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investigation of the rock

mechanics_aspects of a system of
short face ineseam development for subsequent
loggggll retreat extraction

8is

The research work undertaken in this study was sponsored by the
National Coal Board and consists of an investigation into the rock mechanics
feasibility of a method of in-seam development by short faces with a centre
pack, creating two roadways for subsequant retreating.

An elastostatic solution by an approximate analysis has been given
for this method of advancing for roof behaviour and to obtain pack load

with face advance and the ribside abutment pressure distribution,

The elastostatic analysis for the short face advancing situation has
been done for anhydrite (setting) and conventional (non~setting) packs.

A method is given for assessing the ribside abutment loading during
subsequent retreating and loads in the goaf.

The floor loadings obtained during short face advancing and
subsequent retreating have been used for a floor stress analysis and for

predicting the post=failure viscoelastic floor heave during retreating.

Some anhydrite properties relevant to the analysis have also been
investigated in the laboratory and a formula for estimating the in-situ
strength of anhydrite packs has been given.
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CHAPTER 1

INTRODUCTION

In recent years, interest has developed in dirtless mining as
higher speeds of advance require minimisation of non-productive work like
ripping a roadway and building wide dirt packs at the side of a longwall
gateroad. BHEspecially noteworthy is the case of crushed natural anhydrite
as a roadside packing medium which was introduced in Germany with considerable

Success. According to German experience it had the following advantages:

(a) Much narrower packs could be built than before,
anhydrite being stronger and stiffer; load acceptance is

quicker.

(b) Prevention of leakage ventilation through waste could

be effectively achieved.
(C) Faster rates of advance could be obtained.
(d) It could effectively fill gaps and cavities.

(e) Less shift outlay than for transporting and setting ‘

of chocks.

With dirtless mining comes 'in-seam' mining, eliminating roof ripping
and the problem of dirt disposal, in conjunction with retreating systems of
extraction. To make it economically more feasible, a method of initial

development by advancing short faces, with a centre pack support to the wide



(1,2)

heading, has been proposed This would create two roadways on
either side of the centre pack, which would be used subsequently as
gateroads during retreating as in Fig. 2.8. This Thesis 1is devoted
almost exclusively to an assessment of thes feasibility of this method

of working from the point of view of rock mechanics, with special

reference to the use of anhydrite packs.

The four main structural elements of the short face advancing
configuration, viz. nether roof strata, centre pack, ribside and floor,
have been dealt with during both stages of working, advancing and

subsequent retreating.

An analytical elastostatic solution has been given for the
behaviour of the roof, pack load acceptance with face advance and ribside
loading in short face advancing. This problem has been analysed using
the theory of thick beams on elastic support for extreme fibre deflections,
developing an approximate method for applying it to the present situation.
A review of beam analysis is presented in Chapter 3 and Chapters 5 and 6
deal with the analysis of short face advancing for anhydrite and conventional
non-setting packs respectively, comparing the effectiveness of the two kinds

cf pack when applied with this method.

Chapter 2 includes a literature survey of roadway stability
vis—d-vis pack properties and behaviour with special attertion to anhydrite

and other setting pack materials.



A formula for estimating the strength of an anhydrite pack is
given in Chapter 4, based on laboratory tests on anhydrite. Also included

in this Chapter is a study of the material's setting property with time.

Chapter 7 shows how the short face method differs in respect of floor
heave from ordinary advancing. The recently developed face element
technique has been used for stress analysis of the floor for advancing and
Subsequent retreating. This is followed by a post-failure analysis and a
viscoelastic analysis for obtaining the final floor heave picture. The
starting point of the floor heave analysis was defining the ribside abutment
bressure distribution. In the beginning of Chapter 7 a method to obtain the
ribside abutment pressure, after ribside failure, is given. The influence

of pack load and width and face length on floor heave in retreating has been

considered.

General conclusions are presented in Chapter 8.
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CHAPTER 2

Influence of roadside packs on stability of roadways and a concept of short
face advancing with a centre pack

2.1 Introduction

Most of the coal in Britain is being extracted by the longwall advancing
system, Considerable strata control research has been and is being carried
out with reference to gateroad supports. Many references are available on the
Subject of supports within longwall roadways and at the roedside, but only the
latter aspect of support of the roadside by means of packs is reviewed in this
Chapter. At the end a brief description is given of a method of short face
advancing with a centre pack support to create a pair of 'in-seam' roadways

for subsequent retreat mining.

Until some years ago, roadside packs were generally formed from ripping
dirt packed to a width of up to 10 m on one or either umide of wl: road,
depending upon the extracted seam height. Recently, however, building of lengthy
dirt packs has become costly, mainly because workers have to be engaged in
non-productive work. Dirt packs are also unable to cope with faster rates of
advance. Retreat mining, which is slowly becoming more popular, and today's
faster rates of advance, require a simple, inexpensive and effective support at
the roadside. In the context of retreating, interest is developing in 'in-seam'

mining, eliminating the problem of dirt disposal. Short face advancing with

centre packs may be one of the methods for dirtless mining(1_3).



2.2  Roadway Stability

Modern longwall systems favour the positioning of gaterocads near the
ribside and such a position subjects the roadway to uneven or differential
rock pressures on its two sides, as shown in Fig. 2.1. This happens because
on one side support is offered by the pre-existing solid coal, while the
other side can be supported by a pack only after a certain amount of convergence
has occurred in the roof. This initial convergence later increases as the face
moves, until 1t tapers off to a final value when the face 1s about 100 m away(3),
this later increase causing pack compression and pack load. As will be seen
later, the pack load is considerably smaller than the ribside abutment pressure
and this causes the differential pressure distribution around the roadway. The
bending of the roof strata down into the goaf causes pack settlement and some
crushing of the ribside, shifting the abutment pressure deeper into the coal.

Very high bending and shear stresses are generated in the roof near the roadway

region causing fractures.

Jenkins et gl;(4) worked on photoelastic models of a roadway adjacent
to a ribside, incorporating layers of differing elastic moduli to represent
coal, pack, roof and floor. Their findings indicate a beamlike behaviour of
the nether strata giving rise to very high shear stresses at the lower corners
of the roadway and a tensile stress at the central region of the tloor. It
would seem that not only is tensile failure of the floor possible, but shear
failure may also be expected if the floor rock is weak enough. Large roof and
abutment streesses were also seen to occur. Hobbs has carried out considerable
work on roadway models made of sand-plaster mixtures, though not with special

(5)

reference to packs .
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The differential pressure distribution can thus give rise to shear
failure of the roof as well as floor failure and heaving, together with pack

settlement, producing overall roadway closure.

2.3 Roadside Packs

It would thus appear advisable to reduce the differential nature of
the pressure distribution for better stability of the roadway. This can be

achieved in one of three ways:

(a) ©Erecting a pack at the ribside, shifting the abutment

peak further.

(b) Slotting the ribside, leaving gummings in the slot to
create a gradual pressure gradient and also shifting

the abutment pressure away.
(c) Using a compact material for the goafside pack.

The advantage gained by using method (a) has been clearly shown by Jenkins

et al.(4) on their photcelastic models. Breer(6> mentions three methods of

roadside support currently being practised in Germany:

(a) No roadside pack for friable, easily cavable rock which

breaks higher up.

(b) Yielding roadside support like wood chocks for soft

surrounding rock capable of higher deflection.



(¢) Compact packs (natural or synthetic anhydrite, Blitz-

dammer quick-setting materials) for harder strata.

Spruth(7) has given several cases where no difference in the roadway
condition resulted when roadside chocks were completely eliminated. Conducting
tests on 50 equivalent material models, he concludes that complete elimination
of roadside support is preferable in the cases of rocks caving in fine pieces
rather than where thick strong beds fail to break off at the goaf edge and so
remain hanging. As was natural, substantial economic savings could be achieved

by removing roadside support.

Yielding roadside supports like wood chocks with or without dirt filling,
stone or dirt packs were most commonly used until some years ago and are still
Prevalent. These materials are highly compressible even under quite low pressures
and, in contrast to the ribside, are generally not sufficiently rigid to prevent
large differential convergences across the roadway. They have to get compressed
& great deal before they show substantial load acceptance. Their rigidity,
however, would be somewhat increased by using stronger pack walls, building
central pack walls, grading of the strength within the pack towards the roadway
Or using double packs. According to Jenkins gﬁ_gl;(4), the ultimate pack

Convergence may vary between 38% and 53% of its original height.

Farmer and Robertson(s) agsume a soil mechanics convention for underground
Movement of fracture zones around a roadway. When both ribside packs are used,
three zones of active pressure, radial shear and passive pressure develop about
the rib edge, which is comparatively remote from the roadway. With increased
rates of advance, the ribside pack is eliminated and the goafside pack is reduced

In width., The zones of radial movement at the rib edge will now exist in the
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roadway, reducing failure in the roof and floor. The situation can be
improved by slotting the ribside or using a rigid pack to preserve a structurally
sound rock around the roadway. Farmer and Robertson suggest the following

properties desirable in a rigid pack material:

(a) Sufficient initial strength to support the roof at the

face end,

(b) strength lower than that of the ribside during the waste
caving period to prevent abutment stress concentration at

the faceside,

(c) sufficient strength to support stresses induced in the

roadside after equilibrium, and
(d) very low initial compressibility (about 5% strain).

It would thus seem more desirable to introduce more rigid packs to obtain a more
even pressure distribution around roadways. BExperiments at Holland Colliery
(Germany) were initiated in 1964 to introduce crushed natural anhydrite as a
pack material in order to reduce pack setting time, relieve gateroad haulage
of the transport of wood and prevent leakages of ventilation through wastes(9).
This is a mined product prepared as a binder and was supplied to this colliery
in a size range of 0-6 mm, with at least 30% fines under 0.2 mm. Chemically,
anhydrite is Calcium Sulphate (CaSO4) and, in combination with water and a
suitable accelerator, becomes dihydrate (CaSOA.ZHzO). The accelerator, which
is 1 part potassium sulphate (K2504) and 1.8 parts ferrous sulphate (FeSO4.7H20),

greatl, increases the speed of hydration and promotes the growth of crystals

forming a strong compact mass. Because of its recent success in Germany, its



properties will be considered here, together with those of conventional and

other substitute packing materials.

2.4 Properties of packing materials

Much work has been done in determining pack properties, to understand

the effects a particular pack would produce in the roadway and also to achieve

the 'ideal' packing condition at the roadside.

roadside support are as noted below:

(a) Wood chocks, with and without dirt filling.

(b)
(c)
(d)
(e)
(£)
(e)

(n)

Dirt or stone packs.

Aglite blocke and concrete slabs with wood.

Crushed natural anhydrite.

Synthetic anhydrite.

'Blitzdammer' quick-setting Tillomo.

Pump packs.

Bonded dirt.

These will be considered one by one.

2-4.1

on wood chocks, both open and stone filled.

Wood chocks with and without dirt filling

Whittaker and Titley(3) have given results

The various types of packs or

of 23 compression tests

Open chocks showed an initial

elastic compression at low loads which soon changed to a sort of plastic

deformation until failure, resembling a Bingham substance. The rate of



compression decreased with respect to load as the blocks were
squashed and effective contact area increased. The open half
round chock was much weaker than the square chock during the
initial lcading stages. Fig. 2.2(a) shows a typical load—
compression characteristic. It can be seen that open wood chocks

possess a high degree of compressibility.

The effect of filling the chock with stone was not apparent
until a load at which the rock had been sufficiently compacted.
After this, however, the filled chock showed much better load
bearing capacity with a marked increase in rigidity. Fig.2.2(a)
indicates clearly the advantage gained in later stages of loading
due to filling in that the filled chock compressed by 25 cm at
150 tonnes, whereas the open chock took only about 50 tonnes to
produce the same compression. At higher loadings (up to 300 tonnes),
most of the filled chock strength was due to the compacted rock,

the wood merely serving as a lateral restraint.

2.4.2 Dirt or stone packs

Barraclough et gl;(1o) conducted compression tests on stone
packs in the laboratory. The load-compression characteristic was
seen to depend on pack construction, compactness and location of
walls and the type of stone used. Packs built by two different
teams but in the same mamner exhibited very similar behaviour,
indicating the repro..cibility of the results. When fine river
sand, 18% by volume, was used with stones, the pack compression

increased from 9.2% to 10.3%. Fig. 2.2(b) gives a typical test
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result showing two curves for two teams of builders. The
behaviour of the packs is seen to be fairly linear. Also

noticeable is the high degree of yield.

2.4.3 Aglite and concrete blocks

The building of lightweight concrete blocks in the pack
area was first adopted at Daw Mill Colliery(11). The main
advantage of Aglite over dense concrete is its low density, which
is important considering the handling problems involved. Aglite

is a trade name for lightweight concrete made from sintered clay

and shale, screened, graded and mixed with cement.

The technique in use is to build solid chocks (because of
the poor shear strength) with the blocks in a continuous strip along
the gateroad. These blocks have a compressive strength of 5500 kN/m2
(800 psi). A comparison of the yield characteristic of Aglite
with those of hard wood and soft wood(12) in Fig.2.3 shows Aglite to
be far from ideal. Field experience shows that if the bearing
strengths of the roof and floor exceed that of Aglite, the chock will
yield slightly until failure lcad which depends greatly on the
slenderness of the pack and the constraint offered by the gateroad
supports. In thin seams, where a pack is more flat, the shear breaks
developed do noct weaken the major part of the bearing surface, and a
high resistance will develop with little yield. In thick seams, however,
the chock will disintegrate into a broken mass if the yield point is

reached.
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When the bearing strength of the roof and floor is not sufficiently
high, penetration of the strata will occur before the chock fails and it

will become an integral part of the roadway mass.

At the Dutch State Mine Emma(12) composite chocks of alternating
layers of concrete slabs and hardwood boards were built at the roadside.
These chocks were built approximately 3 ft from the roadside and the
intervening space was filled with roadway rippings. Breaker props were
erected on the other side. The purpose of the chocks was to induce breaks
along the line of the chocks rather than over the edge of the solid roadside.
It was found that the waste did not break at the line of chocks, especially

when soft wood was used instead of hardwood.

2.4.4 Crushed natural anhydrite

Since its introduction in Holland Colliery in 1964, crushed natural
anhydrite is being used considerably in CGerman mines as a gateside packing
material. The reasons which induced various collieries to use natural
anhydrite, Blitzdammer quick setting fillers or synthetic anhydrite have

(13),

been given as

(a) Less shift outlay than for the transport and setting

of timber chocks.

(b) Increased pack resistance and better adaption to

roadway supports.

(c) Supporting a road against a face in the process of

starting up.



(d) Preventing ventilation air leaks.
(e) Fire prevention.

Genthe(9) has reported a fall in strength of anhydrite with an
increasing water content like all hydraulically setting materials, the
highest crushing strength being obtained at 8% water. The strength after
24 hours of setting at this value of moisture was 10300 kN/m2 (105 kg/cmz)

and the lowest value of about 2000 kN/m2 corresponded to 16% water.

Arioglu and Dunham(14) varied the water content from 6% to 16% and
showed that the highest strength occurred at 8.5%, the strength falling on
either side of this percentage. At values less than 8.5% sufficient water
is not available for complete hydration. Like Genthe they have also
reported a rise in strength with setting time at varying water contents and
have given the following general equation for variation of strength s with

time t:

At

8§ = ———

B+t

in which A and B are empirical constants changing with water content. These

findings are shown in Fig. 2.4.

Genthe(g) and Arioglu and Dunham(14) have also shown a marked fall in
the strength value with a rise in temperature and humidity, indicating that
anhydrite may not be of much benefit as a packing medium in hot and humid
conditions. Sample cubes of anhydrite which were prepared and stored under-

ground at a temperature of 21.5°C and 74% relative humidity only attained after



FIG.2.4 -COMPRESSIVE STRENGTH OF ANHYDRITE
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Compressive strength vs. water/anh. ratio

3of
~N
E 5
pad
>
<
st
o) L
P 10
Q
| 5
=
)
o 3 - A e Y 'l
‘06 ‘08 10 12 ‘14 ‘1€
Water/anh.
Compressive strength vs.setting_time
”-
N
£
S
-
= 2
£ Water/anh.
g 0-085
Q for
'l e 0-10
Yt
wm ~ 014
o A A a2 A A
0 4 ] 12 16 20 24

Time, days



24 hours 10 - 50% of the crushing strength values which were registered at
22°C and 40% humidity'?). Quick-setting fillers on the contrary increase in

(9)

strength with a rise in temperature .

2.4.5 Hydro-mechanically si{owed pack materials

Synthetic anhydrite, Blitzdammer quick-setting fillers and pump packs
have so far been used hydro-mechanically. Synthetic anhydrite is obtained
as a by-product in the manufacture of hydrofluoric acid and was successfully
used as a pack medium in Germany in 1968 for the first time(9). The Blitzdammer
filler is produced by Elsa-Zement of Germany and consists of 54% cement clinker,
40% lime marl, and 1% calcium chloride and 5% Lepol furnace clinker. It has
roughly the same strength as natural anhydrite but is much more fine-grained.
Synthetic anhydrite also has a comparable strength but the water-solids ratio
is 0.36 as compared to about 0.09 for natural anhydrite. This ratio is 0.40
for the quick-setting filler. The accelerator for synthetic anhydrite is the

: 1(9’ 15).

same (FeSO, and K2S04) but the proportion is 1

4

Pump packing in Britain is currently practised by Thyssen and Cementation
Run of mine coal/shale is transported over a vibrator screen (0.1 inch) and the
undersize is sprayed with sodium tentonite to increase fluidity and later a
Solution of pack bind (quick-setting cement, citric acid and water).is added

before being pumped into the pack area(16). Properties of pump packs do not

appear to be available.

2.4.6 Bonded Packs

Blades and Whittaker(17’ 18) carried out conp.ressiontests on dirt packs
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bonded with resinous cement, anhydrite, resins (polyester) and cement to
imprbve load acceptance. The consolidated pack appears to provide a
compromise characteristic between those of wood and cement blocks with a
gradual decline in resistance after a fairly rapidly achieved ultimate
bearing load. Tho. test results are shown in Fig. 2.5. in comparison with

wood chocks and dirt packs.

2.5 Load acceptance and behaviour of roadside packs

Underground pack load measurement is an important aspect of strata
control in gate roadways. The nature of load acceptance of a pack with
face advance indicates how well or how early the roadway receives protection

from rock pressure. Pack behaviour depends on the following factors:

(a) Properties of the material used in constructing the

pack.
(b) Number and location of packs near the roadway.
(c) Size and slenderness of the pack.
(d) Rate of advance.

(e) Other miscellaneous factors like strata and coal
properties, face length, condition of the ribside, depth

of the mine, etc.

Phillips and Walker(19) in their early work on packs, obtained

underground experimental evidence to indicate that roadway closure could be
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reduced if two dirt filled packs were used instead of one on either side
of a middle gate. The total width of double packs was kept the same as

the single pack.

Evans gl.gi;(go) measured load by means of mechanical dynamometers
in middle gate packs in two mines at different depths (1000 to 2000 ft.).
The face lengths were 370 to 400 yds. (330 to 360 m) and the pack width
8 to 10 yards (7.2 to 9 m). They also measured pack convergence with a
convergence recorder. In all cases the pack showed a peak load build up
at about 150.to 200 ft. (45 to 60 m) from the face. The peak load was
observed to be greater than the cover load which later dropped considerably
and rose again to be steadied off to a value slightly greater than the
cover load (see Fig.2.6(a)). The pack compression and lateral roadway

closure in the meantime increased more or less smoothly.

(21) at

Similar curves of pack load have been produced by Phillips
90 yds (81 m) and 900 yds (810 m) depths, the face length being 180 yds
(162 m) and 218 yds (194 m) respectively. Fig.2.6(b) shows his results
and indicates again the existence of a peak load value some distance from
the face, which Phillips terms as the back abutment pressure. Curves 1 and
2 in this figure are for the 90-yd depth with load cells 2.5 and 7.5 ft
inside the pack. The pack edge appears to carry much less load. Curve 3

is for the 900-yd depth.

In another investigation by Phillips and Jones(22) the peak load
occurrence is confirmed giving support to the back abutment hypothoris.

They also contend that if pack load observations are taken from the start
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of a face, there is a limiting distance from the coal pillar from which

an apprecizhle back abutment pressure is not developed.

Two other researchers later obtained pack load characteristics
very much similar to those of Phillips and others. Winstanley(23)
chose a very long face, 3000 ft (900 m), at a depth of 2100 ft (830m)
for measuring pack load. His investigation gave a steady rise of pack
load to greater than +he depth pressure at 107 ft (32 m), a later fall
and steadying off to the depth pressure. Price(24) went a step further
and installed two load cells, one on the floor and the other in a dug-out
in the floor (in-floor). The loading curve confirmed the observations of
others for the on-floor location in that there was a load peak at about

60 ft (18 m) from the face. The in-floor location, however, produced

surprising results in that there was no peak locad build up and the load

later steadied off to a value 67% greater than for the on-floor measurement.

Jacobi(zi) installed Maihak pressure capsules in the pneumatically
stowed goaf and could nct observe any back abutment pressure even after 6
months of face advance. Similar observations have been reported by
Creuels and Hermes(zé) for a pneumatically stowed area. Jacobi disagrees

with the back abutment hypothesis.

More recently load measurements were carried out in dirt packs by
Thomas by means of a hydraulic pack dynamometer developed at the Mining
Research EBtablishment(27). He has criticised the earlier work of
Evans gi.gl;(zo) that their observations were affected by the roadway since

the dynamometer was installed too near the pack wall, even under it sometimes.



Thomas 's measurements were taken near ribside roadways at Hucknall Colliery

from which he concluded that

(a) the pressures reasured are rarely more than 0.5 times

the cover load,

(b) the pressures are usually limited by the flow of pack

floor into the roadway or waste, and

(c) the proximity of a ribside causes loads on the ribside

pack to be low.

No definite evidence of a back abutment pressure was obtained. Thomas

is, however, silent about the work of other authors.

It can be seen that most investigations of pack load reviewed till now
deal with dirti packs. Work was recently carried out by Genthe(9) to
estimate loads on Blitzdammer packs in Germany. His findings, shown in
Pig. 2.7(a), indicate again a peak load occurrence at about 25 m from the
face. The maximum load that could be recorded was only 22.5 keg/cm®
(2220 kN/hz) in a gateroad located near the ribside. Surprisingly this is
mich lower than the figures from Limburg Coalfield, Germany of 42 kg/cm-
(4120 kN/mz) in the case of wood chocks and 63 kg/cm2 (6180 kN/hz) for packs

of alternate oak planks and concrete blocks(13).

Investigations are being carried out by the Department of Mining
Engineering of the University of Newcastle upon Tyne at Easington Colliery

for assessing the behaviour of gate roads adjacent to ribsides using anhydrite
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(28),

packs One panel in which pack load measurements have been carried

out is 1800 ft (590 m) deep and has a face length of 200 yds (180 m). The
pack is 1.5-m wide and exhibited a load acceptance characteristic which

is similar in general to many others reviewed till now and also to Genthe's
observation, as can be noticed from Fig. 2.7(b). The peak load reached was
about 5300 kN/m2 as compared to 2220 lcN/m2 reported by Genthe. The steady
state load was about 4500 kN/hz. The maximum load was attained at about
40m of face advance. The values of these loadings are more comparable with

those reported from Limburg Coalfield of Germany for wood chocks and oak-

and-concrete packs.

