.
For the rest, standard mniing and construction equip-
ment w,ll lie used to carry out the various operations.
Power station bottom ash will Ik transnorted by road
to the

diameter borehole, and then placed and compacted in

mine, conveyed underground through a widc-

Fig. 22 —The self-propelled (aching unit designed and built for the p. compression ofreinforced wall
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4/-:

Ihr till
chrnpvr mctliiKl of transport

Liryi
for the fill. A l.ydraulic

pipeline may xvvll I>f ustd.

Analysis of Costs

At this stage it is not possible to predict the total costs

of wall building very accurately. Nevertheless, an

attem pt has been made in th- analysis to arrive at an

order of magnitude cost and to relate this to the cost
and profit per ton of coal extracted
Complete Ertraction in One Operation
W here coal is completely extracted in one operation
using reinforced walls for roof supports, the costs will he
as follows, if M is the cost of mining in rands per ton '-r
coal, § the selling price in the same units, and <’ the rust
Then,
the cost of wall building per ton of coal mined, i.e the

walls, \ill  be

<f wall building in rends per cubic metre of wall

cost of replacing coal pillars bv

in " hich V, is the volume of walls supporting the space
ci ed by extracting an in situ volume 1°cof coal and
p is the mass per unit volume of the tn siru coal
ye
If a , then, for a system of parallel walls of
V m

width tr supporting spans § of roof,

d » #

e 1 T (H)

Hence the profit per ton mined will tie

n =

Pt S —fl + [T (15)
and the total profit from m rung !'c of coal will be
f>pI
Now consider a conventional bord and pillar ojiera-
tion in which the extraction ratio is e,:
(s 4- 6 — 6% (6)*
! . ) (1«)
(« + 6) (14 6
The profit per ton milled will lie
s I,

but

coal will be

total profit from the same original volume 1’cof

*EVep Pt
Hence, the additional profit from complete extraction

using reinforced walls will IN:

VeP (f\ — 'x7Ni) — A —#)s ~ -Hi ~ ~1<

eud the additional profit per ton mined will In
n
AP =(1I

AP
($-M)

PGS 1) —

ap

percentage additional profit result-

ing from complete extraction.

[1™ . 1 .
Hie relationship defined by equation (17) is presented

23fa for of a 4
>= 1,55 t/m 3and various extraction ratios, et

graphically in Fig. values and
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Jo
2
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0
0
o, Ibl
40
100
Ts-sl *

Fig. 23 Cost and profit relationships for mining with rein-
forced wall support

s

The
the cost of wall building in relation to the price difference
(8 M) Current costs are such that C/(S —,V) is in the

region of 175 to 200 per cent. The major component of

additional profit is clearly heavily dependent on

C is the cost of steel reinforcing, which can be expected
to In: less for large scale operations, lowering (?/( ,— M)
175 jnt rent

would become attractive only in situations

to less than Hence, the proposed method
where the
extraction ratio by conventional bord and pillar methods
is less than fit) per cent. The proposed method would also
become more attractive for higher priced products,
namely export coal.
Secondary Pillar Fitmetion

The cost of wall building per ton of mineable coal, ie.

INT ton ofcoal in pillars, is

C
(1—<i)<ip
Hence, the profit per ton mined will IN
C
(18)
(I —fx)<*P

and the total profit from extracting the pillars will Im
(1 f«)i’rp/,3
The profit from pillar extraction as a proportion of the
profit from a conventional bord and pillar operation is
given by

———;1{;):; m 100 (19)
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Tins rvliiiions' is shown gralihiially in Fig. 2H(lt) for
in Fig. 23(a).

Filiation (I!)) is valid provided the cost of secondary

the sium- vnliif-s of «, p, and <\ as used

mining using walls can lie equated to that of mining

using hord and pillar methods
Fig. 23(h) shows that extraction using wall building

becomes attractive only when the primary extraction

ratio is less than tit) per cent and when C/(.S M) is in

the range 175 to 200 per cent It becomes progressively

more viable as the ratio (’/(S' .V) or the primary
extraction ratio becomes less.
Conclusion
The tests showed that a system can lie designed

rationally to support a predetermined overburden load,
and that the design theory gives accurate predictions of
The

m aterial and reinforced cemented material is flexible md

strength. support system of reinforced granular
can be varied to suit different heights and loads

The sys'em of preloading to the design load by jacking
off the roof ensured thet the walls were both stiff and
wroof-tested.

A study of the economics of the system shows that it
can lie used profitably provided the cost of wall building
Economies of scale would
the

rein-

lies within definable limits.
reductions in
the steel

probably bring about significant

expected cost, specifically in regard to

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 ’he surface environment and
that it effectively increases the coal reserves of a region
by freeing coal for exploitation that would otherwise lie
sterilized.

Finally, the utilization as ha Khll 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

Addendum: Examples of Roof Stresso.-

In these examples of roof stresses generated

differential compression lictween parallel reinforced wall

and coal, the following typical values are taken.

W
5 MPa 6 = 2m /Il —2m
Ec 3 GPa E = 5GPa.
Calculated values of H, A, and as corresponding to .

above for a small range of values of S, and E » are
given in T .ble I The last line of the table represents the
effect
which 6 s 5 m.
Table I shows that
most sensitive to the stiffness of the reinforced walls and

the flexibility of the roof beam. W all stiffness can I¥

of an equivalent hord and pillar operation b

bending stresses in the. roof arc

optimize ' by the use of good quality granular material

TABLE 1
CALCCI ATrn VALUES
* a H A <4
MN [*ir
m m OPa rn width m -10-* MPr.
S 2 1 1,01 9.65 5.30
8 23 1 1,75 7.67 3,87
4 2 1 1.48 9.02 6,68
8 1.5 1 0.40 9,39 431
5 2 15 0.70 3.97 3,60
6 L5 15 0.31 6,35 2.91
5 2 3 0,36 3,09 1,89
it 2 3 0,063 1,63 0.to
(see Fig. 13), while it appears that, under certain
conditions, it may be possibl* to control roof I xibility

hy rock bolting to a -arefully predetermined height
almve 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.

List of Symbols and Definition of Term s

completely original and there are no references to
i .ted work.
Symbol Unit
(with or
without
subscript)
cr megapascal (MPa)

kilonewrton/(metre )*(kN/m *)

metre (m)

o <

metre (m)

metre (a)
dimensionlcss fraction
gigapascal (GPa)

(metre)* (m*)

~N o~ S

K dimensionlcss
* angle (°)
¢ angle (°)
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h'rpbinntinn

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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Symbol
(with or

without

Unil

'ith iript)

(metre)' (nr)
(in)
(m)
(m)
(m)
(m)

dimeiLsionlcsi

metre
metre
metre
metre

metre

dimcnsionless
dimensionless
dimcnsionless
kilonew ton/m etre (kN in)
dimensionless
rand/ton (R/T)
rand/ton (R/T)
rand/tmetre)3 (R in3)
(metre)3 (m3)

i'c (m etre)3 (m3)
ton/(metre)3 (T, m3)

a dimensionless

o~ N
ﬁhxwﬁl:m'u‘:/\b o

te metre (m)

rand/ton (R/T)
e. dimensionless
rand/ton (R/T)
rand/ton (R/T)
randy ton (R/T)
H metre (m)

Refining processes

The Gesellschaft Deutscher Metsllhutten- und It rg
the
London, \nll 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 | wiios and non members

leute and Institution of Mining and Metallurgy,

are equally welcome to attend the symposium and to
P ‘nt 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 3<X) words) of pajiers, and will
select alxiut 20 papers at the

for presentation sym -

Explanation

Area

Diameter of reinforcing
Distance

Spacing of reinforcing

Diainet. r 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

(’ost of building reinforced wall
Volume of reinforced wall
Volume of coal in silu

Unit mass

rc/v.