The loading characteristics in the earlier work of Phillips, Evans
and others were obtained in dirt packs in the middle gate region. The face
length was also considerable in most cases. It would thus seem natural that
the ultimate pack load corresponded to the depth pressure. Packs at the side
of roadways located adjacent to the solid ribside will not probably undergo
the same load as middle gate packs because of the resistance offered by the
ribside. The general shape of the load characteristic, consisting of a
steady rise to a peak value, later fall and steadying off to a plateau
value, appears to be the same for anhydrite packs as for dirt -filled middle
gate packs. There is more evidence in favour of the pack undergéing back
abutment pressure than against it. Hence the back abutment hypothesis may

be regarded as sufficiently general and acceptable.

The pack load values and the consequent convergence variation against

face advance as obtained by earlier workers on middle gates can hardly be



comparable with those observed for anhydrite since the latter have been
obtained at roadways adjacent to a ribside. Thus a comparative picture

is difficult to establish, unless observations are taken under similar
conditions at roadways employing conventional and anhydrite packs. Anhydrite
and other substitute hydraulically setting materials have, however, met

with considerable success in Germany and seem to show obvious superiority

in behaviour over other packs. A brief comparison based on field experience

in Germany is made below.

2.6 Substitute packing materials and improvement in roadway stability

Genthe(9), Heinrioh(13), and Lenge et al.(15) have reported in general
about the improvement in roadway stability due to introduction of anhydrite

(natural and synthetic) and quick-setting fillers.

According to Genthe, roadside packs of hydraulically setting materials
can at the most be compressed by 0.5-1.5% of their initial height before
breaking. They can obviously serve a better purpose in preventing the rock
mags over the pack area and the roadway from breaking up as far as possible.
Empirically speaking, Genthe contends, as a rule the condition of roadways
with hydraulically setting packs is much better, in particular on account of
the lack of convergence in the pack area, than in comparable roadways, while

employing only 1-m wide packs in seam thicknesses of up to 1.5 m.

Heinrich(13) has collated the experience gained with roadway packs of
hydraulically setting materials. Up to October 1970 roadway packs had been

stowed in 17 German pits in 22 different seams (a total of 26 packs), 12 with



natural anhydrite, 8 with synthetic anhydrite a2nd 6 with Blitzdammer filler.
In most cases the seam thickness was greater than 1.4 m and the pack was
0.7 to 0.9 times thicker than the seams. This criterion for pack width was

found to be generally satisfactory.

Hydraulically setting materials, besides having other obvious
advantages, were early load bearing and rigid and attained considerable
strengths quickly. They were, therefore, expected to give comsiderable
success at the time of implementation in Germany. They have, of course,
given notable success in some mines but they have also brought about no
improvement in a few instances and in rare cases have worsened the roadway

conditions.

The most successful cases of improvement in roadway conditions have
been reported by Heinrich in three mines. In all these three cases the
arched supports were usually placed below the roof, i.e. the roof was not
ripped. In this circumstance the anhydrite pack is able to fill the cavity
between the arch and the roof, which wood chocks cannot, and is obviously

advantageous.

Heinrich has further recounted examples of success with rigid side packs
at Auguste Victoria Colliery where the roadway stood with hardly any loss
of cross-section and could be used a second time, at Walsum Colliery where
the roadway supports have remained undeformed and at Matthias Stinnes Colliery
in which the loss of cross-—-section has been reduced so much that it was

possible to replace the 14—m2 arches by 11-m2 ones.



Three more cases have been mentioned where hydraulically-setting

materials have been used as main packs with complete sSuccess.

Lenge gi‘gl;(15) have reported successful application of pneumatic-
ally stowed quick setting filler in pack construction at Heinrich Robert
Colliery. Records kept by Steinkohlenbergbauverein show a slight
distortion of the supports, which is not sufficient to be visible, and

the elimination of the need for dinting. After the face had passed, 85%

of the cross-section of the roadway remained, whereas in previous roadways

in the same seam only about 65% of the original section had been preserved.

There have been cases, however, where hydraulically setiing packs
have shown little improvement or have even deteriorated the roadway further
by causing additional floor heave(13). The packs erected at Holland
Colliery have shown no improvement over wood chocks as regards roadway
behaviour. To a certain extent this caused rather more floor heaving,

but there are no measurements available to support this.

In Zollverein Colliery a road supported by chocks was accompanied by
a side pack. The road had been cut about 1.4 m into the floor. It was seen
that the side of the road with a rigid pack flowed into the floor to a greater

extent than when only wood chocks were used.

A 120-m long side pack was stowed in Hugo Colliery. A width of
approximately 1.6 m was first selected for the 2-m thick seam. This brought
about some improvement in the roof condition. When the width of the pack

was reduced to 1 m (half the seam thickness), the side pack was partly



destroyed, there was a greater floor lift and the supports were deformed.
This case shows that the width-height ratio may not be reduced to 0.5.

The floor strength was 250 kg/cm2 (2500 kN/'m2 approximately) and the pack
pressure on the floor was so great as to cause floor penetration, upon
pack width reduction. The deformation of the supports could be attributed
to the fact that the pack was erected at a distance of 0.5 to 1 m behind

them.

2.7 Advantgges of hxdraulicallx setting materials and their agglicabilitx

It would thus appear that packs built from hydraulically setting
substitute materials like anhydrite have certain obvious advantages as compared
to conventional packs, like wood chocks and stone packs. Economically,

German experience shows that these packs are either superior to or the same as
conventional packs. From the standpoint of strata control they have brought
about considerable improvement in roadways of some German mines, judging by
the case histories in 2.6, but in a few cases have caused no better roadway
behaviour or even a further deterioration in terms of floor heave. The
success with setting packs is thus not entirely unqualified. However, some
other reasons, which are not rock mechanical, may sometimes seem more important,
e.g. prevention of ventilation leakage from the goaf area. Th}s has been the
case at Holland Colliery where German engineers continued to use anhydrite
packing in spite of the fact that it gave no better roadways than the wood
chocks(13). Another reason for its popularity in Germany is that it can cope
with high speeds of face advance. Its advantages from the point of view of

s8trata control are:



(a) It attains high strengths in short periods and it is

not necessary to build wide packs.

(b) It is early load bearing, i.e. it accepts strata pressure

earlier than conventional packs.

(c) It is comparatively rigid and causes less convergence in

roadways.
(d) It can effectively fill gaps and cavities.

Hydraulically setting packs have, however, some limitations to their

applicability:

(a) In seams with a weak floor liable to flow and fracture,
packs of anhydrite or such materials may increase floor 1lift
due to their rigidity, especially since such packs are narrow.
In this connection, it is worthwhile investigating the effect
of pack width on floor heave. According to German experience,
pack widths should not be less than 0.75 times the seam
thickness for overall stability. An increase in the width may
alleviate floor heave to some extent, but of course, may mean
higher costs. Sufficient measurements of pack load under
similar conditions are not available, so it is difficult to
say that anhydrite packs will create a higher pressure on the

floor, and will, in fact, cause additional floor heave.

(b) The setting process of anhydrite slows down considerably
with temperature (as opposed to Blitzdammer). Hence it may not

be successful in hot, humid conditions.



2.8 Short face advancing with a centre pack

Having considered the advantages and limitations of anhydrite and
other substitute pack materials, it is clear that they can serve a very
useful purpose as roadside packs. In recent years, the building of wide
stone packs has hecome costly and the price of wood is becoming higher,
Retreat mining is becoming more popular and interest is developing in

in-seam mining in conjunction with retreating.

Longwall retreating has, however, the disadvantage that it requires
initial development by headings, which makes it largely unproductive and
uneconomical during development. A method of developing by short-face
wide headings with a centre pack of anhydrite or other setting materials
was, therefore, thought of(1) and is currently under consideration in
conjunction with pump packs in the Barnsley area(z). This method of
development and subsequent retreating is shown schematically in Fig.2.8.

It consists of driving a pair of in-seam wide headings (12 to 16 m wide)

with a centre pack of suitable width, creating two roadways on either side

of the pack. These roadways can later be used as gate roads during retreating.
Roadways will be supported in the usual manner while advancing. This method
will have the advantage of productivity in the stage of development, as

opposed to conventional developing for retreating.

Before implementation, however, it would be beneficial to consider
the rock mechanical feasibility of the method and the work in the next

Chapters is devoted almost exclusively to this method. The next Chapter
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considers the beam theory in review, as a possible means of assessing

the centre pack advancing method.



CHAPTER 3

The beam theory and its application to strata

mechanical problems



CHAPTER

The Beam Theory and its application to Strata Mechanical Problems

Many instances of mining in stratified rock require estimation of
roof behaviour. The classical pressure arch theory, with its pre-requisite
of rather systematic bed separation in the roof, explained schematically
rather than analytically or quantitatively the occurrence of abutment
pressure on the ribside of a mine opening and also support load and
subsidence. The theory is too well known to warrant a description here
and this Chapter will consider the more realistic and later theory of beams

in its various stages of development.

The beam theory regards the stratified rock in the roof as a beam
which deflects downwards due to mining over openings, supports, pillars,
etc, in some manner, causing convergence or load as the case may be. It
must be made clear at the outset that the roof rock is infinite in two
horizontal directions and hence should be considered as a plate rather than
a beam., The differential equation for deflections W of & simple plate

in a rectangular coordinate system (x,y) is

b"” )"‘-\f )H” - q.
T PSSR T 0 T .

where q is the loading on the plate and D is its flexural rigidity. For
any support configuration under the plate which is considered infinite in

one direction y, the second and third terms on the left hand side of this



equation vanish and the first term becomes an ordinary cerivative, leading
to
M

3 x”

=3
i)

This latter equation thev represents plane strain since the plate bends
only along the x—axis(29) and is identical to a beam deflection equation
except for the flexural rigidity D. Hence the term beam instead of plate
is used in all plane strain analytical solutions to problems of strata

deflection, as has been done throughout in this thesis.

3.1 Beams with rigid and elastic support

Until quite recently roof rock over an opening was likened to either
a beam simply supported at its two ends by ribs or pillars, as the situation
may be, or clamped rigidly at its ends between the main rockmass and the coal

Seam. The differential equation for beam deflection v is
d v
b———- = 9 (3'1)
which has the general solution

2
v = X,Q""A‘x +Az

9
24D

for a symmetrical rectangular opening with ribs on either side. According

to these two beam models the following boundary conditions at the coal edge



are applied to the solution to obtain the integration constants A1 and A2

and so complete the solution:

2
Simply supported: v .o | d’v _, (deflection and bending
ol x?
moment are zero)
y (3.2)
~
Clamped: v=o, —— =0 (deflection and slope
®%

are zero)

Both beam models, however, treat the roof as finite and completely
disregard the behaviour of the roof over the coal and so give the following

erroneous answers:

(a) With both models no abutment pressure exists over the

coal edge.

(b) In the simply supported case the bending moment is zero
at the coal edge and the clamped case produces sharp
clamping moments at the coal edge, the bending moment

being suddenly zero further inside over the coal.

(c) The coal seam produces perfect clamping or a simple
unyielding point support preventing roof deflection at
the coal edge, while in reality coal is softer than
most rocks and hence cannot be expected to remain rigid

while the roof strata deflect downward.

The deflections and moments are shown schematically in Fig. 3.1 for

these two models.
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From the objections (a), (b) and (c) it can thus be seen that the
seam will yield under the bending action of the roof and will give rise
to deflections and bending moments at the coal edge in the beam and also

further inside. Hetenyi(30)

enumerates various examples of beams supported
elastically by a continuous yielding 'foundation' and it is, perhaps, the
first comprehensive work in the theory of beams on elastic foundations.
Though his work is quite old, it was seldom seriously considered for
application to mining in stratified rock until quite recently, when Tincelin
and Sinou(31) showed, probably for the first time, how the theory could be
applied to a practical mining situation, They used the method to estimate
pillar loads in a panel of pillars with barriers on either side. Adler(32)
used the theory to show mathematically how the nether roof behaves over an
opening and also over the ribside and corroborated his results by models.
The deflection and bending moment variation as per Adler is shown schematically
in Fig. 3.1. A comparison with the simply supported and clamped cases in
the same figure shows the significantly different distribution of bending
moments and deflections, when the elasticity of the seam is taken into

consideration. Large values of bending moments and deflections are seen to

occur over the ribside.

When a transversely loaded beam is supported elasticall}, the deflection
v at any point in the beam is equal to thecompression produced in the
supporting foundation, the upward reaction to the beam being proportional

to the deflection v. Thus, if the transverse load on the beam is q, the

differential equation for beam deflection in this case will be(BO’ 33).
4
Dolv 2%_4“, (3.3)
A

%



where k is the foundation modulus, of which more will be said later in
this' Chapter. When Equ. (3.3) is applied to the ribside % becomes
the foundation modulus of the seam. Considering again the symmetrical
configuration of a rectangular opening with infinite ribs on either side,

(32)

as done by Adler , for the unsupported opening region we again have
Equ. (3.1) and for the ribside Eq. (3.3). From these the expressions

for deflections in the two regions can be written down as

gpening:

9 4 2

Ribside ¢
- XX

v, = _Z_ +e (Ajcesxxt AZ’S»v'V\,OC'X-)

2

the first expression satisfying the condition of symmetry and the second
one at x =eo, v, = q/x » When tie cecon? expression is miliiplicd through by
k, the loading on the ribside is obtained as

kv, = 9 + k€“1CA3u5 x4+ Ay s “%)
which will have the general shape shown in Fig. 2.1, The ribside loading
tiius shows an abutment peak stress at the edge which falls to the depth
pressure q eventually. This abutment peak stress is likely to cause
crushing of the ribside, reducing its support capacity and consequently
shift the peak into the ccal. This will be considered in greater detail

in Chapter 7. The peak mentioned here is the prefracture peak. The



integration constants A1 and A2 can be determined from the continuity

conditions at the coal edge:

L
W G
’U‘, = Vzu ) '\q = V"

where L is the opening width. The conditions in words state that at

the common boundary between the two regions - the coal edge - the deflections,
slopes, bending moments and shear forces must be equal for continuity.

These continuity conditions can, incidentally, be used for any two
neighbouring regions. It can be seen that these boundary conditions are
completely different from (3.2) and so is the procedure for determining

deflections when the elasticity of the seam is accounted for.

3.2 Foundation Models

The foundation k in Equ. (3.3) is a measure of elasticity of the

(31)

foundation, in this case, the seam. It is defined as

k= B (3.5)
(1-4%)

nearer the coal edge due to biaxial conditions and

E(1-p)
H(14p) (1= 20)

=3

deeper into the seam because of triaxial conditions of stress. E is the

modulus of elasticity of the seam, M is Poisson's ratio and H is the seam



thickness. For the usual values of ¢ for coal (0.2 or 0.25) the two
expressions for k are not significantly different. Also the region of
interest is nearer the opening usually and as such the first expression

(3.5) will be used in future work.

The simplest representation of an elastic foundation has thus been
provided in Equ. (3.5) by Winkler(3o), who assumed the foundation as
consisting cf closely spaced independent linear springs. Kerr(34) has

reviewed several alternative foundation models in order to incorporate interactiomn

between springs. Some of them are noteworthy:

(a) Filonenko-Boredich Foundation: In this model the top

ends of the springs are comnected to a stretched membrane
subjected to a constant elastic tension of some value. Thus
the behaviour of the foundation depends on the value of the

tension assumed.

(b) Pasternak Foundation: A shear interaction between spring

elements is accomplished by connecting the ends of the springs
to a beam (or plate) which consists of incompressible vertical

elements and deforms only by shear.

(c) 'Generalised' Foundation: In this, it is assumed, in

addition to the Winkler hypothesis, in which the pressure is
proportional to deflection at each point, that also the moment
is proportional to rotation. The second assumption is regarded

by Kerr as quite arbitrary.



(d) Reissner Foundation: Reissner assumes that in-plane stresses

throughout the foundation and the horizontal displacements of the
contact surface between the beam and foundation are zero. This

leads to the Pasternak foundation model again.

The usual approach in formulating deflection problems over such
foundations is based on the inclusion of the foundation reaction into the
differential equation for beam deflection. For example, when the reactions
as per the Winkler model are included, we get Equ. (3.3). For the other
foundation models the differential equations are more complicated. For
simplicity the Winkler model will be used in subsequent work, as has been

done by others(30"33’ 35 - 38).

3.3 Thin and thick beams

In all that has been said till now, there is an implicit assumption
that the beam is regarded as thin. If the distance between the supports of
a beam is less than five times its thickness or depth it is considered to
be a thick beam generally(36). In most mining situations in stratified rock,
the nether roof, or the strata up to the surface, has to be considered as
thick. Any beam, thick or thin, undergoes deflections which are the sum

total of the three kinds of deflections due to
(a) bending moments,
(b) shear forces, and

(c) vertical stress Oy depending on the loading on the
(39)

beam



The last-mentioned deflections have not been included in any thick
beam differential equation and in fact mention is rarely made of these
deflections even in standard works on the subject of beams in strength of
materials, presumably because they are not very significant. In a thin
beam the only deflections of consequence are those due to bending moments.
Equ. (3.3) is the thin beam differential equation and so gives deflections
due to bending moments alone. The influence of shear force becomes more
and more prominent as the beam becomes thicker. The total curvature
produced in a thick beam is the sum of the curvatures due to bending moments

and shear forces:

2 2

A2 Adv,  dvs (3.6)
2 - 2 t 2

odx o x ol

where v is the total vertical displacement at any point (x,y) in the beam
and v and v, are those due to the bending moment and shear force at the
beam cross-section containing (x,y). When the beam is thin the second
curvature term on the right is negligible, and we get Equ. (3.3) when the
curvature is differentiated twice, multiplied by the flexural rigidity D and

equated to the loading on the beam.

The curvature in a thin beam is directly proportional to the bending
moment M according to the relation

2
d v _

M
"Z° "D (3.7)

80 it is simple enough to obtain the differential equation like (3.3) once

the tending moments (or curvature) are known, as for a thin beam, but such an
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expression for bending moments does not hold for thick beams (which will be

seen later). So the derivation for a thick beam cannot proceed ahead from

this point.

An exhaustive review of literature on thick beams has been made by

(40)

the U.S. Army Engineers Waterways Experiment Station y but no case of
thick beams on elastic foundations has been included, perhaps because of their
field of interest in civil engineering. The first attempt at formulating

a differential equation for thick beams supported elastically appears to be
made by Tincelin and Sina:(31) for pillar load distribtuion in a panel,
visualising the fact that pillar loads are governed by the distance between

panel barriers or panel width since this will affect the deflection of

strata in the panel. Their derivation is given briefly below:

The deflection Vg due to shear force is related to the shear force

according to

dv, _ 3@ (1+4#) (3.8)
o= Eh

where E, 4 are elastic constants of the strata and h is the strata beam

thickness. Differentiating once,

d% _ a(10) Ja

ol 2 Eh  dx
AdQ am
N — 2 — 2 _— ‘(V 3.9)
o dx D ol x (a, ) (
v 20U 0 k)
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and using (3.6) and (3.7) we finally get

D a'v  a(1tp)kD o

—— —_— = —-k\)’
oA Eh dx? *

(3.10)

which is a differential equation for deflection of a thick beam supported
elastically. As has been pointed out in (41), Equ. (3.9) assumes the thin
beam equation (3.3) again as valid for thick beams even though v are now the
total deflections given by (3.6). It was doubtful whether Equ. (3.10) could,

therefore, be regarded as acceptable.

3 3.1 The flexural rigidity of strata

The product of the moment of inertia of the beam cross-section and its
modulus of elasticity is defined as its flexural rigidity. In the case of
a plate, the term (1—/&2) also occurs in the denominator. Thus in general
for roof strata

Eh?
12 (1-42)

where h is strata beam thickness. Depending on the nature of the problem

h may be the nether roof thickness or the depth from surface.

Mandel(dz) proposed to define the strata as a series of thin beams
loosely placed one over the cther without friction, and so proposed the

following expression for flexural rigidity:

AN )
E, b _
D= L ) = ZD4 (3.11)




This is just a summation of the flexural rigidities of all the strata
involved in the roof, the limit of summation n depending on the
stratigraphy of the area concerned. This expression is valid only
within regions so affected by workings as to loosen up and break

cohesion between different rock beds.

Sometimes, however, it may be doubtful whether cohesion can be
assumed to have broken as in the case of a panel of pillars where the
rooms will affect the strata only locally leaving the rest intact up to
the surface. Also in a longwall panel, strata can be expected to loosen
up to a certain height only, depending on face length. Thus it may at
times be necessary to determine the flexural rigidity assuming existence
of a firm bond between different layers. The strata will then be a
thick composite beam of several materials. It is known from elementary
applied mechanics that the flexural rigidity of a composite beam whose
cross—section consists of two layers of different materials (1ike wood
riveted on steel) can be determined, if the cross—section is converted

into an equivalent T-section of only one of the two materials such that

where Ew and Es are the elastic moduli of the two materials, say wood and
steel respectively. b is the original beam width and b1 is the equivalent

width of the wooden part when it is replaced by a steel flange (see Fig.3.2).



FIG.3.2- CONVERSION OF A COMPOSITE BEAM SECTION
INTO AN EQUIVALENT ONE-MATERIAL SECTION
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Proceeding along similar lines, a set of mine strata can be

converted into an equivalent cross-section as shown in the same figure

and the flexural rigidity can be shown to be given by 43)

A 2

EA: Py h; 2

D = i 4+ S

; t-pi ( f 4> (3.12)

= [ ki -3
n

. E. h-
Z(%&+A£+4+“i+2+"'+k")_%
A4S

E; hi
1—p

where

y=

the terms (1_./53) occurring becauseof plate effect, the same as in

Equ. (3.11).

For the same set of strata Equ. (3.12) gives a greater value of D
than Equ. (3.11), i.e. loosened strata will deflect more than composite

strata.

3.3.2 Middle-plane, average and bottom-fibre deflections

When the beam is considered thin, the vertical displacement v at
any point (x,y) in the body of the beam does not change with y, i.e. the
deflection of any horizontal fibre in the beam is identical to the one
below or above it. This is because in the theory of pure bending beam

cross sections remain plane during the process of bending. In thick
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beams, however, the influence of shear stresses causes the cross-sections

to be deformed laterally and the vertical displacement varies through the

depth of the beam.

In a thick beam theory it is, therefore, essential to define the
deflections in terms of which the beam differential equation is being
formed. Though not mentioned explicitly, Tincelin and Sinou (31)
formulated the thick beam differential equation (3.10) in terms of
deflections in the middle plane of the beam. Reissner has given a theory
of thick plates(44) in terms of deflections taken as an average over the
plate depth, assuming a linear variation of the horizontal stress 6&
through the depth. Based on this theory, a thick beam equation was developed
in terms of the average deflections(43). The average deflections were

defined by

k/a 2
) 4y
v = 2 - 2J Vd
.'zk[ v°<1 W2 ) J (3.13)
—h/a

where v, are the deflections at any depth y and h is the beam depth. This

definition was the direct result of the relations

ha
j Tay oy = AV
~h/a
3Q 4’31
Ty = % (1- —a

(3.14)

where ?:xy is the shear stress and & 1is the shear force. This analysis
gave the following equations for deflections, bending moments and shear

forces in an elastically supported thick beam



4 2 2
d v (44’/0“')‘\ . o -k = -k
D oo * 10(1-,u.2) 4(»)1.""(qv v) ? v (3.15)

o’y (244) A2
M =-D - -k (3.16)
d"’ﬁ 40(1‘-/&2) (% 'V)
Q= f(_.”.‘-
dx

Taking the case of a horizontal seam, the load on the beam q will
be the uniform weight of the strata and, as such, independent of x.
Equ.(3.15) then assumes a form somewhat similar to the one arrived at
by Tincelin and Sinou, Equ. (3.10). The main difference between the two
equations is the second order derivative of q, which appears in (3.15).
This is not very important when q is a uniform load, but will make a
considerable difference when it is a function of x, as it is on the parting

(43)

between two contiguous workings

A comparison between Equ. (3.7) of the thin beam theory and
Equ.(3.16) shows that the expression for the bending moment gets changed
so that an additional term is included in terms of the deflections. This

is a correction term because the influence of shear force is considered.

Equ. (3.14) is for the distribution of shear siress across the beam
depth and is parabolic, satisfying the conditions of zero shear stress most

commonly employed in beam and plate theories:

(le)y:-.tk/az °



This parabolic law of shear stress distribution, which is
incorporated in the definition of the average deflections Equ. (3.13) is
obtained as a direct result of the basic assumption in this thick beam
theory of the linear variation of the horizontal stress dgzwith y.
Filon(45) has shown that in a beam with point loads eccentrically applied
on the top and bottom edges of the beam, the shear stress distribution across
the beam section is not parabolic for small values of c/h, c being the
distance between the two loads. Between c/h = 0.5 and @ the distribution
is near-parabolic, or parabolic. This, in other words, means that only a
small error is introduced by the assumption of a parabolic law of shear
stress distribution (or a linear law for & _) in a thick beam, if the
distance between supports is equal or greater than the beam depth. In
fact, it will be noticed that Equ. (3.8) used by Tincelin and Sinou for

their thick beam equation also assumes a parabolic shear stress distribution.

The two thick beam theories reviewed so far give differential
equations for beam deflection in terms of middle-plane and average deflections.
IT the stability of the strata beam only were under consideration, these
two kinds of deflection would serve the purpose well enough, but it can be
visualised that the compressions produced in an elastic foundation are
equal to the deflections at the surface of contact between the foundation
and the thick beam. Hence an element of error is introduced in the equations
in terms of middle-plane or average deflections in the case of thick beams
supported elastically. In a thin beam these considerations are immaterial,

since the deflections are assumed not to vary through the beam depth.
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The derivation of a thick beam differential equation in terms of

(46)

the lowest or bottom—fibre deflections is given below' ™ !

3.3.3 A thick beam differential equation in terms of bottom—fibre

deflections

The thick beam theory of bottom-fibre deflections was developed
originally for seam or pillar reactions to the roof, but is generally
applicable to any elastic foundation, e.g. a pack. The derivation of the
differential equation is given here in some detail (with some inevitable
short cuts for brevity), because it is this method which has been used in
subsequent Chapters on short face advancing with a centre pack. The basic
assumption in the case of this derivation, as explained in previous theories,
is the parabolic law of shear stress distribution (or a linear law of

distribution of the horizontal stress Gx) over the beam depth.

Fig. 3.3 shows an infinite beam on some elastic foundation, say a
coal seam, in the coordinate system (x,y), y being taken positive downward.

Then the two equations of equilibrium for a two-dimensional system

o6, oT
1:4_ ‘ky

= 0
ox oy
T

d6y +3,‘7 -0
ay A%

and the boundary conditions on the top and bottom edges of the beam
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are satisfield by the following expressions for the stresses di! Gy,
Txy 2
6, = f(=)y
Y- 2 ¥ 2h A2

(3.18)

Ty = £ F O (5 -5")

These expressions are in accordance with the initial assumption of a parabolic

shear stress distribution. Here ¥ are the bottom~-fibre deflections and the

function f(x) is defined by
" - 1—2- -
Fx = 3 (1-k9) (3.19)

The rest of the symbols have the usual meanings.

Expressions for displacements u,v can be obtained if Equ. (3.18)

are used in the displacement relations in plane strain



9 2

‘a‘:‘ = é‘ [(1=p®) 6 = 140 65 ]
W L (1-p?) 6, —p(110) 0 ]
dy E

du v a(tm) o
3;)' o E Y

Only the vertical displacements v are of interest and mentioned here:

2 2
(- pm(14p) ¢ o 22 5 2 _8Y
":'—Et‘fn(")*"—g—_”(q"{’k II)(zk 43

+ _'_Jgi f(x)(i“’_.z-y") - 6,’(1)x+ 8, (v)

where B,(y) and 32<y) are arbitrary functions of y only. From this ¥

can be seen to be

2 /
v =)y ~1:Ef'i F ) - B ()= + B, (%)

hla

Differentiating four times with respect to x and using Bqu. (3.19)

pLs = q-k¥ (3.20)
A x4
which is the differential equation for bottom-fibre deflections of a thick

beam on an elastic foundation. It will be immediately seen that this equation

is identical to the classical thin beam equation (3.3), the reason being
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simply that when the usual condition of zero shear stress, given in Equ.(3.17),
is applied to the top and bottom edges of a thick beam, the deflections of
these edges become independent of shear stress. This means that the curvature
due to shear force vanishes from the total curvature at these extreme edges,

so that the bottom-fibre deflection depends on bending moments alone. The
problem of a thick beam thus becomes more realistic due to Egu. (3.20), which
has the advantage of being simpler to handle than previous more complicated

equations.

3.4 Application of the beam theory in general to strata mechanics

The beam theory in general has been applied in the past to underground
strata behaviour problems associated with pillar and seam loadings, and
stability of mine openings, i.e. room and pillar mining. The reason is that
this method of mining permits the use of such a method ofpre-failure analysis
of the situation, while in longwall mining some sort of post-failure analysis
is necessary after having understood the nature and extent of the goaf that
is close by. Also the failure in the goaf is progressive as the longwall
face moves, leaving some intact rock higher up and over the ribside, leaving

a geometry which is largely>unknown and also difficult to analyse.

The work of Tincelin and Sinou(31) has already been mentioned in
the previous Sections, in connection with the thick beam theory. The thick
beam equation (3.10) developed by them was subsequently used by HOfer and
Menzel(35) for loading problems associated with rock salt pillars in thick
rigid strata and they found by lateral deformation measurements carried out

on pillars that Equ. (3.10) gave reasonable values of pillar load. In view
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of the error pointed out in the derivation of this equation in 3.3, mention
may be made that this Equ. (3.70) and the later developed Equ. (3.15)(43)
are not significanily different for a uniform depth pressure, i.e. level

single seams, as given in 3.3.2.

The thin beam theory has been applied in the past to obtain a
comparative picture of loading on split pillars at the goaf edge during

depillaring with caving, depending on the extent of splitting(BY)

, also by
. : . . . . (31) (32)

Tincelin and Sinou in their work on pillar loads , by Adler for the

stability of a mine opening, as described earlier and by Salustowicz and

(47, 48)

Berecki y for seam reactions and load on the stowed goaf.

(36)

Stephansson used both the thin and thick beam theories in
extensive investigations into the stability of a wide mine opening in
horizontally bedded rock. He also used equations for deflection of multiple
beams, simulating multilayered roofs and compared his results with experiments
on plaster modelling in a centrifuge. When friction was used in his models
between the seam and the roof, the results on the ribside did not agree

completely with theory. This showed the approximation introduced due to

the condition of zero shear stress on beam edges.

An application of the theory of bottom-fibre deflections has been
given in (49) for estimating the stability of barrier pillars in a pyrite

mine using the principle of strain energy.

The work on beams so far reviewed indicates that rock strata in

most situations are to be treated as thick and it is also shown how the



theory of bottom~-fibre deflections is somewhat more realistic than the
other thick beam methods, though with inevitable approximations involved.
This method has been used in the work described in subsequent Chapters on
short face advancing with a centre pack and on floor heave analysis to

obtain the loading on floors during retreating.
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CHAPTER 4

Experimental work — Elastic modulus of anhydrite and a pack strength formula

4.1 Introduction

A roadside pack made of crushed natural anhydrite becomes
increasingly stiffer with time because of the setting process and so, with
face advance, develops increasing resistance to roof lowering. This
property is peculiar to all setting packs as opposed to conventional packs
like wood chocks or dirt packs. This fact has been taken into consideration
in the next Chapter which deals with an elastic analysis of the short face
advancing method using a centre pack of anhydrite. It was, therefore,
necessary to determine the variation in the elastic modulus of anhydrite
with setting time, especially since work on this aspect did not appear to

be available.

All rocklike materials are subject to a fall in strength with an
increase in the size of the specimen tested, because of the presence of
macroscopic flaws. Pores, grain boundaries, cleat planes etc. fall under
the category of flaws and initiate failure in a specimen under stress. The
probability of failure under a particular stress value increases with the
number of these flaws in the specimen or, in other words, there is a fall in
strength with an increase in specimen volume. This is the weakest-link
theory. Epstein(5o) has given equations of strength considering several

frequency distributions (Gaussian, skew, Weibull, rectangular) for the
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strength of brittle materials. Grobelaar (51) has shown the applicability
of this theory to several rock types and coal, when the frequency
distribution is Gaussian or normal. Thus, according to the weakest-link
theory, it could be visualised that anhydrite would reduce in strength
with greater specimen size and a small specimen could lead to erroneous

estimates of pack strength.

Also of interest with reference to anhydrite packs is the well-~
known effect of slenderness on the compressive strength of a specimen,
slender specimens being weaker than flat ones. Since anhydrite packs
could occur in various heights and widths, it was important that this

influence be considered in estimating pack strength.

4.2 Experimental investigations

Crushed natural anhydrite was obtained from British Gypsum for the
purpose of these experiments, in the size range of O—-6 mm with about

(9).

30% fines under 0.2 mm as per German sStandardisation A water-
anhydrite ratio of 0.1 was used so that no tamping was necessary to

produce a consistent specimen. The percentage accelerator used was 1%

by weight of the anhydrite.

4.2.1 Influence of setting time on the elastic modulus of anhydrite

10—m cubes of the anhydrite mix were cast into suitable wooden
moulds. The moulds were gently hammered from the outside to settle the
mix. No tamping was necessary. The setting pericd was varied from 1 day

to 6 weeks as seen from Table 4.1. All specimens were prepared from the

same bag of anhydrite.



TABLE 4.1

Variation of elastic modulus of anhydrite with setting time

Setting period, Eﬂasti% modulus,
days x 10°/kN/m?

1 1.73

3 3.20

4.92

14 6.50

28 T7.53

42 8.15

TABLE 4.2
Influence of size and slenderness on compressive strength
of anhydrite
Specimen Specimen No. of specimens Mean Strength Standard
cross-section, Height, tested kN/m Deviation,

cm square cm %
2.50 5.00 5 62,720 5.01
3.75 2.50 5 85,470 4.17
5.00 5.00 4 70,700 0.97
6.25 9.40 4 48,510 5.46
7.50 3.75 4 75,865 0.94
10.00 .2.50 3 92,665 4.50
15.00 5.00 3 72,665 2.65




The prepared specimens, after the required setting period, were
compressed uniaxially in a universal testing machine. Their deformation
wa2s

measured simply by two dial gauges, one on either side of the specimen.

Three replications were used for each setting period.

Fig. 4.1 to 4.6 show the stress-strain characteristics of anhydrite
at the six setting periods. Each curve shows an initial non-linear
deformation indicating closure of pores and squeezing of the cementitious
matrix in the material. Then follows a fairly linear behaviour. The
stress-strain curve is thus similar to that of sedimentary rocks. The
tangent elastic modulus from the straight line part of the curve was
determined for every replication graphically and a mean value was calculated
for each setting time. The mean elastic moduli are given in Table 4.1
and their values against setting time are shown plotted in Fig.4.7. A best
fit to the regression was obtained to give the following relation for the
variation of the elastic modulus of anhydrite E with setting time t (in

days):

7-89 £ 6
= x 10
3.65 + ¢

kN/m2 (4.1)

This equation is asymtotic to the plateau value of 7.89 x 106

I/n° at
t =00 . The coefficent of correlation for this regression equation was

0.995 at the significance level of 0.1% and thus shows a high degree of

correlation.
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F1G.4-7-VARIATION IN VALUE OF MODULUS OF ELASTICITY
OF ANHYDRITE WITH SETTING TIME

Modulus of elasticity E, x10° kN/m?2
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4.2.2 Effect of size and height of specimen on the crushing strength
of anhydrite

In order to obtain a relation between crushing strength, size
and slenderness it was necessary to carry out tests on specimens of
varying sizes and width-height ratios. This was a three-variable
experiment and a statistical design gave rise to a total of 28 tests
having 7 sizes, from 2.5 cm to 15.0 cm. sciare, and width-height ratios
from 0.5 to 4.0. For consistency and careful blocking, a 30-cm cube of
anhydrite was cast and all 28 specimens were prepared from this single
cube by cutting and grinding after 7 weeks of setting. A view of these

specimens is given in Plate 4.1.

All specimens showed a docile failure under crushing. The
dimensions of these specimens and the corresponding crushing strength
values are given in Table 4.2. It may be noticed that the number of
specimens tested (replications) for each size reduces from 5 to 3 as
the specimen cross-section increases. This is in keeping with the
corollary of the weakest-link theory that the percentage standard deviation
falls with increasing specimen volume, which is found to be reasonably true
(50, 52)

in practice A three-variable regression analysis gave the following

equation for the strength of anhydrite:

0-073

(74
S = 22025 ————m—nnu KN/m
ko-439

2 (4.2)

where S is the crushing strength of an anhydrite specimen of width w and
height h m. The correlation coefficient was C.3% at 0.1% significance

level.
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Since Equ. (4.2) is in three variables it cammot be shown plotted
on a graph. A graphic representation of only the influence of size on
strength can be made according to the fallowing reduced equation for cubes

obtained from Eq. (4.2):

S = 20025 0306

This gives the fall in strength with size of cubes of anhydrite,
as shown in Fig. 4.8. It can be readily seen that the fall is significant.
The strength of a 1-m cube is obtained as 22025 kN/m2 so that the reduction
in strength from, say, a 10-cm cube to a 1- m cube is more than 50%.
Considering the usual order of pack size - a couple of metres - the fall

in strength from a laboratory small sample is obvious.

Equ. (4.2) has the same general form as that for the strength of
(52-56)

square cocal pillars given by many investigators

4.3 Pack strength formula

Equ. (4.2) thus affords a means of estimating the strength of an
anhydrite pack of given dimensions. To use it in practice as a pack

strength formula, however, it has to be modified to the form

0-073

S = 22025 __::;:;53_ F,-Fy.Fy (4.3)

where F1 is a correction factor to incorporate the difference in the
laboratory and in-situ strengths of anhydrite and is simply the ratio of

the two. Fé is a second factor to be used if the pack is less mature than
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7 weeks, which is the setting period used for these tests. The correction
factor F3 is meant to include the strength increase due to biaxial effects

underground.

F, is being determined in the laboratory by drawing core samples

1
from Easington Colliery(57). Tests so far have not been sufficient but

there is an indication that F1 may lie between 0.5 and 1.0 approximately.

The likelihood of a peak pressure on the pack after some face
advance has been indicated by several workers (see Chapter 2). There is
a good probability that the pack may not have éet fully at this time.
Knowing the distance at which the peak occurs and the rate of face advance,

it is simple enough to estimate the strength of anhydrite at the time the

peak occurs from the following equation(14)
39226 t >
S = KN/m (4.4)
2.84 +t

The correction factor F2 is then obtained as the ratio of the
strength so calculated to the final strength (i.e. at 7 weeks), and is

always less thanl.O.

Past experience has indicated that there is a significant increase
in the strength of rectangular specimens under compression, when the longer
lateral dimension is inCreased(58). In fact, the rise in strength is
indefinite, showing that a specimen with infinite length would be virtually
indestructible, if it is not too slender laterally. Thus a well

consolidated long pack can be expected to be very strong, but experience with
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anhydrite packs at Easington has shown that complete comsolidation is not
possible. Anhydrite remains fluffy and uncrystallised in pockets inside
the pack, so that the lateral restraint along its length is only partly

achieved. Hence the factor F, for biaxial restraint should, it is felt,

3
be taken conservatively as 1.0. Equ. (4.3) then becomes

wO.O73

S = 22025 F

5739 1°F5 (4.5)
h
It may be of interest to estimate the safety factor of the pack
at Basington from Equ. (4.5). Taking the observed peak load of
5300 kN/m2 (Fig.2.7(b)), F, =0.75 w="h= 1.5 m, the safety factor of

the pack can be estimated, if F, is obtained. The time of peak load can

2
be taken as 14 days. From Equ. (4.4) we then get the strength value at

this time and the ultimate value, and F,, their ratio, is 0.83. Then

21
using Equ. (4.5) the safety factor is found to be 2.28.

4.4 Conclusion

1. Anhydrite is found to exhibit a change in its modulus of
elasticity with setting time, as given by Equ. (4.1), the plateau

6 kN/m2 for the size range of the particles

value being 7.89 x 10
mentioned. This value is nearly reached after about 6 weeks.

This equation will not be valid for other size ranges of particles.

2.  The strength of anhydrite is found to be influenced
significantly by the size and height of the specimen. The

strength of a pack is, therefore, very much overestimated if



judged from only small samples tested in the laboratory.
The fall in strength from a usual laboratory specimen to

a large one comparable in size with a pack can be 50% or

more.

3. Equ. (4.5), while accounting for the influence of size
and height on strength, can be used for pack strength

estimation.



Short face advancing with a centre pack of anhydrite -
theoretical estimation of pack loading with face advance

and roof bending stresses



CHAPTER 5

Short face advancing with a centre pack of anhydrite — Theoretical

estimation of pack loading with face advance  and roof bending stresses
5.1 Introduction

Having considered in Chapter 3 the working of the method of short
face advancing with centre pack support, the situation will be analysed

elastically to estimate
(a) the load on the centre pack with face advance,
(b) the influence of the rate of advance on pack loading,

(c) bending moments and shear forces in the nether roof

and the maximum tensile stress, and
(d) +the abutment pressure on the ribside.

Then referring to Fig. 2.8 the short face is seen to commence from a
trunk roadway, It has to be advanced to create a certain span before the
first section of the pack can be erected. Pack placement is then subsequently
established for each face advance, leaving sufficient working space at the
face and also leaving two rectangular roadways on either side. The face thus
advances stage by stage and brings the roof down further in each stage. The

situation must, therefore, be analysed for each face movement.

The advance of the wide heading with a centre pack of anhydrite is

shown along a longitudinal section in Fig. 5.1. Stage (1) is seen to consist
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of the maximum pack-free advance of the short face and causes a certain
amount of roof deflection. The first pack section is now erected and the
face advanced further. This is stage (2) in which the roof deflects over
the pack, causing pack compression. In stage (3) another pack section is
erected adjacent to the first and the face is again advanced. This causes

the roof to deflect over both pack sectioms.

It must here be remembered that during the setting process by
crystallisation, anhydrite goes on changing its modulus of elasticity,
and hence compressibility, with time, so that no two pack sections erected
one after the other have the same compressibility. As seen in Chapter 4,
the change in the modulus of elasticity with setting time is given by
(see Ch. 4, Sec. 4 2.1)

789 t 6 2
E = x 10 kN /m .
365 + 1 (5.1)

and the pack foundation modulus k1, which defines its stiffness, is given by

K= —5
RO (5.2)

where H is the pack height (see Ch. 3, Sec. 3.2). Then the foundation
modulus of the first pack section is not the same as that of the second
section at any stage of face advance under consideratjion. This will be true

for any two adjacent pack sections.

Considering the stages of face advance once again, in stage (2) roof

deflections over the pack occur due to face advance when the pack has a certain



instantaneous foundation modulus, say k11, depending on the rate of

advance. k., can be estimated from Equ. (5.1) and (5.2), knowing the

time required for face advancement since erection of the first pack section.
In stage (3) another pack section is placed and the face advanced, causing
further roof deflection over the first section, its foundation modulus
having, in the meantime, increased to another value k12, k12 > k11.

The second pack section erected in this stage, however, undergoes compression

with its modulus being k11.

This goes on as the short face advances, any one pack section achieving
successively higher moduli, LI k12, k13, etc. with each advance. Thus, at
any stage of advancement, each pack section is stiffer than the one succeeding
it and softer than the one preceding it. In other words, the foundation
modulus of a pack section is in a higher phase, the farther it is from the
short face. This shows how an anhydrite pack becomes increasingly stiffer

and hence more resistant to roof convergernce as the face moves away.

5.2 An elastic analysis to obtain pack load acceptance, etc. -

Longitudinal considerations

Presented here is an elastic solution in plane strain along the heading
axis stage by stage for obtaining roof deflections. When the heading face
advances by a distance greater than half the heading width, plane strain
consideration along the heading axis can hardly be valid. The error due to
this consideration will be minimised by (a) first considering that the heading
is infinitely wide and obtaining the deflections of the roof along the heading

axis (which will be rigorous enough) and then by (b) reducing the width of the



heading to a finite practical value using what can be termed as an equivalent
loading method, This method will be explained as the derivation proceeds

and its validity and limitations will be shown at the end.

The mathematical derivation will then consist of two main parts,

longitudinal and lateral considerationms.

A glance at Fig. 2.8 of Chapter 2 and Fig. 5.1 indicates the complicated
nature of the problem. Not only is the problem really three-dimensional, but
also has to be solved for each individual face advance until a sufficient
number of stages to obtain the pack load acceptance characteristic. It was
felt that numerical methods of stress analysis like the finite element method(59)
would be somewhat cumbersome to use in the present situation. Also the

(60) would be equally unwieldy,especially

later technique of face elements
since it was originally devised for single-material bodies under stress and
since it loses its superiority over the former when several materials comprise

a body. As has been explained,each pack section would have different propertizs

which, in turn, would differ from those of the ribside and of the roof.

Analytically, a solution to the problem does not exist if we consider it
three-dimensionally, treating the roof like a plate. In fact, very few
analytical solutions exist in the theory of plates, especially on elastic

(61),

support

Due to the above considerations, it was decided to use the theory of
beams and later try to minimise the errors due to two-dimensional considerations,

primarily in the regions of interest, by devising a suitable method for lateral



considerations, giving an approximate solution. The particular theory of
beams that has been employed in the derivation is that of the bottom—fibre

(46)

(or extreme-fibre) deflections of a beam on elastic support , as explained
in Chapter 3 (see Sec. 3.3.3). Pack load and ribside abutment loadings
will be obtained once the nether roof deflections are known,as will be shown

in the derivation.

5.2.1 The mechanical model for roof strata

When an opening is made in a stratified rock mass, experience has
shown the formation of bed separation cavities between layers of rock.
These cavities form up to a certain height in the roof of the opening and
seldom beyond a height equal to the width of the opening. Any mine support
erected in the opening has then to take only the weight thrown on it due to
the deflection of this separated rock, the main rock mass being self-supporting

(because of its rigidity) across the abutments which comprise the ribside.

The prcbable configurations resulting from cavity formation in the
nether roof are shown in Fig. 5.2. With a single kind of stratified rock up
to a considerable height in the immediate roof, there is a good probability
that a single cavity develops, instead of multiple cavities, which travels
upward as the opening is widened. Its height from the bottom of the roof
is generally less than the width of the opening, as seen from equivalent

(62),

material model studies Configuration (2) shown in Fig. 5.2 is thus
more probable if a single kind of stratified rock exists in the roof below

the limit of cavity formation (i.e. at least up to a height equal to the
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width of the opening). With a competent massive rock, it is also possible

that no appreciable bed separation may occur before failure of the roof.