Wall width

Profit from total extraction using walls

a —

Extraction ratio

Profit from conventional I»ord and pillar mining
A dditional profit

Profit from extracting pillars using walls
Thickness of coal seam

posium and for publication as preprnts, which will be
distributed to registrants at the symposium. Abstracts

in kJnglish or German should be sent liefore Ist Decem-

ber, 1982, to the Secretary, Gesellschaft Deutscher
M etallhiitten- und Itergleute, P.O.B. 219, D 3392
Clausthal Zellerfeld, Federal Republic of Germany.

Complete manuscripts of the papers
1983.
the technical sessions,

selected must be
submitted before 1st June,
In addition to which will lie

conducted in Kngiish 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 he given in the Second
Circular, which will include a registration form. Copies
will lie 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-
A frikaanse Akademie vir W etenakap en Kuns. The

award was made at the Rand A frikaans University on
the 24th of June, 1982.
He has already received several aw ards of this kind, as

OCTOBER 1982

detailed in 'Spotlight on geostatistics - Professor D. G.
by A N. Hrown, published in the
November 1981 issue of this /ouruoT At present Profes-
sor Krige holds the Chair of Mineral Economics at the
University of the W itwatererand.

Krige' which was
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Discussion: Support in shallow mines using
horizontally reinforced systems"

Contribution by M. D. G. SALAMON(f

The

branch of engineering

tirst of a

i>iij>er 1>y inemlI>ein of another
in the Journal, especially when
the contribution is in my
Also, the. notion of using horizontally

reinforced artificial pillars to Mipport tabular exc tvations

iehl of interest, tills me with
anticipation.

undoubtedly justifies attention It is disapp-unting in
view of these factors that the and data
presented in the paper do not vindicate the <ouclusions
offered

The authors assert, if 1 interpret the implications ot
that the support
ready for a full-scale underground
trial. However, in my opinion, so mm h ofthe mechanism
of the system has

arguments

their statements correctly, proposed

system is safe and
lieen left unexplored that no firm
conclusion can lie drawn at this stage. Furthermore, 1do
not believe that a field initiated
first obtaining the

additional theoretical and laboratory studies

trial can I>e safely

without and analysing results of
To substantiate these remarks, I touch upon a numtier
of aspects of the paper
Rock and Support Peformation
Little attention is devoted in the paper to the defor-
mation of the supports and of the surrounding rock mass.
On p 278 an elementary analysis of the ‘equivalent f'xif
Is am is introduci d. It is apparent from the Addendum
(p. 2X9) that the authors visualize the depth of the roof
1.5 to 2,0 m This view of the
fieam and the relevant analysis are unacceptable over-

licam as approximately
simplifications. In practice, the support and the strata
aliove and below the seam all participate in the deforma
tion mechanism1-1. The simple licam theory is incapable
of describing tbis complex process.

The cost analysis presented by the authors suggests
that the use of artificial pillars in the ease of complete
extraction in ore operation would fie economic only if
the extraction ratio achieved by the conventional fiord
and pillar methods, is less than tk) per cent (p 288)
the procedure employed in
pillar design*-*, this requirement is satisfied ifthe working

height exceeds the height defined by the curve in Fig I

According to currently

This curve was calculated to exemplify representative
mining conditions. It would appear from this illustration
that, at shallow depths, ay under fit) m, artificial pillars
are economic only if the working height is substantial.
Assume that a thick seam of coal exists at a depth of

100 tn. According to Fig I. the use of artificial pillars at

this depth would break even at a working height of

about 3 m To give the artificial pillars a chance of

* Pupnr by J. A. Hahn. O. K Wight, anil L. Disim publi*hisl in
J.S. A/r. Inti Min MHaU., vol. M. On 1982. ,,p 277-290.
f Chamber of Minos Krwervh Organization, Carlow Homl,

Melville, Johannesburg 2<tl2.
(©1983.
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Board width - 6m
Safety factor « 1,6

Extraction ratio < 0.6

Extraction ratio > 0,6/

/]

to
Depth (ml

Fig. I Relationship between working height and depth for

40 per tent extraction

economic vuccesa, a working height of 4 m is postulated.
IT the Tion! width and safety factor arc left unaltered, the
procedure of pillar design for this geometry yields a
width of coal pillar of 11,9 m, which is equivalent to an
extraction of 55,7 per cent. It is estimated on the liasis
of some detailed theoretical workl'l and field observa-
tions1'l that the surface subsidence over these workings
would he in the region of 7 to 8 mm.

that
walls') of adequate

Postulate reinforced ash pillars (nh pillars or

strength can lie designed with a
cross sectional area to ensure that aliout 25 per cent of
the roof and floor is in contact with the new pi'lars The
use of ash is proposed because this is the material
favoured by the authors for the field trial f*. 287). The
ultimate load on these artificial pillars would lie four
times that of the vugin vertical stress, which is about
2,5 MPa at a depth of 100 m. Thus, the average pillai
load would tie about 10 MPa As the strength should not
lie less than the load, it follows from the data in Fig. 13
(p. 283) that the reloailing modulus of these ash pillars
would lie about 900 MPa. In practice, the modulus would
tie less than this value because of the compaction of the
top section of the pillars and imperfections in the under-
ground construction. A realistic estimate of the modulus
appears to lie about ttOO M ir. In these circumstances, the
ultimate convergence of the artificial pillars would be
about 70 mm and, as the surrounding strata also deform,
tho >itftace subsidence, which is a useful measure of the

formation caused by mining, would approach 100 mm.
ftus value is an order of magnitude greater than the

subsidence that would occur in conventional

pillar
mining.
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Tliv vflvcts iif a large inervav' .a displacement may lie
serious, regardless of whether eumplete extraetion in one
opi ration ui
The

secondary pillar extraction is practised
pillars would provide support to the
roof only attei eonsiderahie pillar convergence and rock
deformation Thus, support would
develop only at a considerable distance away from the
posdion where the artificial pillars are first called upon

to act as supports.

inueli sutler

maximum pillar

Would the roof strata fracture and
fail as a result ofa long, perhaps inadequately supported,
span ami large deflection? We do not know the answer to
that question

Strength of Reinforced ('rtitrnlrd Mntrrud

On pp. P80 and 2HI au attempt i~ made to derive a
strength formula for piilar- consisting of horizontally
reinforced cemenU-d material Tin
(Ida) is fundamentally flawed

The derivation of the formula

effect, i.e

n suiting expression

is based on Poiasons'
on the observation th"t most materials tend
to expand laterally owing to vertical pressure and that
the magnitude of this expansion for elastic materials is
determined by the Poisson’s ratio Of course, the rein-
forcement will resist this expansion and in the prove *
will provide some oonfmeincnt to the cemented material
This thought process leads to (9) on p 2Hd, wnivh is the
expression for the Ixith the
the reinforcement. At this
|>oint the authors sugg* st that as the vertical load on the
pillar increases, the tensile strain ‘will increase until it

lateral tensile strain in

cemented material and in

reaches a limiting value, at which the cemented material
will fad by vertical splitting For brittle matel!ials such
as concrete and brick
strain) is about 200 10
stantiate these statenn n!”

"The socalled limiting value of
tensile strain into (9) leads to the erroneous formula in
(Ida), where the strength, inverttly
proportional to the Poisson’s ratio If this formula were
correct, a pillar built from a material that has a Poisson’s
ratio of zero would have

the limiting value of (the tensile
No attempt is made to sub

substitution ot the

pillar i7m1,. is

infinite strength This is, of

course, impossible: a zero Poisson s rato would imply
the absence of lateral confinement, and hence no strength
enhancement would occur. In
strength of the pillar would lie equal to the uniaxial
compressive strength of the cemented material

It is simple to derive a strength

this

such a situation, the

“ormula that avoids
inconsistency and that is still based on Poisson’s

effect and on the assum ption ofelastic liechaviour by both

the cemented material and the reinforcement 'I hi--
model would have to satisfy the following criteria
(i) The tensile force exerted on the reinforcement
must lie in equilibrium with the compressive
forces of constraint to which the cemented
material is subjected.
(ii) The horizontal strain in the reinforcement must
be equal to that in the cemented material.
(iii) The strength of the pillar must satisfy the

Mohr-Coulomb
materials*:
<m=t"h+ <c. D

where oh and oc are the horizontal constraining

criterion for failure of brittle
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Modulus of cement
Modulus o* cemented motet ml
I*
?

Rolte of oreo of retnlortement to total oreo ¢ p

Fig. 2 Strength enhancement due to lateral reinforcement

RIS PILLARS
£is
0 ) QIS Qo
Poisson** tolto » V
Fig. 3 Influence of Foiison * ratio on the atrength of rein-

forced pillars

stress and uniaxial compressive strength of the
brittle material respectively, and & is a dimen-
sionless parameter in the region of f*for a variety
of brittle rocks.

These criteria, together with Hooke’s law, I,ad to the

following results for

artificial

pillars having a square
cross section:
fmax (1; P)y+ (1- e)&P
oc (1~"PH"(1 —e)ap—heap
and
AX
oe” (l-p)+ (l-e)op_" p ! PR YW
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where ijr is the tensile 'tre'> in the ivmforvement The
other notations are those nsed m the [KUHT The ex
pressions in (2) ami (3) .ire valid as amg as
I /N-HI -e)aj
r<po O M )] @

rap

The results corresponding to long rih pillars van he

obtained from those in (2)to (4) hv the inultiplieation of
factors (I ¢) and v wherever they occur by (1 *¢) ID
derive these latter results, plane strain conditions were
postulated. In Fig. 2 the strength of a rib pillar is plotted

j < a function of the

reinforcement area for various

values ofthe ratio of moduli These results do not appear
those depicted in Fig H of the

paper (p. 281). However, it m=important to note that the

to differ greatly from

strength is strongly dependent on the value of the
Poisson'a ratio and that it incrtasf* as the Poi son
ratio is Incrtastd (Fig. 3).

There are two criteria that must he satisfied if the

integrity of the artificial pillars is to he assured it i>
in (2) and the yield
the
.in lit/, respectively The
latter criterion is not mentioned in the paper in respect of

necessary for the pillar strength

strength of the reinforcement material to exceed

pillar load and the tensile sin

tilbl

Fointon's ratio « V

Fig. 4 Tensile In the reinforcement
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pillars constructed from cemented material. This is a
t that the tensile

stress in the reinforcement may well Iscome a critical

serious omission It is clear from Fig

condition for pillar soundness.
Eionnmir Em-iibiliti/

The authors concede on p. 288 that it is not possible
to predict the total costs of wall building very accura-
tely’

That is understandable at this staire It is of ureal*,r

'it inr ' O-iclc mItciupt 1s m.ide in the paper to

d Idie how The IINI .Irm liiei of Ilie iirlitiiial supports

is to b, integrated with the mining process Is it~no~siBb
to achieve the integration without the slowing down of

mining operations? If not, which seems to me a strong

po.- ability, the cost analysis us presented is invalid.
Increased mining costs, in addition to the cost of the
new upports *ill have to lie covered by the extra

revenue earned.
Comment

It is to Is* regretted th t the authors ventured Iwyond

|

the presentation of their id- as concerning the theoretical®/

strength of horizontally reinforced artificial .supf»ort/--fTi
inch a pa[s*r, the statement that the ‘technical contents
of this paper are believed to be completely original, and
there are no references to related work’ (p. 289) would
perhaps Is? acceptable

As it is, the paper goes far lieyond this po.nt
that (i) be designed
rationally; (ii) the theory gives accurate predictions of

It claims
artificial support systems ran
support strength; (iii) the proposed support systems are
flexible and he different working
heights and loads . (iv) preloading by ja< king ensures that
the stiff (relati "e to what?) and proof-

tested; and (v) it can be used profitably provided the

can varied to suit

supports are
cost of construction lies within definable limits, etc

I submit that these claims are not justified by the
that the paprr would have
benefited from a close study of the related literature

material presented, and
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Contribution by H. WAGNER®* and B. MADDEN

Tlio use oi artificial pillars to extract mineral deposits

as completely as is feasible is not next.and has taxed the

mind' ol many generations of mining engineers Three
factors have prevented the application of this attractive
concept on any significant scale: it was found to be

cxtremeh difficult, if not impossible, to design a system
of artificial pillars of sufficient strength and stiffne.ss that
would (i) carry the weight of the overburden, (ii) ensure
stable mining layouts, and (in) be economic. It was,
therefore, with considerable interest that we followed the
development outlined in the pajier on support in shallow
mines using horizontally reinforced systems

Close scrutiny of the concept' proposed in the paper
and the dsta presented casts considerable doubt on some
of the conclusions reached by the authors In particular,
the conclusions that the system can lie designed ration-
ally to support a predetermined overburden load, and
that the system can lie used profitably provided the cost
of wall building lies within definable limits, an' mis-
leading since they are liased on simplistic assumptions.
Because of the far reaching consequences of these state-
ments. we con der it necessary to elaborate on some of

the aspects of horizontally reinforced systems

Load Tra nsfer

In deriving the conclusion that the system can lie

designed rationally to
load, the

unrealistic case that

support a predetermined over-

burden authors consider the simplified but

the behaviour of the strata sur-
rounding I*ord and pillar workings can lie resembled by
the modelling of the behaviourofa tt"n riwit ts-nm In the
examples given in the Addendum ofp 289, the thickness
ofthe roof liecam varied between l,iand 2,5 m A detailed
analysis of strata movements in bord and pillar workings
shows that the svnport, the strata above the seam, and
the strata lielow the seam participate in the deformation
mechanism 1. Furthermore, tierau.se of tin compressibi-
lity of the supports, the critical dimension from the point
of view of overall strata control is the minimum lateral
dimension of the mining panel, and not the width as
determined by the distance Ix-tween the support pillars,
s, and the pillar width, 5. as suggested by the authors in
278 The mam
simplified approach is that it ignores the load transfer
It will
is this load transfer that can lead to

equation (2) on p. shortcoming of the
from the mined out area to the panel abutments
lie shown that it
dangerous conditions in the working areas and regional
instabilities.

The load transfer from the mined out area to the panel
abutments and the working fare is a function of the
is allowed to

take place in the mined-out area The strata deflection is

amount of elastic strata deflection that
a function of the panel dimensions and geometry, the

thickness and elastic properties of the overlying strata,

* Chamber of Mine* Hem-arch Organization,
Melville, Johannesburg 2(812.