Since it was intended to apply this analysis to the High Main seam
(E) at Dawdon Colliery, a borehole section of the nether strata from this
mine is given in Fig. 5.3(63). The mudstone in the immediate roof has

been described as a medium-strength rock 10 m or more in thicknmess.

With these considerations the mech=nical model shown in Fig. 5.4
has been chosen for stage (1). This model assumes the existence of a
single separation cavity in the roof, the separated nether rock consisting
of either (a) a thick composite beam of several layers, or (b) several

layers, one above the other, with cohesion broken between them due to

extraction.

The main rock mass is intact and self-supporting.

5.2.2 Assumptions used in the analysis

Besides the assumptions(given later) made for the numerical analysis
of this method considering conditions at Dawdon Colliery, the following
were used in the analytical part. Some of these assumptions refer to the

thick beam theory of extreme fibre deflectionms.

(a) The horizontal stress Gx is assumed to vary linearly
through the depth of a beam. This is equivalent to assuming

that the shear stress ’txy_varies parabolically.
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(b) There is no friction or cohesion between two adjacent
beams or between a beam and its elastic foundation, i.e. the

shear stress ’tny at contact planes is zero.

(¢c) The weight of a beam can be taken as an externally
applied uniform loading on the top edge of a bexm in addition

to reactional normal stresses between beams, if any.

(d) The associated pack sections, rock and coal are assumed

to behave linearly and isotropically with stress.

(e) Every pack section in any stage of advance is assumed

to be erected with complete contact with the roof.

(f) Coal ribs and strata are theoretically infinite on
either side of the short-face heading so that the roof becomes
an infinite thick beam on elastic support. The analysis,
therefore, considers that the lateral constraining stress

o, is 1—}:-times the vertical stress 0’y at an infinite

X ’ad
distance from the heading, 4 being Poisson's ratio.

5.2.3 Beam analysis for the nether roof

The analysis has been carried out stage by stage from the initial
stage (1) up to stage (7). From Fig.5.4 it is seen that the nether roof
has separated from the main rock mass above, forming a single cavity. We
then have a configuration which consists of a pack-free opening of width

( L, +w ), the face having advanced to a distance 41, the trunk roadway



width being w. The nether roof is like a thick beam without support
over the opening and supported elastically over the coal ribside. The

main strata rest on the nether beam, sandwiching it between itself and

the ribside, giving a two beam problem.

The various notations used in stage (1), shown in Fig. 5.4, have

the following meanings:

h1 = main strata thickness,
h2 = nether strata thickness,
94 = uniform loading on the main strata beam

representing its own weight,

95 = uniform loading on the nether roof beam

due to its own weight,
U +aq = total depth pressure at the working level,

X = reactions set up at the contact plane

between the two beams over the ribside,

Vi vy = deflections of the bottom fibre of the
nether roof over the ribside and opening

regions respectively.

Stage (1) has been analysed for two kinds of nether roof beams:



(a) as a thick single beam, cochesion between beds

unbroken,

(b) as consisting of several beams of equal thickness,

cohesion between them broken due to working.

The main strata have throughout been considered as a single thick

composite beam.

The configuration is symmetrical about the y-axis in stage (1), the
position of the rectangular coordinate axes being as indicated in Fig. 5.4.

The y-axis is taken downward positive.

5.2.3.1 Stage (1): nether roof as a single thick beam

The situation in stage (1) will be analysed in parts for the main

and nether strata beams over the ribside and over the opening.

Main strata: (1 + W

g <xL®

In accordance with the theory of extreme fibre deflections, the
horizontal stress o‘x can be assumed to vary linearly through the depth

of the main strata beam in the coordinate system of Fig. 5.4 as

6 = F((v+ 5L) (5.3)

where F(x) is an as yet unknown function of x omnly. Substituting Equ.(5.3)

in the first of the equilibrium equations in plane strain:



o6,
z + le’ = 0
b?(- ay
(5-4)
By ox

we get the shear stress Txy as

Ty = =5 FIO0) (7% hyy) + Ap(>)

where A,(x) is an arbitrary function of x onmly.

Applying the conditions

T = T =0
( %y )y=o ( "y)y-—k,
on the upper and lower edges of the main strata, we find

Aj(x) =0

and Ty, = -.'5 F/(x)( ¥+ A,y) (5.5)

From this expression for T Xy and the second of the equilibrium

equations (5.4)

4 o ¥2  hyy?
6y = £ Fr(x) (_3_ TR EA ) + Ay 00 (5.6)
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From Fig. (5.4) the conditions in terms of the vertical normal stress

6-y on the two edges of the main strata are seen to be

ag. = - X G, = -9
(y)y=o ) ( y)y=-k‘ 1
both X and q, being taken negative because they are compressive.

These conditions, when applied to (5.6) give

" 12 .
Ag(x) =0, F'(x) =~(9,-%X)5 (5-1)
1
that 6, = -X -5 (g - X Y, hyy? (5.8)
w AT R J(F+22) '

Having determined F* (x) in BEqu. (5.7) the following are obtained

by direct integration

. 12
Fie)= = (9,x =X;) —5 + A

hy
2 12
Exy = - (35 -Xpg) B+ Ax v B

where A = o to satisfy ‘rxy = o on the edges and B depends on the beam end

conditions.

The expressions for the three stresses (5.3), (5.5) and (5.8) become

6,¢=-% (a,g-xxl)(y+.‘%t)+6(y+%i)

a 2 (5.9)
Y he ¥
o ==X (=) (5 + )




= & (e %) (7080

The loading reactions X between the main and nether strata are
still unknown but can be determined later from displacements taking place

at ithe contact blane y = o.

The displacement relations in plane strain are

2
5% = —,’_:’- [(1-p5) 60 =g () o

v o 4L [(1../“;’)@ = 0 (144) O’x]

o B (5.10)
du v 2l

oy x E, *y

E, and M4 being the elastic constants of the main rock strata. The
second equation in (5.10) does not agree with the initial assumption of
linear variation of ¢ with y as in Equ. (5.3)(46). Also, only the first
and third equations in (5.10) are sufficient to obtain an expression for
the vertical displacements v . Then making use of only these two
displacement relations and the stress equations (5.9), the horizontal and

vertical displacements u and v can be written down as



2

I LV R & x h p(140) h
“ E, W (% & = Xy J(9+ 3t) + < E, X, +ox(+3)

+ A (15py) 6 CRA
TE (TS ) e

yo d-pl 12 ¥ w Y_gx
e o (W ~ %) - B3
_ pey (14p44) .6 x* X >(y"‘+.h1y)
(ql':{_ 1T

3
E, hg

14 12 oo 2 hiy) =B/ (y)x + By(¥)
* E, .A?(‘h_z'”xn)@*' 17) = By (9 2

where B, (y) and Bz(y) are arbitrary functions of y only. The expression

for v gives the vertical displacements at the contact plane between the

beams as
T b ! B, ( BX
v = _ 71 . 1% x _ - 0) x + e)-b7
a
{ ( 'x,l' / x
= — (g9 > _¥% B, (o)x + B,(0)-D7
1 1
by taw v (5.11)
E by
where D1 = "_LJ_—_:T is the flexural rigidity of the main strata.
12 (1= )

Nether strata (over ribside): £4+%W. {x{m
2
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As in the case of the main strata, we can assume an expression

for <7x in terms of an unknown function of x G(x) like
o= G(x)(v- %) (5.12)

Then using the equilibrium equations (5.4) and proceeding along the same

lines we find

{ 2
Tuy == 6@ (7% 429) (5.13)
satisfying the conditions ('Ixy) yeo = (’txy) y=h, =0 .
We also get
‘\ya v
s - kv Y ( 22t _ T
é‘y :--(‘?,l-k)() + Ag(‘l'z"'x 2 1)< 2 2} ) (5.14)
With G 7(x) = ~% (%2+x-u2v1) (5.15)
2
where k., = Ee

is the foundation modulus of the seam, EC, /*c being
the elastic go&é%:ﬁ s of the seam and H its thickness. v, are the bottom
fibre deflections of the nether roof in the ribside region as explained before.
Equ. (5.14) satisfies the conditions of normal stress on the upper and lower
edges of the nether roof:

(6,). =-(a,+%X) , (8y), , = ~ka¥i

y=0 2

the second condition being in accordance with the theory of beams on elastic

foundations.
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Integrating G ” (x) of Equ. (5.15) once and twice and using

relations (5.12) and (5.13), the stresses can be rewritten as

2 ha\
Oy :_% (%% * Xu- "2"111)<3-£3)+C(y"“3)

6= = (3,4%) * (‘HX-‘“’J(M =)

(5.16)

Tay T é(“z”*xz"‘z"q)(’z““ﬁ’) i

The displacements along the contact plane between the two strata
beams or the upper edge of the nether strata y = o can be determined in a
similar manner as in the érevious case of the main strata using (5.16) and
the displacement relations (5.10). Mentioned here are only the vertical

displacements v for relevance:

4 2

2
1~ puq 12 % x
Y= L2, 12 et - k - et
£ 5 (% 22 ¥ X1v -"~V‘1v> CZ
2 hy

pa (1 2
" J—(E_iz_) 5 (3, % + Xy - k¥ ) (hay -
2

T+M2 12 2
E, .723(1:1% + X117 ke "11)(4'7—3')

- 83/(7) x + Blp (3)

(5.17)



From this, at the contact plane y = o,

( 1 x kov )
Wyeo= 7, (Bagg * Xy = KaViny

224
/ x>
- Vx + B, (0) - C -+
Bg ( ) 4( ) 2 (5.18)
E, hy>
where D, = - is the flexural rigidity of the nether roof.
2 2
12(1-p2)

Equ. (5.18) must be identical with Equ. (5.11) since both refer to the

deflections at the same plane y = o. Equating the two right hand sides of

these equations and differentiating four times with respect to x we get an

expression for X, theunknown reactions at the contact plane:

X 902 - 9, Dy + Dika vy

The displacements at the lowest fibre of the nether roof or at the
contact plane between the seam and the nether roof y = “2 can be determined

from Equ. (5.17):

V1=<V)y=-k2 2
4 x
- %; (QQ%Z + Xy - kz"fzv) - B:‘;(“Z)x + b“(k“)ﬁcz

Four times differentiation with respect to x gives us

d vy
dx?

Da = qr2+x-k2v1
and substituting for X from (5.19) we get finally

4
d v
(D+D,) 2254 = g,49,~ kavy (5.20)
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This is the differential equation for deflections vy of the lowest fibre

of the nether strata over the ribside.

In order to evaluate the integration constants in the general solution
of Equ. (5.20), expressions for bending moments and shear forces will be needed
in terms of these deflections. Using stress equations (5.16) and the following

definitions of bending moments and shear forces

“'24
M(x) =f0'x_7°ly
)
hy
and Q(x) =f Tay dy
0
we find
2
M, (x) = -(122‘2_ + X1 — ka"cu)
Qx) = - (%" + Xp - “2"11)

for the ribside region. Substituting for X from Eq. (5.19),

(x) = = D, - k,v, ] ]
M1 D,+D E(11 1’2) 2 2 ‘II
o (5.21)
Q1(x) = -:L-;LM1< )

Now, the differential equation (5.20) has the general solution

9,9,
kg

-~ %
V4 + e (C'c.osatn'i'czsb'wtx'&)

ot % .
+ e (Csusd%“'cg,sma‘“)



| kg Yy
with A = [4(D’+Da) }

Considering that the coal seam is infinite in the region of vy we must

satisfy the condition

+9
(vi) - QJ 2 )
X =0 ‘(
2
so that the arbitrary constants C3 = C4 = 0. Then
+ - X .
v, = Ht % + € (C1ws xx + Cosmn “%_)
kg (5.22)

Substituting (5.22) in Equ. (5.21) we see that the bending moments and

shear forces acquire the simpler forms

2' -
d v
M1(7") = -Dﬁ 12,
4
Qy (%) = f; M, (%) (5.23)

It may be noticed that these are thin beam expressions for bending

moments and shear forces because they are expressed in terms of the bottom

fibre deflections.

Nether strata (over opening): - -l-if-—"i < % L bvw

It only remains to work out the deflections in the hanging or

unsupported part of the nether strata and satisfy the continuity conditions
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on the ends so as to solve the situation in stage (1) completely.

The stress distribution in this part of the nether roof can be

written down by the usual procedure:

o = 6‘12 2(y )*B(y_...

69 7 v2  hy? h
g. - S . Ny __%.)
Y h? ( 2 2 + :

From these expressions the final differential equation for deflections

v, of the lowest fibre of the unsupported nether roof can be shown to be

4
d v,
dx*

It has the solution

D,

= 9 (5.24)

‘ 9 4 2
v,= 2 +C
2 :u;sz + G “ (5.25)

by symmetry about the ordinate. The bending moments and shear forces are given

by
a -
a v ’
M (x) =D 2
2 2 dxg .
2
°L3v3 (5.26)
Q(x) =-D, 3
dAn J
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We can now lay down the conditions of continuity for determining
the integration constants C; to C, in Equ. (5.22) and (5.25). The
continuity conditions in beams state that at the common line between two
regions of the same beam, which are either differently supported or
differently loaded, the deflections, slopes, bending moments and shear
forces must be the same when obtained from either of the deflections in
the two regions. Considering this definition and the expressions for
bending moments and shear forces (5.23) and (5.26), the continuity conditions

at the coal edge, which is the common line, become

- / 4

V' = Va ) V‘ = V2 »

L+ w
a.t X = { 5
2

"o v " (5.27)

vy, =V 1 = 2

-

Putting v, and v, from Equ. (5.22) and (5.25) in these four
conditions will give rise to four simultaneous linear algegraic equations
whose solution will determine the integration constants C1 - C4, completely

determining the deflections over the opening and the ribside in stage (1).

5.2.3.2 Stage (1): nether roof as several beams with broken cohesion

between them

As mentioned earlier, stage (1) consists of creating an opening with
a width ((.1 + w). This working is more likely to induce breaks in the
cohesion between differemt layers of the nether roof up to the cavity higher
up. These breaks then represent just a loosening of contact reducing the

overall flexural rigidity of the nether roof.



- 101 -

Let us initially assume that the nether roof has two beds of
different thicknesses, the upper one resting on the lower one. Due to
bending action this will generate normal reactions X1, X2 and X3 as in
Fig.5.5. The loadings, due to the dead weights of the two layers, will be
dy and q3, acting as shown on the upper edges of these layers. Only the
bottom fibre deflections of the lower layer are of interest.

As in the previous case, the method of analysis consists of

determining the unknown reactions X1, X2 and X3 and eliminating them.

* Main strata (over coal)s £€§Jf < x < oo

In the coordinate system shown in the figure, it can be proved

that the deflections at the contact plane y = o between the main strata and

the top nether roof are

= a0 12, X ’
('V)yxo— ._E_'._.o-—“-?- q'-a-z - X’IV>- 51 (e)= + Bg(o) (5.25)

Top nether roof (over coalk !_L%_'ﬁ’_ {x oo

4'%ﬁ? 12 x* - :
E, he (% 24 X1y X’ZI\I)'

v

+ #a (1442) .6 (92":3+x111_x211><h2y—y2)

E, Af
_ A4pg 12 x> - CVAYp (g x+ B, ()
TE, —;E (32 F + % xﬂn)(“z? y" ) =By (n=x+by

* Constants B, C occurring earlier are excluded from further derivation since

they do not affect deflections v.
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giving again the deflections at the contact plane y = o,

2
_ A=y 12 x4 _ /

I=0
E2
and the deflections at the contact plane y = 1\2 between the two layers of

the nether roof,

.‘_i?. ..!3. (qz-gz + X,Iv—r XQIV)-E;(AQ)‘)L'P BA(‘\a)

(v),zh; E. (5.30)
Equ. (5.28) and (5.29) must be identical, hence
- +
x, - D=l DiXa (5.31)
D, +D,
where D‘,2 is the flexural rigidity of the upper nether roof.
Bottom nether roof (over coal): l,;w L xd
We similarly obtain at the conmtact plane y = k2
1-,u§ 12 x” k “(h,) 2+ B (h)
Myon; 7 " (g *ary” 2izy) -85 (ha ¢ (5.32)
3
At the bottom fibre of the lower nether roof we can write
Y= (Myo e,
2 4
{-M5 {2 XX, = kaVigy )
ES “.’b d 24 Iv
/ h

Identifying (5.30) and (5.32)
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4o Dy + XDy = 93D = Dy ky vy
Dy + Dy

and with the help of Equ. (5.31)

_ ~(Dy+Dy) 9, + (4,+95) D5 +( Dy+ Da) kavy
D,+Da+ D,

X

2

where D3 is the flexural rigidity of the bottom nether roof.
Differentiating Equ. (5.33) four times with respect to x and substituting

this value of X2, we finally obtain the differential equation in terms of

deflections v, over the solid coale

d“v;
dx*

(D1+D2+D3)

= ‘3,"'92""13 - k2v4
(5.34)

We can similarly show that the deflection equation for the bottom

nether roof over the opening is

4
d’v
(Dg+D5) —2 = g, +4
3 =9 3
Ax® 2 (5.35)
A comparison of Equ. (5.34) and (5.35) with those for a single layer
roof, Equ. (5.20) and (5.24), shows that they are very similar, with the

flexural rigidity D

b of the single layer roof being replaced by D, + D

2 7 73!

the sum of the rigidities of the two layers.
It can similarly be proved by deduction that when there are several

n
layers, say m, we have 'EE_Dn instead of D,+D; and when all these layers
1 :

have the same flexural rigidity D the differential equations are of the form
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d*v
i -
(D + nD) dx? Ut %2 k¥ (5.36)
for the ribside and
4
o = (5.37)

for the unsupported part over the opening.. Here d5 has now the same meaning

as in Equ. (5.20) and (5.24) of the single layer case.

It is important to note that these two equations (5.36) and (5.37)
assume that the flexural rigidity of the beam is =D over the opening which
changes suddenly to (]).l + nD) over the ribside. Structurally this is not
permissable in the same continuous beam. We must, therefore, assume that the

equations have the form

d"v
DQ ﬁ = 21+QQ- kz"f
%
4
oA Vg _ (5'38)
D2 dx? = %2

instead of their earlier versions. Here =D has been replaced by D2 for
gimplicity, with D2 representing either the single-layered or multi-layered

roof. Bqu. (5.38) have the solutions

+ - .
v, = _?_‘I_i"l +e“x<c’usa‘x+C2$4~v°‘7‘-) ]
2
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8
and vy = 32,4y Cox + Cy (5.39)
24D,
ko
in which now « = < 7D ) The arbitrary constants C1 - 04 can be
2

determined from the continuity conditions (5.27) as explained before.

5.2.3.3 Stage SZZ

Having made an opening of width ( L+ w) in stage (1) the first pack
section is now erected and the short face advanced further by a distance L.
The length of the pack is also { . When the opening is widened this way, it
produces deflections additional to those existing already in the nether roof.
These additional deflections occur over the pack, producing pack load. They
also occur over the unsupported part of the opening and the ribside.

Referring to Fig. 5.1 and 5.6 stage (2) shows that the new final deflections

have been designated as follows:
vy - over the stagnant ribside, ( L+ lw) E x L o,
v, - over the trunk roadway, ( 11 +0)<x < (l1+€+w),
Vg - over the pack, {4,<x= & (41+‘C):
Vg = over the working area at the face, o< x< {,,
v7 - over the faceside coal, = £ x £ o.

The y-axis has been shifted to the face edge from its earlier position

in stage (1) since this problem is no longer symmetrical in stage (2) (81# w).



FIG.5.6 -STAGE (2) OF FACE ADVANCE
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The pack was erected when the roof deflections were already Vo as
given by the second equation in (5.39). The new final deflectionsdue to

face advancement are v_. so that the additional deflections responsible for

5

pack compression are (v ), and the pack load produced will be k11(v5—v2)

5772
where k11 is the pack foundation modulus at the instant the roof deflects

in stage (2).

The unknown reactions Xiand X, set up at the contact plane y = o

2

between the main strata and the nether roof can be eliminated by the earlier

procedure and it can be shown that (Fig. 5.6).

Yt -ax N
Vy = Y + e (Csusax+C654$wo<x)
2
(5.40)
q"*'Q_Q XK .
R R
2
. a9 + 9,
the first equation satisfying the condition (v3);‘___ 0 =—F— ond the
q.+q 2
second one satisfying (v7)'x=__oo = -%7—3. These two separate equations

2 L4
are necessary for the two solid coal sides because the configuration is no

more symmetrical, unlike stage (1). Similarly, for the unsupported parts

of the nether roof

V4 %2 x4+C7"-6+ Cg"a"'CQ*'*—Cio
24 D,

(5.41)
99
24 D2

4 3 2
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again due to lack of symmetry.

Deflections over the pack, or pack compression, can now be considered

under the following conditions on the two edges of the nether roof in the

region of the pack:

(Tay )y = (Tuy)y, h,= ©

(6—7)7;0:_‘;2 ’ (c.y)y=kz="kﬂ(v5-v5)

(5.42)

In order to determine v5, the stresses in the nether roof in the

pack region have to be determined. They can be written down as

- 12 h
O "-7‘? [‘],2% - kH(VS'n"v-?u)J(y" '%)
3 4 2
S RRLICENIC 2

Tay = .f:_ [8,% =k (vep= v ) ] (97- ha )

which satisfy the edge conditions (5.42).

From these equations we get

the differential equation for deflections in the pack region in the usual

manners:



d v '
D, b 9, — ki ("S'Vi) (5.43)

The general solution of this equation can be obtained after substituting

for v, from Equ. (5.39), modifying it to suit the new position of the

y—-axis at the coal face thus

v, = %2 L+w _‘4*"” 2+C
* an,,(x ‘-2 )*C(x ¢ ) +G

This expression when substituted in Equ. (5.43) gives its solution as

. L4w Le- Wyt
° -ub_l( x-t-=3 )"’C (x-¢ ) 4
+ ;q%x C .84 x )
(C“c.asﬂffx.-b 237 Py
B> X
¢ (Cfs c,os/z"x.+ Cuy Sam /51%> (5.44)
in which
4/4

Pr= (:gz)'

The five equations in (5.40), (5.41) and (5.44) are the complete
deflection equations for the different regions in stage (2). They involve

16 integration constants C. — C.. which can be determined if the same number

5 20
of algebraic equations can be framed. Continuity conditioms like (5.27) can

be applied to each pair of neighbouring regions. The pairs formed will be

. . o . +ions
Vy=Voy Vo=V 31 V3 V4 v4 5 and since there will be four continuity condition
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for each of these pairs, we will get 16 simultaneous linear algebraic
equations. As will be remembered, the four conditions are laid down
in terms of deflection, slope, bending moment and shear force at the line

of demarkation separating two neighbouring regions.

Stage (2) is then completely determined.

5.2.3.4 Stage 532

A second section of the anhydrite pack is now placed adjacent to
the first one of stage (2) and the short face is advanced further by a
distance £ . The length of each of the two pack sectioms is also 4.
This additional face movement causes further deflections to occur over
both pack regions, compressing the first pack section further and the
second section for the first time. At the instant the face moves, the
foundation modulus of the first pack will have risen to another value

kysr K5 > k11. The second section will have acquired the value k..