©1983

Carlow Hoad,
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and the load deformation characteristics of the support
in the mined out area. In the case of total extraction
panels, that is panels with no internal supjiort, the load
acting on the panel abutments is limited by the strength
properties of the roof strata, which, in turn, govern the
amount of strata deflection that can take place liefore
failure of the roofstrata occurs. Once the roofstrata have
caved, only the weight of tie' overhanging strata has to
lie supported by the panel abutments and working face
Early caving of the roof strata is therefore a desirable
feature of total extraction systems In the case of mining

systems employing internal support in the mined out

area, cither in the form of natural pillars or artificial
the of the
controlled by the compressibility of the pillars or sup-

supjHirt, magnitude abutment stresses is

ports As a rule, the stiffer the support elements, the
lower will lie the abutment stresses.

the
envisaged by the authors will lie considered in detail.

To illustrate alxive concepts, two situations
First, the effects of artificial supports of different stiffness
on the stress distribution around a 200 m wide extraction
panel situated at a depth of 100 m are examined. The
the

conventional liord and pillar panel in which coal pillars

second example concerns stress distribution in a
are being extracted under the protection of artificial

support pillars.

Artiftrial Supports of Different Stiffness

Fig 1 shows the distribution of vertical stresses acting
on the abutments and internal support pillars. For
convenience, the stress values have been normalized

with respect to the value of the vertical component of
primitive stress In the example, continuous artificial nb
pillars 1,2 m wide and 1,8 m high, which are separated
by fi,3 m wide bonis, have been modelled. The com-
pressive modulus of the pillar material in Fig. lis 1 GPa

In Fig 2 the maximum stress concentration on the

artificial supjiort pillars and the panel abutment* is
plotted as a function of the modulus of compression of
the pillar material. The upjier value of 3 GPa corresponds
to the in situ modulus of elasticity of coal. Two impor-
tant observations can lie made from the trends shown in
Fig 2 First, the artificial support pillars in the centre of
the panel carry a significant proportion of the over-
burden load only if the modulus of compression of the
GPa In

of the tributary area concept, the vertical stress con

pillar material exceeds a value of 1 terms

eentration, ¢, in the artificial support ribs of width,

b which are separated by lords of width s, is

W ith the appropriate values for #=6,3 m and 6= 1,2 m,
a stress concentration of 6,25 results. Second, in the case
of support pillars having a modulus of compression of
less than 1 GPa, most of the weight of the overburden
in the mined out area has to lie carried by the panel

abutments and thf working face. The rapid increase in
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Fig. I- Stresi distribution around a 200 m-wide total extraction panel situated at a depth of 100 m. The pane! is supported[by
artificial pillars that are constructed from a material with a modulus of compression of I CPa. Because the panel is sym-
metrical, only the right-hand tide is shown.

the stress concentration at ami

the panel abutments
working face for low values of pillar modulus of vomprrs
.sion is evident from Kig 2. High stress concentrations at
the working faces van give rise to serious strata control
problems, and often require special support measures.
In this connection, mention must Is- made of the difficult
ground conditions encountered in total extraction
panels when ninung occurs under a thick sandstone rrsif
or massive dolerite sills An important feature of mining
systems employing relatively soft support ribs is that the
condition of high stress concentrations at the working
face throughout most of the life of the
panel, since it is the function of these nbs to prevent

failure of the roof strata in the mined out arca

is maintained

It should be noted that the authors propose to com
press the lower portion of the support rib to the design
load so that advantage van lie taken of the very much
higher reloading modulus. To do this effectively, a space
of at least 300 mm is required for the insertion of the
jacking system. This space will have to Is- tilled after
the lower half of the pillar has been compn sed The
authors envisage the use of precast slabs or wedges, and
final grouting if wedges are not used. Because ol the
unavoidable rocf irregularities and the variations in the
width of the jacking

space, that

efficient use ran lie marie of precast elements and that

it appears unlikely
extensive use will have to lie made of either gunitmg or

grouting. Because of the time required for the grout

material to develop its strength properties, it will not lie
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Fig. 2 Effect of the reloading modulus of the pillar material

on the stress concentration at the internal support pillars
and the panel abutments.
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ill ilf tu n'-ist any milml strut’ mnvvnii’iit efffvtivcly, nor
« ill it In ,itilr to prvvmt any strata si-linration that ma\
hair taken plaece in tlie riH>f close to the working fine
Fig of the effects of unimp
ported gaps on the reloading modulus of the artificial
support pillars. The trends shown in the diagram ,oe for
a pillar material that Iuse a reloading modulus of I ClFa
and an valid for stn s levels of 111 MFa The effective
reloading modulus of the pillar will Is- lower than shown
in the diagram for Il MPa hut

higher for pillar stress levels alsive III MFa Th'.-influence

!t gives an estimate

stress levels la-low

of even very small gaps on tin- effective reloading
modulus of pillars is very marked, and highlights the
sensitivity of the artificial pillar system to operator

abuse. If normal mining conditions and the olierational
environment are
that values
of (15 GPa

It follows therefore that, under most conditions,
artificial pillars

taken into account, it is difficult to

visualize reloading modulus in

of pillar

€Xcess

ran la- achieved

consistently and

reliably
the will carry only a relatively small
jxirtioii of the weight of the overburden, while the panel
abutments and working faces will U- highly stressed The
need for prestressed support pillars has been recognized
hv the authors, hut its the working
conditions m total extraction panels has not Ix-en fully
appreciated

importance on

So far only the effect of the pillar material on the stress
conditions around total extraction panels has fs-en dis
this

cussed. However, is only one of the design para-

meters Other parameters are the extracted seam height
the cross sectional area of the pillars. These two
factors, to ether with the pillar material, determine the
stiffness, ', of the support system The latter is directly
proportional to the cross sectional an-a of the pillar and
the compression modulus of the pillar bu‘

inverselv proportional to the pillar height

I

and

material.

04

Pillar height (m)

Fig. 3 Effect! of unsupported gaps between tops of support
pillars and Immediate roof contact or strata separation on
the effective reloading modulus of the pillar material.
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Fig. 4 Effect of pillar height, h, on the stress concentration

at the internal support pillars and the panel abutment. The

depth of mining is 100 m, the pa.iel width 200 m, and the
reloading modulus of the material I GPa.

The influence of the latter on the stiess concentration
around a total extraction panel is examined in Fig. 4
The reduced efficiency of the artificial supjxjrt pillars at
higher seam thicknesses is evident. A- was pointed out
above, the stiffness of the support system and conse
quently its effectiveness, can lie improved by an increase
m the pillar area As attractive as this approach is from
the point of view of strata control it results in unfavour-
able economics since the cost of the support system and
the

proportionally with j-’lar size

time required to install it increase more or less

Slre.su Dialributtan in Bord-and-pillar Workings

In their paper the authors mention a second applies
tion of the artificial pillai support system, namely that
in connection with the extraction of pillars from existing
Uinl and pillar workings In this instance it is envisaged
that the coal pillars are extracted under the protection of
the artificial supjairt pillars. The authors give no details as
to how this could Is done in practice

A possible approach is to first install the artificial
support pillars in the lords that an- parallel to the line of
pillar extraction, and then to split the coal pillars and
install artificial pillars in the splits before the. remainder
of the pillar is extracted A close examination of this, as
well as of several other possibilities of extracting the coal
pillars, reveals a numlier of logistic problems as far as
the basic mining ojierattons are concerned By far the
most serious of tin sc are the traiisjMirtatioii of the coal
from the working place, and of the support material to
the working place Another problem ana is the inter-
action between the extraction of the coal on the one hand
and the installation of the supports on the other. For
reasons of ground control, safety, and seution produc-
tivity, support installation has to

lie concurrent with

the extraction of coal. Since

the building of support
and with the

min.ng of coal, the two activities have to be separated

pillars is time consuming interferes
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Fig. S Vertical stress concentration around an existing bord-ar.d-pillar panel in which pillars are extracted according to the
concept of artificial support pillars. The depth of mining is 100 m, the seam thickness 1,8 m, and the modulus of compression of
the pillar material I GPa.

geographically. To reconcile these conflicting require-
ments, the mining operations have to lie split into sup
port operations in one half of the pillar extraction line,
ami pillar removal in the other half. Although this is
organizationally feasible, it means that the number of
available working places reduced. This has
serious implications as far as the productivity and section

output are concerned when

is greatly
conventional mechanized
equipment is used, but is likely to lie of less importance
in the case of continuous miner operations. this
discussion it follows that the economics of the artificial
pillar support depend not only on the rust of the support
but, the effects of the concurrent
support and mining activities on productivity, equip-

From

even more Sso, on

ment utilization, and section output

More serious than the economic aspects of the use of
artilicial support pillars in existing hord and pillar
workings are some of the strata control aspects. Aa an
illustration of these, the extraction of coal pillars from
existing workings at a depth of 100 m was
examined Fig 5 shows the stress concentrations on the

solid abutments, the intact the
the support pillars.
Despite the relatively small muung span of 60 m, the

vertical stress concentration on the pillars that are tiemg

situated

coal pillars, pillars

under extraction, and artificial

extracted is extremely high. Considering that the original
pillars are designed with a safety factor that ranges
typically from 1,6 to 2,5, it is immediately apparent that
the pillars in the extraction line and its vicinity cannot
withstand the very high stress concentrations without
severe fracturing. The possibility of sudden failure of
coal ribs in the extraction line cannot he denied. The
implications of this become apparent if it is considered
that most mining operations, including the installation
of artificial support pillars, take place in this area In
conventional pillar extraction operations, this danger is
overcome largely by encouraging the roof strata to cave
as soon after pillar removal as possible To achieve this,
a minimum amount of support is left in the mined out

area, and one of the golden rules of successful pillar
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artificial pilar

re-loading modulus of artificial pillars (GPa)

Fig. a Effect of the modulus of compression on the stress

conditions In pillar-eetractlon panels employing artificial

support pillars. The depth of mining Is 100 m, the eatracted
*pan *0 m, and the mining height 1,1 m.

extraction is to leave no pillar remnants and so provide
as little support as possible to the roofstrata and prevent
The concept of artificial
support pillars, on the other hand, is designed to main-
tain the integrity of the rool strata and to prevent roof
failure as far ai possible.

extensive strata overhangs.

As in the previous case, the modulus of compression
of the artificial support pillars is a critical design para
meter. Fig. 6 shows how the stress conditions in the
extraction panel tlepend on the modulus of compression

of the artificial pillar material. Unlike the previous case,
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a significant deterioration of the situation is ohserxed

at moduli of compression of as high as 2 <Il'a

1 'onctus tun

We liojM' that our contribution ha
of the

helped to clarify

some of artificial

inherent problems support

Authors' reply to Dr Salamon

We thank Dr Salamon for thfc Lime and trouble he has

put into his discussion. W  shall answer his points
serialitit

System of Horizontally Reinforced Supftort

Firstly, we accept that, when one attempts to apply

expertise and knowledge

developed in one field to
another, the attempt will draw criticism and will,
perhaps because of differences in terminology and

experience, not even Ire fully understood

We certainly do not regard the system of h.imontally
reinforced support to lie completely developed Indeed,
we believe that development is only starting However,
we also believe that no engineering development can lie
finahted on he basis of theory and M oratory cxpecri
ment alone. It is essential to proceed with underground
trials on a limited liasis in order to prolie some of the
queries concerni \g cost, the possibility of integrating
wall building with mining operation*, etc , that
rightly lieen i scd by
W agner and Madden)

We regard the system

have
Dr Salamon (as well a* by Dr
as drsentied in the (taper to
represent a presentation of fundamental principles and
idea relating to supports Any field trial
would have to lie designed specifically for the chosen sib-,
and the entire system including supports and supported
rock mass would have to lie considered We do not regard
ourselves as capable of performing the necessary rock
mechanics study, and the design of a field trial would
necessarily be undertaken on a multi disciplinary basis
The beam analysis contained in the papier demonstrates
our awareness and concern for the
the support the supported
gives we recognize as

reinforced

interaction between
system and

that

rock mass It
results licing not entirely
favourable t<i the proposed system We also state quite
plainly in the papier that the analysis is simplified and
not claimed to represent the deformation process
accurately.
Compression of Artificuil 1'iU/ir

We do not agree with Dr Salamon's analysis of the
compression of a 4 m high artificial pullar un ler a stress of
10 MPa. If the pillar has a modulus of compression of
<100 M 1’a, the strain in the pillar will Is- 1/60 and the

pillar convergence 4000/60 67 mm Hence, we presume
from Dr Salamon * figures that the surface subsidence
would Is- aliout 10 nun. and not 100 mm as he states
Dr Salamon has completely missed the (mint of our
analysis of the strength of a reinforced cemented mate
rial. Equation (9) is perfectly general but
insert value for the failure

m aterial, it

as soon as we
a numerical strain of the

cemented
200-10 « is

strain

becomes material specific,

so well

accepted a value for

in tension of concrete,

the failure

brickwork, and similar

K3
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Reference

1. ISalamon, M. U <).. and Uhavkcz, K. 1. Displwi.montH and
mrHms induc'd Py bord and pdlar rninmiz in South African
collieries I'ror I*t f%>*r Int Snr Hod Mrrh., IAsbim, 1HG66,

227-231.

vol 2. w

inaU-nals that we did not
stantiate the value.

think it
For substantiation,

necessary to sub-

Dr Salamon is
referred to any textIxxik on concrete technology. The
analysis leads to equation (10a), which, true enough, has
Poisson's ratio in the denominator. However, as Poisson's
ratio lor the typie of material under consideration lies
in the range 0,1 to 0,15, we are saved the embarrassment
of a predicted infinite strength

W also point out that the tensile failure strain of a
m aterial Thus, rublier
has a Poisson’s ratio of 0,5 and a tensile failure strain of
several Mild steel Poisson’s
ratio of 0,35 and a failure strain of 20 per cent The
corresponding values for glass are 0,2 and 0,05 (K* cent
(de(lending on the state or the glass surface). We know
of no real materials having a Poison's ratio of zero, but
predict that such a material would have a icnsile failure
strain of zero. Hence, equation (10a) wo dd predict an
indeterminate strength for this hypothetical reinforced
material

is related to its Poisson’s ratio.

hundred per cent has a

This is just as sensible as the conclusion from
Dr Salamon *equation (2) that the reinforcing would not
affect the strength of thi material