The deflections in the different regions are as designated in
Fig. 5.1 and those over the coal sides and the unsupported regions of the

opening can be shown to be similar to stage (2):

q,+94 - o
V8= —!r_i 4+ e (CQ'US XX + C22 SM“XD
2

% . ;
V13= 37‘2%2- + C“ (Cagusax-{-(:"osmﬂx)
- 92
VA =
9
24 D,
32
241)2

. ) . (5.45)
x ' + C%x + C24°‘ + C:zs"' + Cae

4 3 2
x +C35'x +C36x. +C37x+ ng




Besides the usual conditions of zero shear stress on the upper
and lower edges of the nether roof beam, the conditions for the vertical

normal stress Oy in the two pack regions are:

pack section (1): (6',).3,=° =-99 ,

(‘ry)y: 4\2’:' - “”(Vs"v’a) = l<m<v'°—v5)

pack section (2): (G&)y:o =~ 9,

(oy )yzkzz =k (V- Vs)
The second term in the second condition for pack section (1) corresponds
to the additional loading thrown due to face movement in this stage. V10
and v,, are the final new deflections in stage (3) in the region of pack

sections (1) and (2) respectively. We can then form the differential

equation for deflections Vip Over the first pack section:

4
o v,

D dr” = - km(vfo""s)' kH(VS"V“)

Changing v, of Equ. (5.39) and vg of Equ.(5.44) to suit the new
position of the y-axis, we get the solution of this equation as a

complementary function and a particular integral,

Y2 L+ w4 L+ \2
v = = - - -l - =
10 * 243, (¥ 2t - 2V e C (-2t -== )+ G,

_p’(x‘—l)
€

+ [ Cy uspj(x—l)-}cmsd«/j'(x—e)]

A (

+ e x—l)[cnmp’('x—z)+C,‘,s&wpf(x-f)]
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-B®
4+ e (C27US/51K+ C“siw/ba%)

/}2')(. .
+ e (ng c,ospzx.-i-CsOsM[bzoc)
(5.46)

) i/
wm A= (22 )"
2

Similarly, over pack section (2)

4
ol vy,
D, 15 i kyy (Vig = e )

. " Q
giving vy, = 5,2—3 (%-t)44’ Cfs (1_1)3.4- Cw(x-t) + C17("’"£)+ Cis
a
._/37,
+ et (C31C‘°5/5,"'+C393;’“/31">
P, =
+ ! (C%wsp’x + CS"S@Wﬂ,")

(5.47)

changing v of Equ. (5.41) to suit the new position of the y-axis and

substituting in the differential equation.
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Applying continuity conditions as usual we can determine the

new set of 20 arbitrary constants 021 - 040 involved in Equ. (5.45-47),

completely solving the configuration of stage (3).

5.2.3.5 Further stages

Derivation can thus proceed up to whatever stage desired.
In the instance of anhydrite packs it was carried out to stage (7),
until when, it was felt,a sufficient part of the load acceptance curve

of the pack would be obtained.

The load on any pack section considered can be seen to vary with
face advance as given by the conditions for the normal stress 63 on the
lower edge of the nether strata. Taking each pack section stage by stage,

at y = hy,

Stage (2): pack (1) 6y = -k, (vs= ")

Stage (3): pack (1) 6y = —kg (¥s=V3) - kia (Vo= Vs )
pack (2) 6y =~k (v - V)
Stage (4) pack (1) oy =~k (vs-p) - k,Q(V,o""’s) ~ kya (Vi V’°)
pack (2) 6y = “‘11(”’11"’6) - klz ("17" u)
pack (3) 6y = -k,,(v,a—v,z)
Stage (5): pack (1) §y = - ‘(H(VS~‘U'2)—- km(\',a—- V;)-—kw (“’16‘“"’30)
= ki, vap=vyg)
pack (2) 6y = - kg (v“- p ) -k, (V,.,-V’u)’ kia (V.fu," Vn)

pack (3) 6y = = ku(""lS" Vla) - kil(VRS_ v13>

pack (4) 6y = "kH(VQG" Vfa)
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and so on up to stage (7).

Taking, for example, pack (1) the loading is seen to 'increase'
step by step as for any other pack section. Deflection equations for
stages (4) through (7) are given in Appendix I and may be referred to for
interest. It will be seen that the integration constants from stages (4)
to (7) are 24, 28, 32 and 36, the total comstants from stage (1) to (7)

being thus 160.

A suitable computer program was written for each stage in Fortran
IV for the application of continuity conditions and solution of the resulting
simultaneous equations. For the purpose of this numerical analysis,
the conditions at Dawdon Colliery were taken. The computer program for
stage (7), together with the output is given in Appendix II. A NAG
Library Subroutine FO4ATF was used for solution of the simultaneous

equations (of which there are 36 in stage (7)).

5.244 Assumptions and data for numerical analysis on the computer

As already seen, there is a single rock (mudstone) in the nether roof
above High Main seam at Dawdon up to a thickness of 10 m or more. It is
more realistic to consider that the nether roof will be disturbed by breaking
off of interstratum cohesion due to working up to the bed separation cavity.

The assumptions made for the numerical analysis were therefore:

(a) When the short face is started, the roof develops a bed

separation cavity at a.height of 10 m (which appears to be a



a reasonable figure, considering the three heading widths

of 12, 14 and 16 m, for which the situation has been analysed
later) in stage (1). In spite of further face advance this
cavity does not travel upward, since it would be limited by

the width of the heading and not its length.

(b) The cohesion between layers is broken every 1 m in the
nether roof mudstone, so that the flexural rigidity of the

nether roof D2 is 10D where D is the flexural rigidity of

each such layer.

(c) The elastic properties used in the analysis were taken

as an average of those for some Durham rocks and coals(64).

The following data for numerical analysis could then be

Depth of High Main seam from surface 365 m
Thickness of seam H 1.9 m

o 6 2
Modulus of elasticity of seam Ec 2.0 x 10 kN/m

2
Modulus of elasticity of nether roof (mudstone)E% 1.35 x 1O7kN/h
Poisson's ratio (coal, rock, anhydrite) m 0.25
Length of each pack section (or unit advance) 3.0 m

Width of trunk roadway w 6.0 m
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Maximum unsupported span between the short

face and the last pack section 11 5.0 m
Rock pressure per metre of depth p 22.8 kN/m2

Three rates of advance, 9.0, 6.0 and 4.5 m/day,were used to obtain
the pack load variation with face advance. The values of the foundation
modulus, k11, k12, etc. will depend on the time interval between two successive
face advances. The rate of advance will, therefore, affect pack load
acceptance, even though this analysis is purely elastostatic and does not
otherwise include time-dependent pPhenomena. All the results presented

in this Chapter are elastostatic only.

5.2.5 Results of longitudinal considerations

The values of all the 160 integration constants could be determined
from the computer programs, so that the deflection equations were completely
known for all stages. Two points, A and B, were chosen on the top centre of
pack sections (3) and (2) respectively, as shown in Fig. 5.1. No point
was chosen on the first section as it was assumed to be close enough to the

ribside to be influenced by it.

Deflections at A and B were obtained from before the placement of pack
section below them to the last stage, i.e. from stage (3) and stage (2)
to stage (7) respectively. From these deflections the load values at each
stage of face advance were computed from the conditions given in Sec.5.2.3.5.
These computations are given in the computer program of stage (7) in Appendix

IT1. These load values form the load acceptance curve of the anhydrite pack
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sections at points A and B, as presented in Fig. 5.7 and 5.8. The two
figures indicate a somewhat different pack load behaviour, leading to
the conclusion that point B is still a little influenced by the coalside
across the trunk roadway, at least more so than point A.  All subsecuent
work has, therefore, been carried out with reference to point A in the

third pack section.

Elastically, the rate of advance is observed to have only a small
effect on pack load acceptance, at least in these longitudinal considerations,
in which the short face is infinitely long with a very large pack width, as
pointed out earlier. It will be shown later that the rate of advance has
a more significant influence when finite face lengths are taken. The

loading curves will be discussed in greater detail for finite pack widths.

5.3 An elastic analysis by lateral considerations - an equivalent
loading method

5.3.17 The first stage of pack loading

~

The short face advancing method, as analysed by the earlier
longitudinal considerations, is shown is plan in Fig. 5.9, in which the
section line marked BB represents the sectional elevation of Fig.5.1. It
can be realised that the earlier derivation based on this configuration was
purely hypothetical, since it assumes an infinite heading width and also
because it assumes that the separated nether roof will be still 10 m in
thickness. However, an analysis along the length of this infinitely wide
heading was necessary as a first step to obtain the loading curves of a

pack section for a later analysis of finite practical heading widths. The
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nether roof thickness of 10 m was hence chosen to correspond to these

finite widths.

The point A has been marked in Fig. 5.9. Taking a lateral
section CC across the heading through A, the situation looks as shown
in the same figure. Point A received load due to roof deflection in
stage (4) for the first time, as seen from Fig.5.1. If the load is
designated as q,, and the deflection as 82 (their values are already
known from the longitudinal analysis), the following equation is proposed
for the deflection of the roof cross-sectian:

Dy < ¥ i kg Cvgy=44) (5.48)

This equation accounts for the conditions that

(a) at an infinite distance from the roadways (i.e. at the
centre of an infinite pack), the bending moment and hence
the curvature, becomes zero, so that the loading on the upper
and lower edges of the roof beam is dpq s the deflection being

82. Then

(8= 8 ) ky = 9y, ab x=0

(b) k,4 is the foundation modulus at the time 32 occurs,

(¢) &, is the initial deflection at x = o (i.e. at an

infinite distance from the roadway).

All the three above conditions are satisfied by the previous
longitudinal analysis so that Equ. (5.48) agrees with it. It can be

rewritten as



O-—-
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FIG.5.9-LATERAL CONSIDERATIONS
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4
DQ . ol V31 = SQ_ _ V31
ki, oL x

according to condition (a). The deflections v31 describe the bending
curve of the nether roof over the pack region between the two roadways.

This equation has the solution

Vy, = §, + Ajcosh pxces px + A, sah p,x sun fb %
(5.49)

When x is very large the terms containing hyperbolic and
trigonometric functions vanish, leaving at x = o

va - 82

for an infinite pack width. When the pack is finite

so that A acts as a correction to the deflection 32 when the pack,and also
the short face, has a finite width. The last two terms containing functions
in Equ. (5.49) thus describe correction values for different x in the pack

region.

This, then, is an equivalent loading method by which a loading Ao
obtained from the longitudinal considerations is placed on the beam instead
of Aoy the loading due to its own weight, such that the condition at the
centre of the beam (pack centre) is satisfied. The loading d,q thus takes

into account the nearness of the short face, at least as far as the pack
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centre is concerned. The limitations of such a method and the error

involved will be discussed later in this Chapter.

5.3.2 Subsequent stages of pack loadings

In the next stage of face advance (stage (5)), point A deflects
by an amount 83, the equivalent loading on the beam being dppe These
are again known from the longitudinal analysis and the differential
equation for the pack region now becomes

4
D, d vy,
o &

= 9.~ kg (Vag - &) - kiz ( Vi~ VG*) (5.50)

where v32 are the new deflections over the pack due to face advance.

Now, the longitudinal analysis gives

(83-8,) k, + (83-82) k= 9

22
or 33-‘-&3&4—82——‘(—11(82—3,)
Kig ki

so that Equ. (5.50) has the solution after substituting for v
(5.49)

from

31

VS.‘L = 5\3 + A,uahp‘st/blx + Azs«v&xk /5’7_(,54:w /blx,
+ Ag,cmh/b,zx.ws/}z%{—Aq SMkp&xSpr%
= Vay+ §3- 82

+ A:,’coskpa'x.(',os/)l'x, + A, Samh /521.34:\1\[597:,

(5.51)

Without writing the differential equations for further stages up
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to (7), the expressions for defle ctions over the pack can be written
down corresponding to equivalent loadings, Go3r Aoy’
Vi3 = Vpp + & -8 1

+ Ag Ooskpsx cos . > + Ag samh Ps""s"“ £y *
(5.52)

-8
Vay + 857 %4

v
34 . .
+ Aycosh p,xcosp, + Ag sunh 2, % S Py * ]

s
The constants ,, f3,, etc. have the forms (k11/4D2)%, (k12/4D2)"', etc.

The deflection equations for the roadway region and the solid coal

gide can be written as usual:

v, = :’LE_?}. 4.2‘”‘(61005 ax+5234:“°‘7")
2
| (5.53)
3 2
Vo = ::D2x4+ By + B,* + Bs* + B

where v, and v, are for the ribside and roadway respectively. The eight
integration constants A4, - Ag in Equ. (5.49) and (5.51-52) can be evaluated
in pairs by applying the usual continuity conditions between each of three
equations and Equ. (5.53) turn by turn. This will also determine the values

5.3.3 Numerical Analysis

A suitable computer program in Fortran IV was written for the solution

of the simultaneous equations resulting from applying the continuity conditions
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to the above-mentioned equations of deflections. The program was

designed to give
(a) Pack load acceptance with face advance.

(b) Bending moment distribution in the roadway roof,

pack and ribside regioms.
(c) Shear forces in the same regions.
(d) Ribside distribution of abutment pressure.

(e) Distribution of load on the pack.

Along with the earlier data for Dawdon Colliery, the heading width
(or short face length) was chosen as 12, 14 and 16 m and the corresponding
pack width as 2, 4 and 6 m, so that the roadways on either side of the pack
had a constant width of % m. The rates of advance were taken as before at

9.0, 6.0 and 4.5 m per day.

As will be shown later, the solution is more accurate when the face
has travelled a sufficient distance from the point under consideration (point
A) so the bending moment, shear force and loading distributions were
ascertained only for stage (7), calling them 'ultimate' values. Theoretically,
the term ultimate is erroneous, since it can be used only for the situation
when the face has moved an infinite distance. After stage (7), however, the
changes in the picture are quite small and so this stage has been regarded

as at infinity.
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5e3.4 Results and discussion

5.3.4.1 Pack load variation with face advance

Figs. 5.10 - 12 display the load acceptance of the anhydrite
centre pack with face advance for the three short face lengths (heading
widths) of 12, 14 and 16 m. The general shape: of the characteristic is
gsimilar in all the three cases of heading widths as well as rates of
advance in that it indicates a rapid initial load build up to a peak
value and a later, more gradual fall to a steady state value, All
the curves have been plotted for loads at the pack centre. Peak load

and ultimate or steady state load values are given in Table 5.1.

It is observed from Figs. 5.10 - 12 and Table 5.1 that the load
increases if the heading width is increased from 12 to 16 m, except for
the rate of advance of 4.5 m/&ay, when it remains virtually the same
for heading widths of 14 and 16 m. The ultimate loads are really quite
small. Obviously, the load values cammot be compared with those for
a full-fledged longwall excavation, since the heading width is only

12 = 16 m. The reasons for such low loads are:

(a) Only the nether roof of 10-m thickness below the
bed separation cavity throws load on the pack while
deflecting downward, the ribside taking most of the
strata weight (the dead weight of the nether roof is

23OkN/m2).
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TABLE 5.1,

Peak and steady state loads on anhydrite packs

during short face advancing

Heading Rate of advance, Peak load, Steady State
width, > Load ,
m m/day , kN/m Wl
12 9.0 270 230

6.0 336 295
4.5 378 338
14 9.0 339 294
6.0 373 327
4.5 392 347
16 9.0 364 316
6.0 382 334
4.5 390 344
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FIG.510 - PACK LOAD VARIATION WITH FACE_ADVANCE
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FIG.5.11- PACK LOAD VARIATION WITH FACE ADVANCE
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E16.512-PACK LOAD VARIATION WITH FACE ADVANCE
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(b) a large part of the roof deflection occurs
before the pack can be erected and so the pack cannot

take care of the whole roof deflection.

Mathematically, the steady state load is reached at infinite face
advance but practically at about 20 m to 25 m depending on the rate of
advance. The rate of advance has a more pronounced effect for smaller
loading widths, higher loads occurring at slower rates. The maximum
change in the peak pack load which occurs for the 12-m case, is from
270 to 378 kN/m2, corresponding to a change in the rate of advance
from 9.0 to 4.5 m/day. The increase in load is thus 40%. The

corresponding rise for a 16-m heading is only 7 %.

The wavy nature of load acceptance is attributable to the
behaviour of an elastically supported beam as seen from the deflection
equations for the various pack regions (see Appendix I). These equations
were used to obtain the equivalent loadings dp11 Gpor etc., for the lateral

analysis.

It is of interest to note that the shape of the loading
characteristic is seen to agree with those observed underground by other
workers (Fig. 2.6-7, Chapter 2), particularly the one for the anhydrite
gateside pack at Easington Colliery (Fig. 2.7(b)). It may also be
pointed out in this connection that there is apparently the difference
that the load does not rise again in the steady state region, as it does
in the underground curves mentioned. This is because the computations
were not carried further than stage (7). A later rise in load would

agaln be seen in the steady state region after stage (7), though it would
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be small, because the deflection equations in the pack regions are of
the form of quickly damped oscillations. This will be more clear from

the abutment pressure curves and from Sec. 5.4.3.

5.3.4.2 Ultimate pack and ribside loading distribution

The steady state or ultimate load distribution across the section
of the centre pack and on the ribside is shown in Figs. 5.13-15 for the
three heading widths and three rates of advance mentioned earlier. Since
the configuration is symmetrical about the heading centre, only the right

half is shown plotted.

The load is seen to be maximum at the pack centre with a gradual
fall toward the edge. This is because of the maximum central deflection
of the roof over the pack. The edge load, as also the central load value,
is seen to increase with heading width, the increase being greater from

12 m to 14 m than from 14 to 16 m heading widths, as in Table 5.2.

The ribside pressure forms a peak at the coal edge and falls
curvilinearly with distance into the coal. It rises again to a very small
extent and later falls to the depth pressure (8288 kN/m2 for the depth at
Dawdon in this instance). This later small rise is attributed to the
wave~-like nature of the deflection equation for solid coal and is commonly

~alled the Weber wave(65).

The peak abutment pressure value is about 12 to 15% higher than
the depth pressure, depending on the heading width and the rate of advance.

It is seen to decrease very slightly with an increase in the heading width,



Ultimate load values at the centre and edges of the

anhydrite pack during short face advancing

Heading Rate of Advance Load at Centre Edge Load
Width m/day KN /m@ KN /m2
m
12 9.0 230 202
6.0 295 259
4.5 338 297
14 9.0 294 209
6.0 327 228
4.5 347 239
16 9.0 316 180
6.0 334 183
4.5 344 184




- 135 -

FIG.513-ULTIMATE LOADING ON PACK & RIBSIDE
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FI1G.514-ULTIMATE LOADING ON PACK & RIBSIDE
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FIG.515-ULTIMATE LOADING ON PACK & RIBSIGE
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TABLE 5. 3.

Peak abutment pressure on the ribside during

short face advancing using anhydrite packs
(Depth pressure 8288 kN/mz)

Heading Rate of Advance Peak abutment pressure
ng‘ths m/day kN/m2
12 9.0 9514

6.0 9426
4.5 9367
14 9.0 9456
6.0 9358
4.5 9298
16 9.0 9405
6.0 9314
4.5 9260
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probably hecause the pack offers a better support resistance (see Table
5.3). The abutment pressure appears to be quite small as compared to
a full longwall face (in which it may vary between 2 to 4 times the
cover load) because the ribside has to support a much smaller rock mass,
the heading width being quite small. This has been more elaborately

explained in Chapter 7.

The abutment pressure forms a sharp peak at the coal edge which
may (or may not) crush the ribside a little and shift the peak inward.
The peak shown is thus the prefracture pressure. This aspect of a
possible fracturing of the ribside will be coversed in greater detail in

Chapter 7.

5.3.4.3 Ultimate bending moments and shear forces in the nether roof

Shown in Figs. 5.16-18 are the bending moment and shear force
distributions in the roof over the pack, roadway and ribside regions
for the three heading widths and the two extreme rates of advance of
9.0 and 4.5 m/&ay, marked 1 and 3. Curves corresponding to the inter-

mediate value of 6.0 m/day liein between and are not shown.

All figures indicate the existence of a large negative bending
moment about 1.2 to 1.4 m on the solid coal side, which falls quickly

in a wavy form to the state of no bending after about 16 m in the ribside.*

*Negative moments mean bending convex upward and positive ones mean convex

downward.



- 140 -

FIG.5.16-ULTIMATE BENDING MOMENTS AND SHEAR FORCES
IN THE ROOF
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FIG.518-ULTIMATE BENDING MOMENTS AND SHEAR FORCES
IN_ THE ROOF
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Bending moments of about the same magnitude are seen to occur
in the roadway but are positive and generally fall in value into the
pack. The maximum moment in the roadway is of importance for roof
stability and is significantly affected by the rate of advance. The

pack is thus seen to take care of a part of the bending process.

Because of increased pack load the maximum bending moment in
the roadway as well as over the ribside falls with greater heading
width, and also the rate of advance for the same reason. It occurs
near the pack edge in the roadway when the heading width is 12 m and
the rate of advance is 9.0 m/day, and farther into the roadway as the

heading width increases and the speed of advance reduces.

The shear force variation shows the occurrence of a maximum
shear force at the solid coal edge due to the cutting effect of the
ribside, as might be expected. It is influenced by the speed of

advance but not to the same extent as the bending moment.

Given in Table 5.4 are ihe values of the maximum tensile
stress in the roof of the roadway. Since the tensile stress is
proportional to the bending moment it varies the same way and reduces
with increasing heading width. Considering the average tensile
strength of some Durham rocks (about 6700 kN/m2(64)), we see from Table

5.4 that the tensile strength is exceeded in most cases.



Maximum roadway tensile stress during

short face advancing using anhydrite packs

Heading Width Rate of Advance Maximum
m m/day Tensile Stress

kN/m2

12 9.0 11,340

6.0 10,020

4.5 9,120

14 9.0 8,760

6.0 7,740

4.5 7,320

16 9.0 7,380

6.0 6,960

4.5 6,600
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5.4 Validity and limitations of the equivalent loading method

As previously explained, the equivalent loading method consists of
splitting the problem of a semi-infinite plate of finite width into two
beam problems; the loading of the elastic foundation, obtained by considering
the width of the plate as infinite and by solving the problem longitudinally,
is placed on the plate and the problem is again solved laterally for finite
widths of the plate. Obviously then the region of interest is the longi-
itudinal central axis of the plate, or the centre line of pack in this

instance.

The validity of this method, as well as the errors involved in it,
can be shown by analytical solution of a parallel example, albeit a
crude one. Very few plate problems are soluble analytically, so it was
only possible to choose a comparatively much simpler situation than the

short face advancing method.

Shown in Fig. 5.19 is a plate on elastic foundation with its edges
simply supported. The plate is infinite along the positive direction of
¥y and has a finite width a along x. There is a uniformly distributed
load q on it. PFirst a rigorous solution will be obtained foYr the downward
deflection w perpendicular to the plane of the plate and later the same

problem will be approached through the equivalent loading method.