Anothei point missed by Dr Salamon is that the
i—inforced material is deemed by equation (Ida) to have
failed when the strain in the reinforcing is 200 10 As
the yield strain of mild 1000 10-* (again no
substantiation i* deemed necessary) and its failure strain
20 (s-r cent, then- is absolutely no chance that the tensile
stress in the reinforcing will liecome a critical condition

Fig

steel is

19 in our paper shows that a reinforced cemented
material reverts, after failure, to a granular reinforced
material, and its resistance to compression is greatly
reduced This, together with the fact that the reinforcing
is very inefficiently utilized, has led us to aliandon the

idea ofreinforcing cemented material.
Reiteration of Conclusions
Finally, we reiterate our conclusions, which we have
not been persuaded to change
(i) Figs 9 and II of our paper show that
support systems van lie designed rationally.

artificial

(1i) The theory predicts support strength remarkably
accurately

(in)  Supls>rts can IK- designed to loads
Irovided the support is not too slender (i.e. has a
height to width ratio of less than 3 to 4), the

strength is inde(»endent of the working height,

suit various

(iv)

I‘reloading by jacking ensures that the modulus of
compression is of the same order of magnitude
as that of a coal pillar, although the compression

modulus of coal cannot be mate 1
Our final the economics of
horizontally reinforced systems, will Ik- tested asdevelop-
ment proceeds.

conclusion, concerning
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Authors' reply to Drs Wagner and Madden

We timl Dr* Wagner and Madden's disetissiun ven
interesting and useful It answers many of the nucstiuus
that we, as eivd engineers niit versed in the technology
of mining and

rock mechanics have

Iwen nnahle to
answer.

We have already answered the criticism of our state
meut that, for .. predetermined overburden load
supports can Iw designed rationally Drs Wagner and
Madden s contribution goes a long way to demonstrating

suit ihle

how the loads can he predetermined Owur stall merit was
not, however, based on any assumptions simplistic Ol
otherwise, but on the solid evidence of the agreement
between test results and predictive theory

It is interesting to follow through the example illus
trated by their Figs 1 and 2 by looking at the actual
stresses repre-vnted by the stress concentration factor (’
the unit weight of the overburden
25 kN/m1, the overburden stress

stress on the abutment 7,5 MI’a

Taking strata i

is 2,5 MI’a and the
Ai<onlmg to refen-nee
5 0of Dr Salamon's discussion, the abutment, if treated .is
a wide pillar, would fad at a stress considerably in exces *
of this. Hence, the factor of safety against failure of the
abutment appears to Iw well above 2 The design strength
for the artificial pillars would Iw I.It 2.5 ti.25 25 MTI’a
Reference to our Fig 13 shows that, if ash were
used as backfill, a reloading modulus of 2 (J1’a would he
possible and, with and backfill, easily attainable This
would reduce the abutment dress to 2.3 2 5 5,75 MT’a,
which gives a factor of -afety of mire than 3 against

fa.lure according to reference 5. This encourages us to

even

think that, with some further desurn and tailoring of the

properties of the rib pillars, the hypothetical layout
illustrated in Fig I of the discussion would Iw feasible

The discuss,irs rightly point out the difficulty of
Hp'ias.V
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providing artificial that

therefore as

supports are installed hard
>titf as they arc
We fully appreciate tins difficulty and are
it a lot of attention in our current research. We
appreciate their treatment of the effect of pillar height on
ibutm eiit stresses, and are relieve 1to find the effect so

small In

against the inof and are
d<signed to be

iivmi

our numerical example above, it appears
possible to go to a pillar height of 5 in without causing
the abutment stre-s to rise above t>5 MI’a if the pillar
reloading modulus is 2 G1’u This, once again, indicates
that a feasible situation should be possible with careful
design of artificial pillar-

that the

We would point out, in passing,
horizontally reinforced pillar
depends only on the height and compression modulus of
the pillar and not on its ero,s sectional area.

-tiiTness of a

niijs 5 and ti

The situation represented by Figs 5 and * certainly
ipjwars alarming However, let us follow it through in
terms of the dimensions used elsewhere in the discussion
The width of the unsplit coal ribs is not given, but let us
issume that it is 6,3 m with 6,3 m bords These -iTes
would tit in with the vertical stress concentration ¢ of 2
shown m Fig. 5 for the unsplit coal ribs, and are the
ame as those used in Fig I
split

It would not fw possible to
a pillar of thic width and of a
-enaihle size in place. Therefore, we would suggest the
building of two artificial tibs in each Isird, each artificial
rib Iwmg bard against the adjacent coal rib For a vertical
-tress concentration of 4,5,

leave remnants

these ribs could each he
1.5 rn wide, leavmg a 3.3 m Ininl twtween them The eoal
rib could then In-

and

removed completely, leaving no
between the
artificial ribs of 6,3 m Hence, again, we consider that a
feasible system is possible by careful design
('onelotion

We thank Drs Wagner and Madden for the effort they

put into their most useful and constructive discussion

remnants resulting in a new honl
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Authors' rujjly to Drs Wagner anJ Madden

We iiml Drs Waguvr and Madden s diseussiim vet)\
interesting and useful. It answers many of the questions
that we, as eivtl engineers not versed m Ilie technology
of mining and

roel:

mechanics, have Iwen unahle to

answer
Riitinntd IMiijn of Support#

We have already answered the cnti i>m of our state
ment that, fora predetermined overburden load
supports can In* designed rationally. Drs
Madden s contribution goes a long way to demonstrating
how the loads can he predetermined Our statement was

suitable

Wagner and

not, however, based on any assumption simplistic or

otherwise, but on the solid evidence of the igreement
between test results and predictive theory
It is interesting to follow through

trated by their Figs

the example illu.s
I and 2 by looking at the actual
stresses represented by the stress conn ntration factor

Taking the unit weight of the overburden
25 kX/m3, the overburden stress

stress on the abutment 7,5 MPa

strata as

<s 2,5 MPa and the
According to reference
50f Dr Salamon’s discussion, the abutment, if treated as
a wide pillar, would fail at a stress considerably in exees-
of this. Hence, the factor of safety against failure or the
abutment appear* to Is- wellabove 2 The design strength
for the artificial pillars would be Lrt 2.5 ii.25 25 MPa
Heferenc « to our Fig III shows that, even if asn wen-
modulus of 2 GPa would be
sand backtill easily attainable. This
would reduce the abutment sin-'s to 2,3 2 5 575 MPa,

against

used as backtill. a reload in
possible irtl, with
which gives a factor of safety of more than
failure according to reference 5 This encourages us to
think that, with some further design and tailoring of the
properties of the rib pillars, the hypothetical
illustrated in Fig I of the discussion would Is- feasible.
The the difficulty of

layout

discuKsors rightly point out

C)im.
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providing artificial supports that are installed hard
against, the roof and are therefore as sidf as they are
designed to be We- fully appreciate This difficulty and are
giving it a lot of attention in our current research We
appreciate their treatment of the effect of pillar height on
abutment stresses, and are relieved to find the effect so
small

In our numerical

example above, it appeals
possible to go to a pillar height of > ni without causing
the abutment stre-s to rise alam- fi,5 MPa if the pillar
reloading modulus is 2 GPa This, once again, indicates
that a feasible situation should be possible with careful

design of artificial pillars

that the reinforced pillar
depends only on the height and compression modulus of

We would [xiirit out, in passing,

stiffness of a horizontally

the pillar, and not on its cross sectional area

Figs 5 and ti

The situation represented by Figs 5 and H certainly

appears alarming However, let us follow it through in
terms of the dimensions us<d elsewhere in the discussion.
The width of the unsplit i-oal ribs is not given, but let us
it is f13 m with 3 m horde.