5.4.1 Plate solution

The general differential equation for the deflections of an

(61)

elastically supported plate is
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B4w "w o w q kw
+ 2+ == TR
d x4 3 x%3y dy4 D D (5.54)

where D is the fluxural rigidity of the plate and k is the modulus of

the elastic foundation. Its solution can be expressed in the form

[22)
. MR X
W= *2 Yo T 5 (5.55)
m=

W, being a particular solution of Equ. (5.54) representing a simply

supported strip on elastic foundation. The infinite series is the

general solution of the homogeneous equation

4 4 4
aw+232w2+aw+'____l<w=o'
dx“ dx"dy dy4 D (5.56)
w_ can be obtained from the equation
4
d w
D ° = - ks
v 9 o (5.57)

Choosing W to be of the series form

a0
— . M7 X
We = ;§::-'A°“ S a
m={

and expressing the uniform load g as a Fourier series

[50)

9 = E {;%7 ( { - cos mrn) S+ vﬁ;Tx

m=1

we get from Equ. (5.57) after substitution
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A 24 { ~ cos mT

Only odd values of m can exist in the series because, when m is even,

A = 0, When m is odd

m

A - 49 {

® wD w( mind J_<_>

a D
so that o
. YATTX
w, = :2:1_ S T
m=1{73,5.. o D

(5.58)

The second part of the solution can be obtained by substituting

the series of Equ. (5.55) in Equ. (5.56) giving an ordinary differential

equation in the functions Ym:

2

iv m 172 7" wznn k -
Y -2 2 Y'm+(a:l +—5_)Yw\—o

m o

This has a solution

- v o .
Y, = B, e "cosv, y +C e smY.y
in which L _4

1/2
_ A mTr k 'm"naj
Pn= 7 [\/(‘;:4“ *‘5)"’“ a

g = L A U Al B
"Nz [\/( o +3 a?

(5.59)
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The functions Ym vanish at y = e and the deflections are given by
W =W, 80 that the plate behaves like a uniformly loaded, simply supported

strip on elastic foundation at y = oo &

Substituting (5.58) and (5.59) in (5.55) it is seen that the

deflections w satisfy the boundary conditions

. 32
= -dilad -
(w)'JL:o,x.-.o. ° (‘5;_—2' =0

Xz=o, = a

To ascertain the values of the constants Bm and CIn the following

boundary conditions can be applied to wat y =

(w)

Y=o ~

Then

B,M:"‘wa > sz A wa_a“ /\/%-

Since Bm and Cm are proportional to Am they too cannot exist for even

values of m and thus we get finally the deflections w

o a_a

4.1 s T ( ”, . )
M"n" [1 €os Ty Y + S ’)’My ]
x L3 .6
L 3'( <) JE (5.60)

The load on the elastic foundation at any point (x,y) can be determined

simply by multiplying this equation by the foundation modulus k.
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5.4.2 Solution by the equivalent loading method

According to this method deflections along the centre line of the
plate parallel to the y-axis are determined, assuming a -+ co y two-

dimensionally. These deflections are given by

q -Yy . )
W, o= —E-r-e. (C,c.os‘}’y +C254-‘Vy
g k &
satisfying the condition (w) = k. Here Y = (——-) . We have
C'Y= e 4D
the simply supported conditions (wc)yz 0o = wc")y = o giving
=0

C"-—“i,C:O

so that w
c

9 -¥y
K (1-—9. usV’y)
This gives the loading on the foundation along the centre line as

ki, = g (1- Vo Yy) (5.61)

This loading can be placed on any lateral cross-section of the plate parallel
to the x-axis, say y = L to give the deflection of that cross-~section
approximately. The equation for this deflection will be that of a beam

on elastic foundation simply supported at its ends and uniformly loaded by
(kwc)y _+ YNow it will be remembered that when the load is q the

deflections are given by the first series (wo) in Equ. (5.60) for a beam.
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Therefore, when the loading is (kwc)y _ 1, the deflections are
(ol
. T
we = 4‘(Wc S ax
D w?
M(Mh ) (5.62)
m=1{,3,§ 1)
This equation, when multiplied by k,will as usual give the foundation

loads along any cross~section y = L.

The following numerical data were tzken as an example:

Width of the plate, a 12, 14, 16 m
Uniform loading, q 230 kN/m2
Flexural rigidity, D 1.2 x 107 kN-m
Foundation modulus, k 4.0 x 10° kN/m3

The first three values are taken directly from the short face advancing
situation considered before. k corresponds approximately to the ultimate
foundation modulus of the anhydrite pack after setting for more than

6 weeks.

The loads on the foundation due to plate deflection, were
calculated from the edge x = o to the centre line of the plate x = a/z
at every metre by writing a simple computer program for both the methods.
The results are plotted in Fig. 5.19-21. Foundation loads are shown to

vary with y at different values of x.
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5.4.3 A comparison of the two methods and limitations of the

equivalent loading method

The foundation loading characteristics in Fig. 5.19-21 reveal
the following salient features of the equivalent loading method as

compared to the more rigorous plate method:

(a) The equivalent loading method is found to
overestimate the foundation lcad slightly for all
values of x, y (x £ o, ¥ # o) before reaching the
steady state. Both the methods give virtually
identical results when y is greater than nearly

7 m for all the three plate widths, i.e. when the

edge y = 0 ('face') is more than 7 m distant. The over-
estimation is a maximum of 6.6%, and occurs at

¥y = 3 m along the longitudinal sections x = 1,2,3 m

for all the plate widths. The error is least at

the centre lines of the plate and is less than 1%.

(b) A peak load - hump — is found to occur in both

the methods at a distance y = 5 m for the plate

method and at y = 4 m for the equivalent loading
method, which thus shows a somewhat early load

peak. The wave-like load variation agrees with the
load acceptance characteristics of the anhydrite

centre pack. The distance y at which peak load occurs
remains the same at the centre line and nearer the

edges, i1.c. for all values of x > o.
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(¢c) Across any lateral section y = L, a hump is also
seen to occur at x = 5 m from the longitudinal edges
of the plate in the case of 14 and 16 m plate widths.
This is the reason why the loading curves for x = 5 m
lie uppermost, even above those for the centre lines

X =T7Tmand x = 8 m of the 14-m and 16-m plates. The
equivalent loading method agrees with this behaviour,

the distance being x = 4 m.

(d) In the steady state region the equivalent loading
method gives slightly lower values (1 kN/m2 or less)
before giving the same values in the end as the plate

method, as seen from some of the curves.

(e) Along the centre line x = 8 of the 16 m plate, both
the methods give almost identical values, hence Fig.5.21
indicates only one curve for x = 8. Predictions by the
equivalent loading method improve near the centre line,

especially for wider plates,

(f) A slight rise again in the foundation load occurs
at nearly 11 m in the steady state region, but the rise
is too small to be noticeable (1 kN/m2 or less) in most

cases. (see Sec.5.3.4.1 in this connection).

It is thus seen that the equivalent loading method gives fairly

reasonable estimates of foundation loads (and so plate deflectioms).
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The example considered is that of a simply supported plate
on elastic foundation which is much simpler that the situation of short
face advancing with a centre pack. The main difference is that the
foundation in the form of an anhydrite pack comes into existence only
after a certain pack-free initial deflection occurs in the roof.
This initial deflection, denoted by 81 in BEqu. (5.48) of Sec.5.3.1,
was obtained from longitudinal considerations at Point A (see Fig.5.9),
so that 3‘1, in fact, corresponds to an infinite heading width. When
the loading has a finite width, however, 81 would be somewhat smaller.
Also 31 would vary from one ribside to another and would be a

maximum at the centre of the heading.

In Equ. (5.48) 81 has been taken as a constant which means that
the occurrence of a uniform roof deflection has been assumed in the pack
region in the lateral consideration. Since it is not necessary to take
into account the initial deflections in the roadway region and ribside,
the roof across the entire heading section was then assumed to deflect
initially uniformly over the pack region and curvilinearly over the
roadway and ribside. This form would entail introducing some errors,
especially at the edges of the pack, in estimating pack load. The exact

form of 31, on the other hand, is impossible to determine.

If in the longitudinal analysis it was seen that the ultimate
deflection or deflection in the steady state, when the face was sufficiently
distant, was greater than the pack-free deflection 5‘1, errors due to
ascuring a unifornm form would be minimised. This was essential to

see, since over an anhydrite pack section deflections were found to
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reduce (roof lifting) with face advance in the steady state region.

For this, reference may be made to the output of the computer programme
in Appendix II (deflections at A), in which it is seen that the
deflection in the last stage is greater than the initial deflection.

If this had not been the case, the roof would have lifted more than

the initial pack-free position and the analysis by lateral considerations

would have given negative pack loads.

)

1 is seen to have three values for the three rates of face

advance.

Thus it may be concluded that since the initial deflections 81
are assumed to be uniform in the pack region and of the same value for
all the three heading widths of 12, 14 and 16 m, subsequent additional
deflections over the pack after its erection will be somewhat under-
estimated, especially near pack edges. On the contrary, the equivalent
loading method overestimates deflections and hence pack loads, so that
it was likely that there would be some compensation. Central values of

pack load would be more and more reliable as the heading width increased,
5.5 Conclusion

The equivalent loading method was found as an approximate approach
to elastostatic analysis of the short face advancing situation for three
probable heading widths. A comparison of this method with the rigorous
plate method indicates that deflections of the plate on an elastic found-

ation are somewhat overestimated. The maximum error introduced was found
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to be 6.6% in the case of a simpler parallel example of a rectangular
semi-infinite plate on an elastic foundation, the edges being simply

supported.

A compensating factor to this overestimation was that the
initial deflection in the face area prior to pack setting (elastostatic
face convergence) induced somewhat lower estimation of deflections in
the pack region, as explained. With due considération of the limitations
of the equivalent loading method, the following conclusions can be

drawn:

1. The anhydrite centre pack is found to build up
load very quickly to a peak value which gradually falls
to a steady state value. This initial build up of a
hump and later fall is found to agree with observations
underground by several workers. The load is found to
increase with heading width and a reduced face advance.
The values of load estimated are quite small (the
maximum peak value is 392 kN/m2) because of the small
depth of the nether roof (10 m) below the bed separation
cavity which is to be supported by the pack,and because
a large part of the roof deflections take place before
pack placement. The pack is found to be strong enough

to take the load in all the three heading widths considered.
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2. Loads at the edge of the pack are lower than at
the centre because the roof deflections are higher at
the centre. The pack load distribution is thus not

uniform across the width of the pack.

3. The abutment pressure on the ribside is influenced

by the pack load in that it shows a fall with higher loads
accepted by the pack. The peak abutment pressure is "
found to be 12-15% higher than the depth pressure, which
is quite small. This is because of the small size

of the opening (12 to 16 m).

4. The maximum positive bending moment occurs in the

roadway roof nearer the pack edge. Comparable negative

moments occur 1.2 to 1.4 m inside the solid coal region.

In all the cases of heading widths and rates of
advance, the maximum roadway tensile stress is found to
exceed the average tensile strength of some Durham rocks.
This would be expected, since the elastostatic analysis
does not consider roadway supports and is merely aﬁ
indication that steel supports in the roadway would be

necessary.

Because of the lower loads accepted by the anhydrite
pack in narrower headings, the roof has to be more self-
supporting than in wider omes. This is the reason why

lower maximum tensile stress values occur in the roadway
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of a wider heading. This is a point in favour of wider
headings. Excessively wide headings will, however, induce
further bed separation in the roof, bringing greater loads
on the roof layers and increasing the tensile stress. The
qualitative assessment that lower tensile stresses in the
roadway are encountered in wider headings is thus true

only if no further bed separation takes place.

5. With better pack load acceptance there is some relief
in the abutment pressure, reducing the maximum shear force
at the coal edge. This might be of some advantage in
decreasing floor heave. A detailed analysis for floor

heave has been made in Chapter 7.

6. The rate of face advance influences the bending moment
more significantly than it does the shear force. It also
influences the pack load but its influence falls with
increasing heading width. Lower rates of advance appear
to be beneficial, if they can be adopted without detriment
to productivity. The effect of rate of advance considered
in this Chapter is purely elastostatic because the roof
behaviour depends on the setting properties of anhydrite.
This analysis does not include any viscoelastic or creep
effects. In this connection it is important to note that
the loading situation on packs reaches the steady state

quite quickly, both in terms of time and distance and the
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rate of advance is thus important, viscoelastically,

for a short initial life of the heading only.

7. Judging by the load acceptance characteristic of
pack obtained in this analysis and underground by other
workers, the theory of beams on elastic foundations can
be used as a possible explanation for the occurrence of
peak pressure in the back abutment zone of a longwall

face.



CHAPTER 6
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CHAPTER 6

Short face advancing with a centre pack of conventional non-setting materials -

an elastostatic analysis

6.1 Introduction

In order to assess the advantages gained by using an anhydrite pack
instead of a conventional non-setting pack and also to study the possibility
of using a more compressible pack in the method of short face advancing with
a central pack support, it was decided to analyse this situation elastostat-
ically, introducing conventional packs. The influence of pack compressibility
on the variation of the earlier factors of Chapter 5, pack load etc., was
also studied to define the benefits of a stiffer pack. As in the case of

anhydrite centre packs, the analysis was done longitudinally and laterally,

The basic difference between a material like anhydrite and a non-setting
one like dirt packs, wood chocks, etc., is the setting property of the former,
by virtue of which it hardens and becomes less compressible with time, as
given by Equ.(5.1). The usual non-setting materials are much more
compressible, as seen in Chapter 2, and also their modulus of e}asticity
does not change with time in the sense of setting. 4s observed in the
previous Chapter, the foundation modulus of each anhydrite pack section
acquires different values, k11, k12, etc. with face advance, while a

conventional pack would have the same value k, at all stages of advance

1

(assuming the load-yield characteristic of a conventional pack to be

linear),
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6.2 Roof deflection equations for various stages of face advance

6.2.17 Longitudinal analysis

Equations for the deflection of the nether roof were again
developed along the longitudinal section of the heading, taking initially
an infinite pack width. The mechanical model for the nether roof with
regard to bed separation was the same as in the previous case of anhydrite
packs. Stage (1) represents the maximum pack-free advance of the short
face and, therefore, coincides with the earlier analysis for anhydrite
packs (see Fig.5.4). The deflection equations are thus identical to

Equ. (5.39) which are reproduced here for convenience:

Stage (1
9i+la  TE C simax) |
W = — + & (C cos xx + Ly 8 x
1 k 1
2
(6.1)
a
vo= qﬂ' 9(.4+c3'l +C4
2 -
24 D,

where the different symbols have the same meanings as given in Chapter 5.

In stage (2) a pack section is erected and the face is advanced
further. From this stage onward the pack modulus remains unchanged with face
advance and we thus get a series of pack sections, all of the same modulus.
The roof deflection before placement of each pack section is, however, different
from those for the neighbouring sections until the face is sufficiently far

away. Hence it was necessary to develop a differential equation for deflections
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over each pack section separately, just as in the case of anhydrite packs.

As seen from Appendix I the deflection over a pack section is
given by expressions of the form of damped oscillations or damped‘waves,
the parameters /% , ﬁ%, etc. occurring in the exponential functions
being termed damping coefficients. In the case of an anhydrite pack
section, the deflection comprises a number of such waves, the number being
higher the farther the face is. These damping coefficients determine the
distance necessary to damp a wave to reach the steady state. From the
nature of the deflection equations for anhydrite packs it is impossible,
theoretically, to predict such a distance, but for a conventional pack,
for which the damping coefficient remains constant at a value /3 whatever
(33). Like 3., ﬂz, etc.

the face advance, this distance is given by 54@

> is defined by
4
- ( ky )/4
P=\7%p,

Considering the range of foundation moduli Kk, taken for a numerical analysis
of this problem (given later in this Chapter), it was decided that the
longitudinal analysis would have to be carried out up to stage 19) of face
advance, the unit advance, width of the trunk roadway and working area at

the face remaining the same..

Stages (1) to (5) are shown in Fig. 6.1, Then for the position of
the y-axis indicated, the deflections V3 v4, etc. in stage (2) can be

written down as
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F1G.6-1- ROCF DEFLECTIONS ETC. ALCNG THE HEADJING SECT JUN
WITH CONVL. CENTRE PACKS
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Stage (2):
q+‘12 ~xx ot |
()-3: ,JL_.._. + e (CSC_DSO\‘X. + Cg.uwx o\)(.)
2
v, = %2 1,4+C7x3+C x2+C9x + Co
24D, 8
_ 9 L+ w N4 L+ 2+
s = 24D (x-=7—=) + Ca(x“‘?‘”) Cq
2 (6.2)
_/Bx

+ e ('C”wspxqucmw /jx)

=
+ e (Cfa(‘,cs/j% + C“'s,;M /5'1)

92 4 3 2
= +
v 2 +C‘5x +C16x + Cnx C18

[V qf+32

[~ 9 & .
7"-1:-— + € <Cmuas<mr.+ CZCsmxx>

In stage (3), a second pack section is placed and the face is advanced

further, causing compression of the first section once more and of the second

section for the first time. The differential equations for these two sections

are then
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Section (1):

4
d"n

ol x?

D,

H
va
!
F
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Section (2):

4

d Vg

dx

it

2 7% ky ( Vie™ Yy )

Their solutions are written with the rest of the deflection equations for

stage (3):

Stage (3
q1+qz - X . )
v, = __. %
3 : + e (C“CA.S«X, + Cp, Stm xx
2
Vo= _ 2 by Cx3+C X+ C % +(
x 23 24 2s a6

(6.3)

<
I

-px
o= Vut € (CQ-, Cos Hx + Czasdw ﬁx)

P
e (Caeospr + Cyp Sim /3“-)
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Lz L+w 4 Li+w 2
v, = o — 4 ; Y]] C
f ) Cﬁ ( ' ) 4

+ e (CB' cos pr + ng_ Saan /5"‘)

P
+ e x(CBBC—as/}x + Cppysin )

(6.3)
v, = X9+ C x>+ C 2 +C,_x+ C
f2 24D, 35 36 a7 38
q/,“'qg xx .
Vig™ ——— + e C. cosxx + C Smo&'x-)
"z ( %9 40

Further deflection equations could similarly be written down up to
stage (9). The integration constants, Cis C,y etc. would be 244 for all
the stages together which could be determined, as before, by applying
continuity conditions (5.27) in terms of deflections, slopes, ';ending
moments and shear forces to any two neighbouring deflection regions in each

stage.

The assumptions and data for a numerical analysis of this situation
were taken again to correspond to the conditions at Dawdon Colliery (see

Sec. 5.2.4). A suitable computer program was written as in Appendix III
pp
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for applying continuity conditions to Equ. (6.1-3) and all ecuations up
to stage (9) to give the 244 integration constants and obtain finally the

deflections and pack loads at Point A (Fig.6.1) as before.

Since this pack foundation modulus does not change with time, and
hence face advance, the elastostatic influence of rate of advance could

4 to

not be included. The pack elastic modulus was varied from 3.5 x 10
1.75 x 10° kN/mz, taking five values at equal intervals of 3.5 x 104
kN/mz. The least value of 3.5 x 10% kN/m2 was approximately estimated
for a stone pack tested by Barraclough gz.gl;(1o) (see Chapter 2,

Fig 2.2(b). The rest of the values are just multiples of this value and

do not necessarily belong to any particular pack type. This was done to

study the influence of varying pack compressibility.

6.2.2 lateral considerations

A lateral analysis of this situation is comparatively simple when
compared with the case of anhydrite packs. After an initial pre-setting
deflection §& , compressions of the pack take place with its foundation
modulus remaining constant at a value k,. At infinite advance of the face
the roof settles down over the pack section under consideration (Point 4),
causing deflections vy in the pack region in addition to the deflection & .
The roof deflections in the roadways and the ribside are vy and vy
respectively. § is the elastostatic convergence at the face and has
five values corresponding to the five pack foundation moduli. These are

the first values in the output of the computer program of Appendix III.

The differential equation for the deflections v3 at Point A for
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infinite face advance will be

d U

b))
2 Adsx?

= ‘1,2- kf<'l)'3-$)
It has the solution

= 22 ' y
Vy = - + 8+ A osh prcos fr + Ay sinh P Son P (6.4)
{
by symmetry of the heading about the pack centre, the y-axis being positive
downward through the pack centre. For an infinite pack width, the last two

functional terms in the solution vanish for x = o so that

and for a finite pack width we have for x = o

V3= 3-2—+S+Af

ky
Thus A1 acts as a correction term for the deflections at the pack centre
when the pack width is finite and the two functional terms for the deflections

elsewhere in the pack.

The deflection equations for the roadway and ribside are written down

as usual ¢
+ - .
Ribside: v, = M ea‘x<’3,“—°5“"~+ 5,15'44’“0\'7‘«)
kl
(6.5)
. 9 % 2
Roadway : v, = —2_ X" 4 By %+ B,x + Xt B¢

24 D2 N
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It can .hus be seen that the lateral analysis in the case of
conventional centre packs is much simpler than for the earlier case of
anhydrite packs. It was not necessary to resort to the equivalent
loading method to obtain the ultimate roof deflections because the pack

foundation modulus k1 remains constant.

The integration constants A1, A2, B1_B6 in the deflection equations
(6.4—5) could be determined by applying the usual continuity conditions
to give sets of 8 simultaneous equations. A similar computer program
was written to obtain the variation of pack load, ribside load, bending
moments, etc. for the five pack moduli mentioned and for {1he three heading

widths 12, 14 and 16 m.

6.3 Results and Discussion

6.3.1 Pack load variation with face advance

The acceptance of load by a conventional pack is seen to be of the
form shown in Fig. 6.2, These load characteristics were obtained by
longitudinal analysis, lateral considerations would yield similar curves,
as :as the case with anhydrite. Only the steady state cr ultimate loads

were hence calculated for the three heading widths by lateral analysis.

The load build up is observecd to be slower for conventional non-
setting packs than for anhydrite packs. The figure shows that the load
builds up to a flat peak slowly and later falls gradually (cf. Fig.5.10-12).
For low values of pack moduli the peak is hardly noticeable and occurs at a

greater distance from the short face than for higher moduli.
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As mentioned earlier in Sec. 6.2.1, it is possible to predict the
distance at which the steady state would be reached. This distance,
jﬁg y varies between 20 and 30 m for the five values of pack moduli

considered as given in Table 6.1.

The ultimate loads obtained by lateral analysis for the three
heading widths and five moduli are given in Table 6.2. Lower pack moduli
and narrower heading widths give very low values of ultimate pack load as
in the Table, indicating that the strata have to be virtually self-
supporting. Conventional packe of low moduli like stone packs or wood
chocks serve hardly any purpose by way of support in the short face

advancing method.

6.3.2 Ultimate load distribution on pack and ribside

Fig 6.3-5 indicate the ultimate or steady state load distribution

in the pack and ribside for the three heading widths of 12, 14 and 16 m
respectively. The ribside loading looks similar to the anhydrite case

(cf. Fig. 5.13-15), but the loading on the pack is more flatly distributed.
Pack load increases with the heading width and pack modulus. Overall, the
pack load is found to increase and the ribside abutment pressure to fall with
rising pack modulus. The abutment peak is greater for all values of moduli
than for anhydrite (because anhydrite accepts load better), the highest value
being about 25% greater than the depth pressure which occurs in case of the
16-m heading with the pack modulus of 3.5 x 104 kN/hz. The corresponding
highest value was found to be about 15% greater than the cover load for
anhydrite packs. This is a point in favour of anhydrite as a packing medium

in that it reduces the unevenness of loading across the roadway.
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TABLE 6.1

eaching steady state load on conventional

Eacks durigg short face advancigg

Pack Modulus kN/m?

Face advance for steady state m

3.50 x 104
7.00 x 104
1.05 x 10°
1,40 x 107
1.75 x 10°

30.5
26.0
23.0
21.5
20.5

TABLE 6.2

Steady state loads for different heading widths
ZConventional packss

Heading width m‘ Pack Modulus kN/m2 Steady State load kN/m2

12 3.50 x 104 15
7.00 x 104 40
1.05 x 10° 68
1.40 x 10° 95
1.75 x 10° 120

14 3.50 x 104 39
7.00 x 10% 80
1.05 x 10° 116
1.40 x 10° 146
1,75 x 10° 172

16 3.50 x 104 70
7.00 x 10% 122
1,05 x 10° 160
1.40 x 10° 189
1.75 x 10° 212
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FIG.6.3-ULTIMATE LOADING ON CONVL.PACK & RIBSIDE
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FIG.6.4- ULTIMATE LOADING ON CONVL. PACK & RIBSIDE
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FIG.6.5- ULTIMATE LOADING ON CONVL. PACK & RIBSIDE
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6.3.3 Variations of pack load and ribside abutment pressure with pack

modulus

The ultimate loads on the pack centre and the ribside abutment peak
pressure are plotted against pack modulus in Figs. 6.6 and 6.7 respectively.
Pack load is seen to increase considerably with pack modulus and heading
width, with very low values of load occurring at the lowest modulus of
3.5 x 104 kN/hz. For a 12.m heading a fourfold increase in pack modulus
increases the pack load 8.0 times, which in 14-m and 16-m headings rises
4.4 and 3.0 times. Thus a centre pack will be more effective in narrower

headings if it is stiffer.

The ribside abutment pressure of Fig.6.7 and Table 6.3 shows a fall
with increasing pack modulus, obviously because of an improvement in pack
load acceptance. The fall is slower for smaller heading widths. In fact,
for the 12-m case the fall is almost negligible. This again indicates
" that the behaviocur of the nether roof is less dependent on the stiffness

of the pack in narrower headings.

6.3.4 Ultimate bending moments and shear forces

The pack modulus is found to influence the rocf bending picture as
is seen from Figs. 6.8-10, in which curve 1 corresponds to the pack modulus
of 3.5 x 'IO4 kN/m2 and curve 5 is for 1.75 x 1O5 kN/mZ. The curves for
the rest of the values lie between these two and are not shown plotted,
Bending moments increase with the heading width and vary inversely as
the pack modulus. The influence of pack modulus is very pronounced for

higher heading widths.
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FIG.6.7- VARIATION OF RIBSIDE ABUTMENT PRESSURE WITH PACK MODULUS OF ELASTICITY

10

x103KN / m2

')
§ Heading_width -
g —x— 12 m ‘
‘a&; —o— 1&m
= 9
e
O
@
o
R7.]
o
E -
1 1 i i I ] 1 i i 3]
0 4 8 12 16 20

Pack modulus, x1(§' KNlm2



- 181 -

TABLE 6.3

Peak abutment pressure on the ribside during short face advancing using

conventional packs

(Depth pressure - 8288 kN(mz)

Heading width Pack modulus Abutment pressure
m KN/m? KN /m?
12 3.50 x 10% 9,786
7.00 x 10% 9 753
1.05 x 10° 9,718
1,40 x 10° 9,683
1.75 x 10° 9,650
14 3.50 x 104 10,125
7.00 x 104 10,014
1.05 x 104 9,916
1.40 x 104 9,833
1.75 x 104 9,764
16 3.50 x 104 10,403
7.00 x 104 10,181
1.05 x 10° 10,019
1.40 x 10° 9,897
1.75 x 10° 9,801
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FIG.6.8-ULTIMATE BENDING MOMENTS & SHEAR FORCES
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FI1G.6.9-ULTIMATE BENDING MOMENTS & SHEAR FORCES
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The maximum positive moment is found to occur over the pack
instead of in the roadway or pack edge, as opposed to the anhydrite case
(cf. Figs. 5.16-18). Bending moments are significantly higher for

conventional packs than anhydrite packs.

The shear force is distributed across the heading in much the
same manner, the maximum value, which lies at the coal edge, being greater

than when using anhydrite packs. This may induce higher floor heave.

6.3.5 Maximum tensile stress in the roadway roof

The pack modulus influences the maximum roadway tensile stress in
the same manner it does the bending moment. It has been plotted in
Fig. 6.11 against the pack modulus and in general indicates a fall with

a rising pack modulus (see Table 6.4).

For the 12 m heading the stress fall is virtually linear within
the range of the modulus taken, i.e. the benefit of introducing a stiffer
pack increases linearly, while in 14-m and 16-m headings, the stress

decreases more slowly for higher moduli.

The maximum improvement in the stress picture takes place in a

16-m heading with a rising pack stiffness and a minimum in the 12-m case.

At very low values of the pack modulus the 12-m heading develops
the least tensile stress but at higher values it has thc greatest tensile
stress of all three widths, again indicating that the utilisation of a centre
pack as a support element is less effective in narrower headings and the roof

has to be more self-supporting.
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F1G.6.11- MAXIMUM ROADWAY TENSILE STRESS VS.PACK MODULUS

17 L Heading_width
1 12m
2 1m
5 3 16m
--- Anh. packs
151 — Convl. packs
N
E
E 13 +
™
©
X
U; -
v
o
£
) e e e e e i w Em e e - T T Gk G e o T B G T e em G G Em we wm e e we om e SR e G e e e e e
K A
©
C
Q
-
9 |
e e m e e e e ———————— = -2
——————————————————————— P"'"-"‘--‘—--"‘-"_-“""3
7 1 1 1 L 1 1 1 1 1 1
0 IA 8 12 16 20

Pack modulus, x10% kN/m2



Maximum Roadway tensile stress during short face advancing using conventional

packs
(Ultimate roof strength = 6700 kN/mZ)

Heading width Pack Modulus Maximum tensile stress
m kN /m? KN /m@
12 3.50 x 10% 15,420
7.00 x 10% 14,940
1.05 x 10° 14,400
1.40 x 107 13,920
1.75 x 10° 13,380
14 3.50 x 104 16,620
7.00 x 10% 15, 360
1.05 x 10° 14,160
1.40 x 107 13,200
1.75 x 102 12,360
16 3.50 x 104 16, 380
7.00 x 104 14,340
1.05 x 10° 12,840
1.40 x 107 11,760
1.75 x 10° 10,860
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6.4 Conclusion
1. Loads on conventional non-setting centre packs during short face

advancing are lower than anhydrite packs. The general nature of the
load acceptance characteristic follows a similar pattern, i.e, the load
rises to a peak value and later falls and steadies off gradually. The
load reaches, comparatively slowly, a flat peak, the conventional pack
material being more compressible than anhydrite. The load acceptance

characteristic again supports the back abutment pressure hypothesis.

2. For narrower headings like 12 m, conventional packs of low moduli
(e.g. stoné packs) exhibit very poor acceptance of load, showing nearly

zero loads. This shows that the roof has to be virtually self-supporting
when the pack is highly compressible. Load acceptance improves considerably

with the pack modulus.

3. The ribside abutment pressure is higher than for anhydrite packs.
It is influenced by the pack load so that it shows a fall if the pack

accepts load better or if the pack modulus is higher.

4. The maximum bending moment in the roadway is higher than when
anhydrite packs are used. Bending moments are found to reduce with increasing
heading width when using non-setting packs of higher moduli as with anhydrite

packs. With the modulus on the lower side, the opposite is the case,

5. Conventional packs give rise to a greater shear force at the coal edge

than anhydrite.
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6. The pack modulus influences the maximum tensile stress in the
roadway. In general, there is a fall in the stress level with an
increasing pack modulus, the fall being slower for narrower headings

such as 12-m. At very low values of the modulus the 12-m heading
develops the least tensile stress but at higher values the tensile stress
is more than in a 16-m heading. This indicates that the utilisation of
a centre pack as a support to the roof is less in narrower headings and
the roof has to be more self-supporting. For all the values of pack
moduli considered the maximum roadway tensile stress exceeds the ultimate
strength of the roof rock, which is indicative of the need for roadway

supports. The stress level is higher than with anhydrite packs.

7. In general, stiffer packs such as anhydrite show better load
acceptance, less bending moment in the roadway (hence tensile stress),
less shear force at the coal edge and a smaller abutment pressure than
conventional non-setting packs. Hence introducing a stiffer pack instead
of a highly compressible one does appear to lead to better overall

structural stability.



CHAPTER T

Estimation of floor heave during short face

advancing and subsequent retreating
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CHAPTER

Estimation of floor heave during short face advancing and subsequent

retreating

7.1 Introduction

Floor 1ift seriously affects longwall operations by virtue of
closure in gaterocads, especially in deeper mines and can sometimes be
the most important consideration in adopting a particular method of
longwall mining. Having considered the behaviour of the roof in the
method of short face advancing with centre packs of anhydrite and also
of conventional non-setting materials, it now remains to estimate the

extent of heave likely to occur in conditions like those at Dawdon, while

using this method.

Floor heave occurs due to the removal of the virgin pressure in
forming a gate roadway and since this pressure is proportional to the depth
of the workings, more severe floor heaving is seen to occur at greater
depths. Floor heave is also governed by the vertical restraint applied to
the floor by the ribside abutment pressure (its magnitude and proximity)
and by the roadside pack. If the resulting stresses in the roadway floor are
high and the floor is weak, fracture may commence, increasing the lift due
to a volume increase in the broken rock and causing relative pack penetration.
In addition to this elastostatic behaviour before and after failure, floor
lift goes on increasing with time, viscoelastically, due to creep effects.

We thus get a rising heave characteristic with face movement, which is the
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combined effect of

(a) 1increase in the floor stress level from the start

line of the face,

(b) build-up of fractures in the floor, affecting
increasingly deeper levels and causing an apparent

'swelling',

(c) further 'softening' of the floor due to breaking,

(d) creeping of the floor material, and

(e) swelling, due to wet clay minerals, if present.

In this Chapter it is proposed to analyse the situation of centre-
pack short face advancing and subsequent retreating for estimating the floor
lift due to the first four factors. Since the floor stress distribution
depends on pack load, ribside abutment pressure distribution and also the
load on the floor in the goaf of a longwall face, it was first necessary to
obtain a complete picture of floor loading. In the previous two Chapters,
pack load and ribside abutment pressure distribution have already been
obtained for short face advancing and we thus know the floor loads during
advancing. Presented below is a method to estimate the ultimate or steady-

state floor loading in a longwall panel for use in subsequent retreating.

T.2 Loading on the floor of a longwall panel including a method to

determine the zone of ribside crushing

Experience has shown that there exists a high peak stress some distance
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into the ribside which falls with distance to the depth pressure. The

shape generally accepted for this abutment pressure distribution on the
ribside of a longwall panel is shown in Fig. 2.1, Chapter 2, showing a

zero stress at the coal edge. The supporting capacity of the coal increases
with depth into the ribside, because of lateral confinement while at the
edge is at its lowest. The build-up of a peak pressure at the edge due to
bending of rock strata in the goaf causes rib edge crushing and shifts

the peak inward until equilibrium is re-established.

T.2.1 Wilson's method

A method proposed by Wilson(66) to estimate the zone of crushing
in ribeide coal pillars and the magnitude of abutment pressure is described

here in some detail.

The forces on an element of coal in the ribside pillar is shown in
Fig.7.1(a). The thickness of the element is 53' and it lies at a distance
¥y from the pillar edge. If G}ris the vertical stiress on the element and

6y , Ou+ SO’H are the lateral confining stresses on two sides of the

element, the equilibrium equation for the element becomes

( o, + gtﬁi)‘nnl - 40, m{ = 5\dh md

= 20, tem ¢-L 3y (7.1)

where m is the seam thickness, 1 is the element length and tan @ is the roof-

seam-floor interface friction (which Wilson erroneously terms intermal friction).
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FIG.71(a)- FORCES ON A RIBSIDE ELEMENT
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Hobbs(67) tested several British coals under triaxial compression
and has proposed the general relation between triaxial fracture strength 61,

and confining pressure O 3

b
6,:.0;4-0‘34-0.0'3 (7.2)

where a and b are empirical constants and o'o is the uniaxial strength.

Wilson simplifies this relation to the linear form

0"=: o, + d'a'lam/ﬁ

and further to the form
6', = 6'31am S

assuming o’o to be negligible. ‘tomp is the slope of the linear relation of

Wilson. This gives

Seo =-—‘——-— Se
H t’amp v

Equ. (7.1) then becomes

{ =
SG.V-tM[b m = Zd'v'tam¢.5‘y

or dy _ m . A
do,  2tam plam¢ 6,

now tomp and tamf are related according to
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tan p~1
tan ¢ = p (7.3)
2 nftamn A
so that
dy m . {
46, «/tamp(twp-f) Oy
integrating with respect to o’v,
m 0,
T A (7.4)
tamp (tamp - 1) ° ’
which satisfies the condition (O’V)y _ o=0,+ The following values have

been proposed for using this equationt

tan p = 4 | o’v=4pk, o, = 1 p-s-t.

The value of ta.mp= 4 is in keeping with the linear relation of Wilson for
the triaxial strength of coal based on Hobbs' results. The value of
& v = 4 ph assumes that the abutment pressure is always 4 times the depth

pressure ph and the value O’o = 1 p.s.i. has been arbitrarily fixed by Wilson

assuming that 0'0 is very small at the coal edge because of crushing.
The following criticisms can be expressed against this method:

(a) Hobbs' triaxial strength relation (7.2) has been
simplified to a linear form. This may mean over-

simplification, since Equ. (7.2) predicts very rapid



- 196 -

initial increments in the fracture strength with small

increases in confining pressure.

(b) tan @ is assumed to be the coefficient of internal
friction, which it is not, hence Equ. (7.3) may not be

valid.

(c) The magnitude of the abutment peak pressure and
the extent of ribside crushing are independent of the
face length. This does not appear probable, since the
weight of the hanging réck between a pair of longwall
ribs that has to be supported by them depends on face

length.

(a) 0, is admittedly small as compared to the abutment
pressure but the value 60 = 1 pes.i. is arbitrary. As
per the normally accepted practice of equating negligible
quantities to zero, if ¢ = o in Equ. (7.4), we get

Yy =co . However, even if we accept that 6'0 % o and
assign another small value say db =2 or 3 p.s.i., Equ.

(7.4) still gives greatly different values of y.

Due to these discrepancies in Wilson's hypothesis, it was decided to
develop a method of calculating the abutment pressure and define the

zone of crushed coal in the ribside of a longwall panel.
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7.2.2 Alternative method

Due to strata crushing in the goaf a pressure distribution, say
OS1C, builds up over the ribside as shown in Fig. 7.1(b). The sharp peak
stress 0S' causes crushing to commence in the coal, reducing the supporting
capacity of the rib and shifting the peak deeper into the coal to a new
position S. Once again equilibrium is established and the post-failure
pressure distribution is 0SC. OA is the crushed coal zone, its limit

being right below the new abutment peak S.

The stress condition at the coal edge is biaxial before failure
commences, the vertical stress Oy being the pre-fracture abutment peak

1 (68)

0sS . From Hobbs' experiments on coal under biaxial compression it is
seen that when the lateral stress is 4 of the vertical stress the rise in
strength from uniaxial to biaxial is about 10%. Under biaxial confinement
the edge undergoes a vertical stress O'y and a lateral stress /LO'y, the
third lateral stress being zero. If p=0.25, we get a rise in coal
strength by about 10% at the edge. This same rise in strength is obtained
in triaxial compression when the confining pressure is, say, c¢ times the

vertical stress, where c¢c is a fraction. The equivalent triaxial state of

stress giving the same strength at the edge is then

T, = 0) , 0, = CGC.
[ o= fC y (1.5)

when f(x) is the pressure distribution os'c.

Now deep inside the seam, the dépth pressure acts, with the horizontal

confinement JX being £ _ times the depth pressure. Hence the stress levels
=p

are
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[Gy’fkjo—xz';%fk] (7.6)

Results of Hobbs' triaxial tests on 9 coals are shown in Fig.T7.2.
An average best fit by numerical iteration for 7 out of these 9 coals was
obtained. Pentremawr and Barnsley Hards were not included as being of

rather high strength, in keeping with the medium strength of Durham coals(64).

The best fit is given by

0-45
0, = 2200 + 6, + 250 ( 03)

5 2

04
6, = 15190 + 0, + 724 (6,) (1.7)

When the line

is plotted in Fig 7.2 it is seen that it does not intersect.,the curve given
by Equ.(7.7) indicating that the state of stress deep inside the coal defined
by (7.6) is stable. The limit of the zone of crushed coal and the process
of crushing occur at stress levels between the two extremes (7.5) and (7.6).
These two stress levels can be marked as two points on Fig.T7.2. Then a
straight line joining these two points will consist of two parts: one above
the failure envelope (7.7) indicating : rushing and the othcr below it showing

stability. Such a straight line will have the equation
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EIG.7.2- TRIAXIAL FRACTURE STRENGTH OF COAL
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6; = a6, + b (1 8)
- phA
where a = - f<°) f
h ~¢
R P ALY
Al

- C

o'
U]

floyph —=£&
-‘/-_’:/-: ph - Cf(o)

£(o)

pre-fracture abutment peak pressure f(x)x - o

depth pressure

Ph

The point of intersection of the two curves (7.7) and (7.8) then
defines the state of stress at which failure just ceases and, therefore,
corresponds to the limit of the crushed zone or the position of the new
abutment peak. To determine this point, the pre-fracture pressure

distribution on the ribside f(x) must be known.

Consider the situation of PFig. 7.3 showing the lateral section of
a longwall working. Equivalent material mine modelling ha; given an
indication(62) that the roof in the goaf breaks down and collapses to a
certain height, depending on the excavation width (face length), and the
height of collapse in the goaf for competent brittle coal measures could
be taken to vary between 1.3L and 1.7L, where L is the excavation width.
In widening the excavation, the roof rock initially breaks down into small

pieces, which quickly become very large slabs with further widening, so
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thét most of the broken rock above the nether roof consists of large slabs
rather systematically arranged, as shown in Fig. 7.3. It is also seen
that the intact rock hardly touches the broken rock, indicating that the
goaf rock is not disintegrated enough and also settles down due to its

own dead weight so that the goaf volume is not completely occupied by it.
The floor in the goaf then gets only the dead weight of the broken rock,
the intact rock pressure being carried by the ribsides and to some extent
by the roadside packs. The same type of behaviour is assumed here to apply
to British rocks. The average value of 1.5L for the height of collapse in
the goaf is taken for further calculation. Though these observations are
contrary to popular belief, they do corroborate the observations taken
underground as quoted by Wilson(66) that the load taken by the centre of

the goaf can be 1.66 Lp while in our case the value is 1.5Lp.

The mechanism of loading of a roadside pack is still unknown, mainly
because of the unstable nature of the roof, and analytically it is not
possibie to arrive at a suitable load value. In this analysis, it was,
therefore, decided to assign different values to the pack load, assuming
that the pack receives load partly due to the dead weight of some rock
fractured above it and partly due to the bending action of the main rock mass
higher up. This is equivalent to replacing the pack as a structural
element by an upward reaction to the roof rock which is equal to the pack

load.

In the model of Fig. 7.3 for a longwall panel there will be a shear

force Q acting to the left of the pack, the bending moment being taken zero.
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F1G.7.3-MECHANICAL MODEL FOR RIBSIDE LOADING
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Also at the rib edge there will be a shear force Q2 and a bending moment
M. The shear force diagram is shown in the same figure for the pack and
roadway region. Q, is obtained as the weight of the intact rock to the

left of the pack up to the centre line of the goaf:

Q = j’[(k—bSL)-‘i— + J:Z (1~5L)”ut 9]

where & is the angle of fracture shown in Fig. 7.3. Then the shear force

Q2 at the rib edge is obtained as

Q = q1+(fk—b)w1+wzf‘\
and the bending moment M can be written down very approximately as

2
‘Q1<Wf"“"z)‘f"‘£ﬁ"§'ﬁ%’2 +,bw,(%i+w2)

M =
where p = pack load,
Wy o= pack width,
wy, = roadway width.

Now the equation for deflections v of the lowest fibre of the strata

above the ribside is

4
DAY = ph-kyv

d 2"
h -0t % .
which gives v = !T<_ + e ( A cos &% + Ay s o<z> (7.9)
2 .
Y.
h & 4
satisfying the condition (v) = —ﬁ—-— e Here K = (—4—%)

x=
) I<2
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Applying the following conditions to the deflections v:

ot%> _ @ (d“v) M
dx*/ .o D d*/y .0 D

the arbitrary constants A1 and A2 are obtained as

- .

A

1 =

The pre-fracture pressure distribution on the ribside f(x) is then
simply written down from (7.9) as
Sy = f(x) = kv

= . .10
:f"\+2demx[caa+ma)asu%~M“SMO&X] (7 )

We can then determine the vertical pressure at the point of
intersection of curves (7.7) and (7.8) by simultaneous solution of the

equations to these curves. Thus
0:45

67(() = {5190 + ——y-ﬁ—‘;')————+724[ ——‘y-g-:)“——-——-— (7.11)

and the length 1 to which fracturing will occur in the ribside is given from
Equ. (7.10) by

= £
:fk+2«€al[(qa+mm)oosat-Mo&simotl] (7.12)

67(4)

Equ. (7.11) and (7.12) are two simultaneous trancendental equations

in 0—y(¢) and 1 and can only be solved graphically or numerically.
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7.2.2.1 Lateral confinement deep inside the coal seam

The assumption used in this method that deep inside the seam the
lateral confining stress ¢ _ takes a value ¢_ = 45;-6’ may be open to
X X ’./,1_ Y
scepticism, since at greater depths conditions of near-hydrosiatic or
hydrostatic stress may exist; it is proposed here, however, as a hypo-

thesis, that Poisson's ratio M itself will change with depth.

It is seen from compression tests to register stress-volumetric
strain curves of a rock specimen that u increases roughly after half the
uniaxial fracture load until it reaches values of 0.5 or greater at

(69),

failure This happens due to nicrocracking along the load axis of

the specimen at approximately half the failure stress (fracture initiation),
producing larger and larger lateral strains as the applied stress approaches
the failure value,. This may explain why higher lateral confinements are
gererally observed in deeper mines. At great depths, the high vertical
stress level tends to fail the rock if it is exposed and Poisson's ratio

values of about 0.5 will occur, giving us 0 _ =

yo
e B
x 1-/-"

oy R o;’whlch is hydro-

static stress.

Poisson's ratio s changes with the axial stress 6; according to

(69).

the theoretical equation

< < :m
Es \ T -G o, E«N o~ 0"

where Ei tangent elastic modulus at microcrack initiation,

K linear bulk modulus,
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0, = axial stress,
6:' = axial stress at microcracking,
My = Poisson's ratio at microcracking,

N,m = volumetric microcrack strain-hardening parameters.

In our case at Daﬁdén Colliery, the depth pressure is 8288 kN/m2
and the average coal strength is 15190 kN/hz as per Equ. (7.7), i.e. the
strength is approximately twice the depth pressure. Since the stress
level at microcracking ¢T1i is roughly half the failure stress, we can
take 0'1i ~ 8288 kN/mz. At this stress level in the coal seam @, = O"‘:
and we get from Equ. (7.13) M= p;+ Thus the usual normal value of

Poisson's ratio, 0.25, can be taken for this analysis, since up to micro-

crack initiation/u. does not change significantly.

T.2.2.2 Numerical analxsis

Taking the data for Dawdon Colliery given earlier in Chapter 5,
Equ. (7.11) and (7.12) were solved numerically on the computer with the
help of a simple program in Fortran IV, incorporating the following

variations:

Pack width = 1.5 to 6 m at every 0.5 m.
Face length = 120, 140, 160, 183 m.
Pack load = 3000 to 7000 kN/m> at every 1000 kN/m°.
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The angle of fracture © was taken as 75o and the constant o¢ was
calculated to be 3.69 x 10—2 m—1 assuming that bed cohesion was broken over
every 20 m up to a height of 280 m, which is the height corresponding to
about 1.5 x the maximum face length. This is rather arbitrary, but it is
necessary to know beforehand the spacing of weakness planes in the rock

mass along which cohesion would be expected to break horizontally, and in

this case this was not possible.