would fit in with the vertical stress concentration (¢’ of 2

a umc that These mzcs

shown m Fig. 5 for the unspht coal ribs, and ate the
same as those used in Fig I It would not lie possible to
>plit a pillar of this width and leave remnants of a

emsible size in place Therefore, we would suggest the

building of two artificial ribs in each fiord, each artificial
rib licing hard against the adjacent coal rib For a vertical
stress

concentration of 4,5, could each fie

1.5 n vide, leaving a 3 3 m fiord between them. The coal
rib could then fie
and

these ribs

removed completely,
Ixird lietween the
artificial ribs of 6,3 m Hence, again, we consider that a
feasible system is possible by careful design

('onclusion

leaving no

remnants resulting in a new

We thank Drs Wagner and Madden for the effort they

put into their most useful and constructive discussion.
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PAPER PRESENTED TO "MINING WITH BACKFILL" SVMPOSIUI
AT LULEA, SWEDEN, JUNE, 1983
Supports of reinforced granular fill APPENDIX 21
J.A.Hahn
Strata fix (Ply) Ltd., Johannesburg
C.E. Blight
University of the Witvatersrand, Johannesburg

L. Dison

Stratafix

(Pty) Ltd., Johannesburg

ABSTRACT: A system of

support is described which utilizes waste material reinforced with
either horizontal steel mesh or spirally-wound high tensile steel wire. Supports can
accurate / designed to carry a pre-detemined load with a given factor of safety,
v sign theory for both types of support is developed and the load-compression

characteristics are described.

INTRODUCTION
Most of the coal mines in South Africa are
relatively shallow (30m to 100m) below

surface) and may contain

super imposed coal

a sequence of

seams.

The top or shallowest seam of a sequence
can be almost completely extracted by long
wall mining or stooping (following bord

and pillar mining)
subsidence that
Deeper seams,
extracted

if
ensues
however,

the severe surface
can be tolerated.
cannot be totally
unless they are extracted
from the shallowest to the
The coal contained by the
seams usually of different
qualities and types,
for coal of specific
the sequence in which the
extracted. As a result,
mines are mined using
method. This
percentages

in
sequence
lest.
.xerent is
and commercial
qualities

demand
dictates
seams are
most multi-seam
the bird and pillar
practice results in
of extraction varying from 7b
per cent in very shallow seams to 40 per
cent or less in deeper
Although coal
roof support,
natural energy
sterilized

seams.
provides a cheap form of
coal pillars represent a
that has been
and much research currently
in progress to find ways and means of
winning this sterilized coal.
This paper describes one of the
techniques that currently under
development. The method consists
replacing coal pillars

resource
is

is
of
by artificial

mining or other waste
bottom ash. Ash is
appropriate choice if
"captive" a power

such as power station
a particularly
the colliery

station, i.e.
supply

is
if
a nearby power

to its

main purpose is to

station.
STRENGTHENING A GRANULAR MATERIAL BY
HORIZONTAL REINFORCING

The effect of horizontal
granular material

reinforcing on a

is to develop a

horizontal confining sit ess when the
material is subjected to vertical loading.
The horizontally reinforced granular
material will tend to go into a state of
failure as soom as a vertical stress is
applied to it. Actual failure will,
however, not occur because of the develop-
ment of tension in the horizontal reinforc-
ing. As Figure 1 indicates, on a p-q
diagram, the stress path oa of the granular
mohi envelope

Ki line or failure hr.e

for material
0 J1°-Q)

stress pain of
honfonlally reinforced

grenuiar material

p - 1 (oi-o,)

Flyura V St'esv pern lor re-nlorcvd yanoiar material

pillars or walls of horizontally reinforced

granular material. In principle, any matevial will follow the failure line for
granular material can be used for this the material. On the stress path: a
purpose. However, from environmental and represents the point at which the horizontal



The st’tess-rcompression curve
loading indicates a
However, the
steeper, hence
much higher.
is intended
granular

for the first
low compression modulus.
reloading curve is considerably
the reloading modulus is
Figure 3 illustrates how it
to -use the walls of reinforced
material in practice. After

building the walls in-situ, they will be
precompressed and test-loaded to the design
load by jacking off the roof. The space

created between the top of the wall
the roof by the precompression will
filled by horizontally

and
then be
reinforced cemented

slabs and wedges which "will be bedded
arainst the roof by grout. As the load
is subsequently transferred to the wall
when the roof tends to sag, the wall will
be reconpressed along the recompression
curve, back to the design load. The
—2ort system thus created will be both
, . ively stiff and pre-tested to the
design load. The stiffness is particular,

ly important in limiting bending deflexions

;.,nd therefore bending stresses in the roof.
The recompression modulus of horizontally
reinforced walls is related to their
strength as shown by Figure 4. The
scatter of results illustrated in this

figure 1is caused mainly by variation in
characteristics of
being used.
corresponds

the

the granular materials
The upper band of results

to walls built of ghly
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frictional weathered quartzite

lower band of results corresponds to walls
euilt of power station bottom ash which
It hough highly frictional, is considerably

sand. The

are compressible than the sand.
Alternatively, 1in situations where a

yielding support is required, the stiffness

,nd yield stress of the support can be

ies igned to give the required qualities.

BOND OF REINFORCING TO REINFORCE* MATERIAL

The tension developed in

the reinforcing
of a horizontally

reinforced granular

between the
material.

reinforcing and the reinforced
The mechanism of bond develop-
illustrated in Figure 5a.

The average bond stress transmitted to a
reinforcing wire over a length x by friction

ment 1is

i$
O.{1l + Il}tan<rD.x
in which the diameter of the wire is D.
bono by
esutance io
PAoeiflliOrt
z <
bone by
InG'On
rigid connection
beiweeR wires
F.go.» %S N"“en’n.ifr o' 00*%0 O.fﬂ()prn#ml m rw>«o*ced #rémw*#r is'
The most convenient form of horizontal

reinforcing for a wall
system of orthogonal
to each other at

consists of a

wires rigidly bonded
points where they cross.
Readily available systems consist of cither
square or rectangular welded mesh or twisted
diamond mesh. The wires that run at an
angle to the direction of tension under
consideration contribute considerably to
the bond because they must penetrate the
reinforced material before the reinforcing
can slip relative to the material. If

the bond wires in an orthogonal system are
spaced £ apart, the load transferred
through these wires in length x will
minimum o f:

be a

x(o.d *
£ K
P

2dctanf)h

in which d is the diameter of the bond
wires that are spaced h apart. Full bond
resistance of the wire is therefore

developed in a length x given by
Tiplo C(1 * 1)tantnDx ¢ 0d(4 ¢ 8tan$)h.x
4 y* oz de
i.e. X 7)1 CyR/=

tiDTT-* jTTtanv ¢ 4dh(1 * 2tan?)

KP 'S e w
The value of x is astonishingly small.
For example
if 0 ¢ 5MPa C + 6COMPa
yR

Dmd m2,5 mm K 3.5



0 will be
Oh W the

stress
stress

At this stage the vertical

related to the horizontal
relationship

V h (@)

where is
ient of the

the passive pressure coeffic-
granular material, i.e. the

ratio Oi/Oi at failure in a triaxial com-
pression test on the material.
Equating the tension in the horizontal

reinforcing to in the

granular

the compression
material:

°yR AH v\ -V

areca of a
the area of

where is the cross-sectional
reinforcing wire and An is

nforced material corresponding to AR

or C. % (2a)
Hence
rax (Zb)
(Am " AR)
If A% is small as compared with A" (A" is

usually a few tenths

Vv i

of a percent of AY)

(2¢)

Tt strength of a horizontally reinforced

v -..ular material is thus directly
proportional to the reinforcing ratio
AR/Am and the yield stress of the reinforc-

me - vR"
DESIGN OF WALLS OR PILLARS OF HORIZONTALLY
REINFORCED GRANULAR MATERIAL

Artificial pillars and walls can be con-
structed of granular materials reinforced
with layers of steel mesh placed at a
vertical spacing v. If h is the horizon-
tal spacing of the wires in the mesh and
AR 1is the cross-sectional area of each
wire, it follows that

N -\
A vh

and equation (2c) becomes

max ' (3)
- VyR'N "

wliere F ;s the factor of safety on the

design ftress w For a selected steel
quality and mesh dimensions, v can be
calculated or alternatively, for a selected

v, a suitable mesh

The properties of .orizontally reinforced
granular materials have oeen extensively
investigated by means of both model scale
and full scale tests. Figure 2 shows a
comparison of C calculated from equation
(3) with corresponding measured values.

-.ay be selected.
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went »v

It will be seen from Figure 2 chat there
is an excellent correlation between
calculated and measured values over a wide
range of stresses .

Figure 3 (test A on Figure 2)
the results of a typical
on a reinforced wall. This diagram
illustrates an important feature of walls
or pillars of horizontally reinforced
granular material. The wall was designed
to have a factor of safety of 1,6 on a

represents
compression test

design vertical stress of 2,39 MPa. The
«MM5
14 $1 MPe vfeoKiedt
Vo
Fo«S 1 modulus
MMa
:'1 vPI
7« « VOnme
MESH oy r 550 MPa
[y cam### |6 mu
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COMPRESSION IN PERCENT
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wall was loaded to the design load and was
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illustrated in Figure 6a.
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Figure 6b Mat ot reinforcing steel taken from wall relenea to
in Figure 24a showing multiple fractures ot transverse
wires

SPIRALLY OR HOOP REINFORCED COLUVMNS

As an alternative to embedding reinforcing
mesh in the fill, a cylindrical column of
fill can be reinforced by surrounding it
with a steel spiral or a series of steel
hoops. A radial confining stress is then
developed as shown in Figure 7.



P.pT, 2T - 2

FRp

(5)
FRp

in which p is the pitch or spacing of the
reinforcing hoops or coils.

Oh
il

spiral or hoop
reinforcing

Figure 7. Pr.nciole o' ceicuMlirig The ivength

O a spira'W,r nlorced column
Figure 6 shows a comparison of measured
strengths of hoop and spirally -einforeed
columns with values predicted from equation

(5). The agreement between theory and

—t er.ent is excellent and the comparison
,0 shows that equation (5) applies

equally well to both spiral and hoop

20

o spiral

* hoop

CALCULATED STRENGTH MPa

Figure a Companion ol calculated and measuied nienglhi

re infore ement.

Bond between the reinforcement and the

fill plays no part in a spirally reinforced
column. However, to transfer the confin-
ing stress into the fill, it 1is necessary

to have a retaining membrane between the
fill and the reinforcing. In the
laboratory tests carried out so far, a
woven polypropylene hessian has been used
for this purpose.

The reloading moduli of spirally or hoop
reinforced columns are comparable with
those of mesh reinforced walls. This is
shown in Figure 9 which compares reloading
moduli measured on reinforced ash walls
with corresponding measurements on spirally
reinforced ash columns.

mesh lemlorced walls ,

spirally reinforced columns t
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COMPARISON OF WALL AND COLUMN SYSTEMS

According to equation (3) the load carried
by unit plan area of horizontally
reinforced wall is

v > N (3a)
F vh
%/vh is then the volume of reinforcement

per unit volume of wall.

Similarly, from equation (5) the load
carried per unit area of spirally reinforced
column is

0 - (52)
F Rp

In this case, **t/Rp is the volume of
reinforcement per unit volume of column.
The major cost item in a reinforced



AR/vh or “AR/Rp

the key to the

For the
same quality of fill and reinforcing and

steel, hence the ratios

are, to a large extent ,

economic viability of the system.

the same factor of safety KpOyR/F will be
the same. Hence comparing horizontally
reinforced walls with spirally reinforced
columns, the two systems will be equally
viable economically if
AN AAR(col) * AR(wall) (6)
vh
and (2) equally strong if
"Rfcol) - ~Rfwall) ... (7)
vh

* two requirements clearly cannot be met
simultaneously. For equal strength, if
AR(col) - AR(wall)s then RP * vh. It then
follows from equation (6) that a spirally
reinforced column will require twice the
steel required by the equivalent horizon-
tal ly reinforced wall.

In practical terms p will be of the same
order of magnitude as v (25 to 100 mm).
Hence R must of necessity be of the same

order of magnitude as h if AR(Col) is to

be kept within realistic bounds. The

situation is best illustrated by an example.
Consider a wall for which

0-5 MPa Kp - 3.5 CyR - 1000 MPa

F - 1,75 h - 50 nw and AR(walU) -

( 20 mm’ (equivalent to a wire

diameter of 5 mm)
Then v 160 tarn.

FhC

Now consider
reinforced

an equivalent
column having p -

spirally
160 mm

R - KpfyRAR 50 mm
OFp
which is clearly impractical.
If p is reduced to 30 mm R - 267 mm, a
more reasonable value. The example shows

reinforced
to any plan
of a spirally

that whereas a horizontally
wall may be constructed
dimensions, the radius
reinforced column is limited to a maximum
of about a metre by practical considerations.
Calculating the ratio of volume of

reinforcement to volume of fill for the
above example, we find that for the wall:

AD/,. W .

whereas for the column

2AR/Rp * 0.5=

which agrees with the conclusion arrived
at above.
A square or

rectangular horizontally

reinforced pillar will need to have the
same reinforcement normal to each of its
pairs of sides. Hence the ratio of
volume of reinforcement to volume of fill
will be "AR/vh in this case. (Because of
the necessity of providing bond steel in a
wall, the ratio of reinforcement volume to

fill volume is
than AR/vh).

actually slightly higher

It is seen, therefore, that for isolated
supports both systems require the same
amount of reinforcing. The spirally
reinforced column does, however, have
potential advantages in that
(1) wultra-high tensile steel can be used

in spiral form whereas this is not
possible in mesh form because welding
of the nodes locally reduces the
strength.

(2) the cylindrical mass of fill can be
placed and compacted ecither before or
after placing the reinforcing; and

(3) the steel is open for inspection.

CONCLUSIONS

It is possible to build very effective

artificial supports for
using horizontally or
granular fill. The economic viability of
the method will depend on local cost and

circumstances and the selling price of the
product. It is believed that at present
the method has most promise for specialist
applications. Walls, or rows of columns,
could provide artificial barrier pillars

shallow mining by
spirally reinforced

for stooping operations in bord-and-pillar
mines or for travelways in longwall mines.
Spirally- or mesh-reinforced pillars could
provide permanent or temporary point
supports , or yielding supports. However,
when the system is linked to the extraction
of a higher-priced product (e.g. in South

Africa, export coal) the method may well
have wider applicability
operations.

in primary mining
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