Te2.3 Results

7.2.3.1 Abutment pressure distribution

Fig. 7.4 shows the abutment pressure distribution over the ribside
of a longwall face for the two extreme face lengths of 120 and 183 m
considered. Just at the rib edge the pressure is zero but it rises steeply
to its peak value just over the limit of the crushed zone. The fall after
the peak is somewhat slower and the depth pressure is reached at nearly
50 m from the coal edge. A greater extent of crushing and a higher pressure

is observed for the longer face length.

7.2.3.2 Influence of pack load and width and face leggth on_abutment pressure

There is a fall in the abutment peak pressure with both increasing
pack width and pack load, both factors influencing it more significantly
before ribside crushing than after (see Fig.7.5). When the pack is narrow,
the shear force over the coal edge Q2 is not significantly reduced, in spite
of sufficiently high pack loads and, thérefore, the reduction in abutment

pressure consequent upon increasing pack load is small for narrow packs. In
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FIG.7.4- ABUTMENT PRESSURE DiSTRIBUTION ON THE F.BSIDE
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FIG.7.5-ABUTMENT PRESSURE VS. PACK LOAD AND WIDTH
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FIG.7.6 - VARIATION OF RIBSIDE ABUTMENT PRESSURE

WITH FACE LENGTH
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fact, for a pack width of 1.5 m the post-failure abutment peak stress shows
almost no change. As the pack width increases, load changes are seen to
affect the abutment stress more prominently. Table 7.1 gives values of
the abutment peak stress as multiples of the depth pressure. The fall

from a 1.50-m to a 6-m pack is observed to be significant.

A longer face means a higher shear force Q2 at the coal edge and so
a higher pressure. The influence of face length on abutment pressure
increases at a reducing rate, At a certain face length which can be
calculated as about 240 m (for a depth of 365 m at Dawdon), the fracture
lines in the goaf will reach the surface and any further increase in the
face length will cease to raise the abutment pressure. The curves of
Fig. 7.6 tend to become flatter with face length such that their slope will

become zero at a value of 240 m.

7.2.3.3 Extent of ribside crushing due to abutment stress

The length of the crushed zone inside the rib is affected by pack
load, width and face length in much the same manner as the abutment pressure,
as seen from Figs. 7.7 and 7.8. Increasing pack load and width reduce the
extent of crushing, as is logical, since the pre-fracture abutment falls.

The reduction in the crushing is almost exactly linear for any pack width.

7.2.4 Ultimate floor loading

From the triaxial strength relation of Hobbs, Equ.(7.7), and the
magnitude of the pre-fracture abutment pressure during short face advancing

with centre packs, it could be concluded that there would be little crushing
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(a) PFace length 183 m

Pack width, Pack Load, Abutment pressure,
m KN /m@ x depth pressure
1.5 3000 3.65
4000 . 3.65
5000 3.64
6000 3.64
T000 3.63
3.0 3000 3.58
4000 3.57
5000 3.56
6000 3.55
7000 3.54
4.5 3000 3.50
4000 3.49
5000 3.47
6000 3.46
7000 3.44
6.0 3000 3.41
4000 3.39
5000 3.38
6000 3.36
7000 3.34

(b)

Influence of face length — pack load 3000 kN/m?, pack width 1.5 m
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of coal in this stage of the working. The floor loading is thus given by
the elastostatic ribside loading and the pack load already obtained in

Chapters 5 and 6.

During subsequent retreating, floor heaving of a point marked x
in Fig 2.8 on the floor will be considered. To the right of this point
there is a virgin ribside and after the retreating face in panel 1 passes
this point, the situation becomes as in Fig.7.3. Thus, during retreating,
the floor loading for the ribside obtained in the previous sections will
take place. The load on the pack has been already assumed to vary between
3000 and 7000 kN/hz. In order to complete the picture of floor loading
during retreating, the load in the goaf must now be mentioned. As per the
model of Fig. 7.3, it is already known that the goaf will receive the
dead weight of the broken rock which is piled up to & trapezium shape. The
loading in the goaf is then simply the weight of a rock pile of this shape,

which throws no load near the pack and a maximum at the goaf centre.

Te3 An elastostatic analzsis for floor stresses and heaving

After obtaining the complete load distribution on the floor, it was
necessary to study the stresses in the floor as a result of this loading
and also the 1lift produced elastostatically upon fracture, if any, and

viscoelastically with face movement.

For this purpose the floor was treated as a semi-infinite medium

with one straight boundary receiving the aforementioned loading distribution.
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The floor section shown inFig.5.3 indicates that there is a seatearth
at Dawdon Colliery below the High Main seam with an average thickness of
0.23 m. In this analysis it was assumed that the entire semi-infinite

medium was made up of this seatearth.
7.3.1 Face element method for elastostatic lift

It was decided to use the face element method for the initial
elastostatic analysis of this situation during short face advancing and
subsequent retreating. The face element method is of recent origin and
comprises a numerical procedure for elastostatic stress analysis by means
of a surface distribution of potential functions(6o). The process invol#es
division of the surface into discrete elements over which boundary conditions,
e.g. the loading distribution in the present instance, are known. The
advantages over the better known finite-element method are that only the
surface, not the volume, is discretised and an artificial boundary need
not be formed in semi-infinite or infinite media, as the conditions at

infinity are automatically taken care of.

Figs. 7.9 and 7.10 show the formation of the elements on the surface
line of the floor for the cases of short face advancing and later retreating
respectively. The scheme of loading in Fig. 7.9 on the floor, correspond to
Fig. 5.13 of Chapter 5 for a pack width of 2 m. Fig. 7.10 shows the
loading obtained by calculation in this Chapter. The modulus of elasticity
for the floor material was taken as 5.02 x 106 kN/m2(64), and Poisson's
ratio as 0.25. The pack width was varied from 1.5 to 6 m and the face

length and pack load in the case of retreating were varied from 120 to 183 m
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and 3000 to 7000 kN/m2 respectively. In the short face advancing situation

only two face lengths (heading widths) of 12 and 16 m were taken.

T.3.2 A criterion of failure in the face element method

Since it would be necessary to see whether the floor would undergo
fracturing,if any,due to the stress distribution obtained in the face element
analysis, it was decided to adopt a suitable failure criterion for the floor.
Kidybinski and Babcock(70) have used three variations of the Mohr-Coulomb
failure criterion for studying the failure pattern of a longwall roof. The
method described here is a different form of the same criterion of Mohr-

Coulomb.

Consider the tensile and compressive failure Mohr's circles in
Fig. T.11. Then the failure envelope which is tangential to both these
circles will have the equation

T =T. + O’t’m¢
¢ (1.14)

in a rectangular coordinate system ¢,7. The coefficient of internal friction

tan ¢ and the cohesive strength T, can be written down as

o. -0
tow ¢ = L
2 G O¢

Lciyae = & tam (45 %) (7.15)

in which 65 and (Yt are the compressive and tensile failure stresses for a

rock.



- 220 -

FIG.7.11-FAILURE CRITERION
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Now if we have a point in a stressed rock mass with the general
stress condition (()'1 , 52) in terms of two principal stresses, the Mohr
circle corresponding to this state of stress will be as shown by the
broken circle. The Mohr-Coulomb criterion then states that failure will
commence at that point if this circle touches or intersects the failure
envelope (7.14). The variation of this theory suggested here is that a
tangent parallel to the failure envelope drawn to this circle will have
an intercept on the T-axis greater than or equal to the cohesive strength

for failure to commence. The parallel envelope will have the equation

T =T +0tan g

where the cohesive intercept 1'1 will be given by

tan ¢ ’ (7.16)

6, — ©.
T, = __'__i._ita.n (45 -g) -0,

when both the principal stresses are compressive (taken positive here).

When both are negative (tensile),
T, = -_g-.liﬂ'itan (45 - ¢/2) +0, tan g (7.17)
and when ¢, is positive but 0'2 is negative,

T, = tan ¢ (7.18)

] O_:,_:_O_'-'Q tan (45-¢/2) + 0
2

2

'L'1 can occur in three forms, positive, zero or negative, as in
Fig 7.11.  When positive, failure is indicated if T,2> T..If T, is less

than TC or if it is zero or negative it indicates stability. This then
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affords us a simple criterion of failure for the floor rock.

The original face element program on the computer does not include
a failure criterion. To obtain the state of stress deep into the floor, 54
bench marks were chosen below the floor level as in Fig. 7.9 for the short
face advancing case. Their number was 96 in the case of retreating (Fig.7.10).
The face element source program was modified to include this failure criterion
represented by Equ. (7.14-18). Appendix IV shows the editing commands, together
with the modification statements for incorporating in the face element source

program.

As per the face element program manual(60), initial pre-excavation
Virgin stresses corresponding to the depth at Dawdon (365 m) were specified
in the data so as to produce an upward lift in the floor when they were removed
and the floor loading was applied. The modified version of the source program
was run for each pack width, pack load and face length chosen for retreating
and for the loadings corresponding to the two heading widths with only one
rate of advance of 9.0 m/day for anhydrite packs and the five pack moduli for

conventional packs in the case of short face advancing. The total runs were 27.

7.3.3 Discussion of results for elastostatic lift

7.3.3.1 Elastostatic floor heave during short face advancing

Figs, 7.12 and 7.13 show the elastostatic upward deflection of the floor
in 12 and 16-m wide short face headings using centre packs when the face has

advanced sufficiently. Very little difference in the 1lift occurred when the
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pack material was changed from anhydrite to a soft pack material with a pack

4 kN/m2 (which is the smallest value considered in Chapter

modulus of 3.5 x 10
6). These figures, therefore, represent all pack materials comsidered till
now. This indicates that the pack is not very effective in influencing the

floor 1lift during short face advancing.

The maximum 1lift occurs in the heading centre below the pack and the
main factor governing it appears to be the heading width. In a 16-m heading
the maximum central lift is nearly 4.3 cm as opposed to 3.6 cm of the 12-m

heading, which is 19.4% greater.

The 54 bench marks in the floor were chosen in a rectangular grid

to the right of the centre line of the heading as in Fig. 7.9. The lowest
row of bench marks, nos. 46 to 54, represents a depth of 11 m below the floor
level., The upward displacement of all the bench marks is plotted in Fig.T7.14,
showing that considerable depths are affected by the movement. The movement
is greatest at the top row, nos. 1 to 9, and it falls gradually to the lowest
row, nos. 46 to 54. The top row, which is 1 m below the floor level, shows
displacements which are very little different from those at the floor level,

being less than 2 mm smaller.

7.3.3.2 Floor stress during advancing

Distribution of the three stresses dxﬂ d&_and Tx has been plotted in
Fig. 7.15 across each of the 9 columns of bench marks, the first column

representing the centre line of the heading and the ninth one being below
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FIG.715-STRESSES AT FLOOR BENCH MARKS - 12-m HEADING
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the ribside. All the three stresses do not exhibit a significant change up

to the fifth column which is 2 m away from the ribside. From the sixth to the
ninth column the effect of the ribside is quite noticeable, the vertical stress
6&,showing a great rise due to the abutment pressure. The shear stress is
zero along the first column due to symmetry of the configuration and rises
gradually toward the ribside. In this figure, negative values of o’x , 7 ¥

indicate compression.

The face element program also gives the values of principal stresses
at bench marks. Its modified version includes the failure criterion
explained earlier. Fig. 7.16 and 7.17 show the safety factor (s.f.) contours
for anhydrite packs and conventional non-setting packs of modulus 3.5 x 106
kN/'m2 respectively. The safety factor at a point is defined here as the ratio
TE/'T1 according to the failure criterion. Curves joining points of equal
safety factors are called safety factor contours. When.‘t1 is zero or negative

the safety factor is taken as infinity. Contours were plotted up to a

maximum value of s.f. = 3.0, reasons for which will be given later.

Both Fig. 7.16 and 7.17 show virtually the same s.f. contours, again
indicating that the floor stresses, and hence lift, are not significantly
affected by the pack gquality during short face advancing. The s.f. contours
travel deeper below the ribside than below the pack, the probability of failure
being to a greater depth below the ribside. However, since the rock is
stratified there is a possibility that the fractures would occur along bedding

planes rather than follow exactly the shape of the contour.
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More will be said about s.f. contours in the section on post-failure

analysis of floor heave.

T.3.3.3 Heave durigg retreating

During the retreating stage after short face advancing, the face
element analysis covered the influence on 1lift of pack load, pack width and
face length. In Fig.7.18 and 7.19 is shown the heaving of the floor surface
at five pack load values of 3000 to 7000 kN/m2 the pack width being 1.5 m
and 6.0 m respectively. The face length in both the figures is 183 m. The
heaving curve shows a downward curvature in the pack region and upward in
the roadway region. The downward curvature is seen to be more noticeable
at higher pack loads. As the pack load rises, the whole heaving curve shifts
downward in all regions. At lower values of pack load the downward
curvature below the pack is almost negligible. A 6-m pack shows a greater
change in the lift with pack load than a 1.5-m pack, as might be expected.

A twofold increase in the pack load from 3000 to 6000 kN/m2 reduces the
maximum roadway lift by about 8.6% in the case of a 1.5-m pack and by about

23.2% when a 6-m pack is used.

If the pack load remains the same an increase in the width of the
pack produces increased floor heaving as in Fig.T7.20. This is somewhat
surprising, but is probably because of the fall in abutment pressure being
produced upon a pack width increase. Though this is so, it will be seen
later that the curvature drops for higher pack widths, giving more advantageous

floor stress patterns.
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FIG.7.19-ELASTOSTATIC LIFT DURING RETREATING-EFFECT OF PACK LOAD
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FIG.7.20-ELASTOSTATIC LIFT DURING RETREATING-EFFECT OF PACK WIDTH
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FIG.7-21-ELASTOSTATIC LIFT DURING RETREATING-EFFECT OF FACE LENGTH
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The length of the longwall face for the same pack load of 3000 kN/m2
and pack width of 1.5 m influences the floor heave curve as indicated in
Fig. 7.21. Amongst the four face lengths considered, the greatest roadway

lift occure for a length of 160 m instead of for the highest value of 183 m.

T7+3.3.4 Safety factor contours during retreating

The change in the safety factor contour pattern with pack load can
be noticed from Fig. 7.22 and 7.23 for a 1.5-m pack and from Fig. 7.24 and
7.25 for a 6-m pack. Increasing the pack load reduces the depth of contours
for both pack sizes. In the 1.5-m case the contours change in the roadway
region more than near the pack. Especially noteworthy are the contours in
the case of a 6-m pack with a load of 7000 kN/m2 (Fig.7.25). Very short
contour lines exist just at the corner area between bench marks Nos. 1 and 3.

The probability of a deep fracture is thus greatly reduced.

Similar is the effect of widening the pack from 1.5 to 6 m at a
constant pack load, as observed from Figs. 7.22, 7.24, 7.25 and T7.27. The

contour depth goes on reducing.

From all the figures of s.f. contours during retreating the following

conclusions can be drawn:

(a) ©No probability of failure is indicated near the

ribside up to about 1 m from it.

(b) The contour lines have the grea’est depth near the
pack edge and about 3.0 m from the pack edge in the

roadway.
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FIG.7.23-S. F. CONTOURS DURING RETREATING
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(c) Probability of failure is greatest near the pack edge as
opposed to the case of short face advancing in which it is at
the ribside.

(d) The effect of widening the pack is less than increasing

the pack load.

(e) A probability of deeper fractures exists while advancing

than while retreating.

The last conclusion makes it obvious that deeper fractures than the
subsequent retreating is likely to give rise to may already exist in the floor
because of short face advancing. This conclusion is important since if the
longwall face were advancing instead of retreating after short face advancing,
the s.f. contours would be as in Figs. 7.22-27 and we would obtain much shallower
fracture areas in the floor than are obtained in Fig. 7.16. This is a point in
favour of simple advancing than retreating after short face advancing. A
detailed post-failure viscoelastic analysis is, however, necessary to estimate

whether the creep will be excessive by this method.

7.3.3.5 Safety factor variation

The change in the least safety factor in the bench mark region of the
floor is represented by Fig. 7.28. The least s.f. rises with pack load almost
linearly, more quickly for a 6-m pack than for a 1.5-m one. The increase with
pack width is curvilinear, widening the pack beyond 5 or 6 m not being of much

consequence.

The safety factor reduces steeply if the face length is increased beyond
160 m, Faces shorter than 160 m do not appear to be of any great benefit because

the safety factor changes little. The least safety factors are given in Table.7.2.
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Least safety factors in the bench mark region of the floor

during retreating

(a) Safety factor vs. pack load — face length 183 m

Pack width Pack load s.f.
m kN/m2
1.5 3000 1.34
4000 1.35
5000 1.36
6000 1.37
7000 1.37
6.0 3000 1.60
4000 1.71
5000 1.82
6000 1.93
7000 2.03
(b) Safety factor vs. pack width (c) Safety factor vs. face length
-pack load 3000 stmz, face length -pack load 3OOOkN7m2, pack
183 m width 1.5m .
Pack width,m s.f. Face length, m s.f.
1.5 1.34 120 1.51
3.0 1.48 140 1.50
4.5 1.56 ‘ 160 1.48
6.0 1.60 183 1.34




- 246 -

7.4 Post-failure floor heave analysis

From Fig. 7.16 for short face advancing and Figs. T7.22 - 27 for
/subsequent retreating, it is felt that there will be fractures in the floor.
Assuming a safety factor of 3.0 as the limiting value for fracture, the
contour lines for this value are then the limits of failure or fracture
surfaces. This value of 3.0 was taken based on the ratio of laboratory
and in-situ values of the elastic modulus of rock proposed by Kidybinski
and Babcock(7o). It was assumed that the ratio would be the same for
strengths for the purpose of this analysis, so it was decided to draw the

s.f. contours only up to the value of 3.0.

Now, it was already mentioned that the fracture surface would not
exactly follow the s.f. contour lines because of the stratifications.
The breaks would occur along bedding planes horizontally, and at @ = 750
to the stratification as per the angle of fracture. Mean horizontal
lines have been drawn in the region of the s.f. contour of 3.0 and another
line at 75° to this line, near the ribside in Fig. 7.16 and Figs.7.22 - 27.
It is at once seen that the depth affected by fractures during short face
advancing, which is 2.7 m for a 12~m heading and 3.8 m for a 16-m heading,
is greater than in any case of subsequent retreating. So during retreating
floor heave will occur due to the deformation of an already broken floor.

In advancing,the breaks will develop gradually and reach their final picture

of Fig. 7.16 when the short face is sufficiently far away.

In soil mechanics it is well known that during a plate bearing test,
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some heave at the soil surface occurs when the bearing plate undergoes
pressure., The behaviour of a pack on broken rock is akin to a plate bearing
test. In the absence of any definite conclusive evidence regarding the amount
of heave vis-d-vis plate locad and soil property, it was decided to estimate
the post-—failure heave by elastic analysis of the broken rock zone. A finite
element elastic analysis of the longwall roof after failure can be seen in
reference (70). The method followed here is basically the same except that

it is analytical and not numerical.

It is known from experiments that the progressive failure of rock
in compression,expressed in terms of a decreasing bearing capacity of a
specimen, is connected with a gradual drop in the modulus of elasticity
related to the entire acting section of the material(71). Fig. 7.29 shows
the curve of post-failure elastic behaviour of a sandstone sample, where Eo
is the initial maximum value of the modulus of elasticity, En is the actual
E value due to the process of failure, d’c is the critical maximum stress and
o‘n is the residual resistance stress during the process of failure.

Kidybinski and Babcock(7o) have proposed that

% .4
0,, S

where S is the safety factor (S & 1). In our case failure is indicated up

to S = 3.0, so that

S . 32
6 S (7.19)

This relation gives the value of the ratio 52/ G'n which can in turn give the

post-failure modulus values En from Fig. 7.29.
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FIG.7.29-POST-FAILURE ELASTICITY OF SANDSTONE
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Tedo Elastostatic solution for the broken zone

The broken rock zone of Fig: 7.16 has been analysed for two loading
conditions corresponding to short face advancing and retreating. Since the
configuration of the broken zone remains the same during both phases of
working, all that was necessary was to vary the loading condition on the pack

and ribside. The following simplifying assumptions were made:

(a) 1Instead of the fracture surface at the end of the broken

zone being inclined at 750, it was assumed to be vertical.

(b) The broken rock was assumed to rest on solid rock with
initial deflection values being zero. Deflections at the
surface of the floor so obtained were superimposed on those

obtained by the face element analysis.

(c) The extent of the broken zone in the goaf was the same

as in the roadway.

(d) The ribside, being solid and infinite, did not actually
cause penetration into the broken rock, but merely acted as a
restraint to the broken rock, keeping its deflection zero

below the ribside.

(e) The same restraining force was applied on the goaf-

side.

Due to these assumptions the model of broken rock appeared as in

Fig. 7.30. Because of the symmetrical loading on the top and bottom of the
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beam, the model satisfies the assumption (b) giving zero displacements v

at the middle plane y= 0. The depth of the broken rock during short face
advancing and also during retreating is represented by ¢ in the figure, so
that the bottom half of the beam of thickness 2c gives deflections which are
mirror images of those of the top half, Such a model of double the broken
rock thickness was necessary to create zero deflections at y = o. The pack
load is g and the restraining forces R of unknown magnitude have been
applied on the beam ends to satisfy assumptions (d) and (e). Since the
condition related to R (zero end displacement) is given, the absolute

magnitude of R need not be known.

For a rigorous analysis of the situation, the loading on the top and

bottom edges of the beam is represented by the Fourier series’

[--]

. wATx

f(x) = _—>_- A,, s )
m={

for the coordinate system (x,y) of Fig.7.30, the length of the broken zone

being 1. The constants Am can be obtained by Fourier analysis as

Lra
2
{ . MR d .
1-a

2
. » MT’G
- _"_'i San W———T’ San
T oamTr 2 4

(72)

Putting & = 1:1_\1_Tr, the stresses are given by

coshay
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¢ cosh ac + Sanh xc SOnAA e . oY Swmh kY .
6. =-2A cosh cosh ay = J Sim o
¥ B L siwh 20c + 2xc Simh A XC+H+ 2xe
T _-op | = cosh xCe Sanh oy _ Stk xC wy coshoy | cosxx
* Bl siwh 2ote + 2% Sk 2ot + 2&e

Hence the displacement relation

ov
3y 'é; [(1-p) &g =1 G4 o]

_ QA . ™I 2 + w1+ (y)] + C,(x)
= - —_— ~ 1
gives v £, S Lz [(1/«&- )?QI(V) /"( /U') 311 (7.20)
in which g, (y) and g2(y) are the functions of y in the expressions for 0O
and O'y respectively. Now the vertical displacements v must satisfy the

condition C")v=o = 0, so that from Equ. (7.20)

2A,,. « M
Ci(x) = == [(4-/*2);21(0) +—/«(f+/*)3,1(o)] st ——

It can be shown by direct substitution for =) and g that the quantity in

brackets is identically zero so that
C, x) = o

Thus from Equ. (7.20) we get

v = (V) o
¢ J c . ‘\2 e
“(" 1) = ____.l S@ £ . T
= 2 2"“ T o g Rmmc | 2winc S T (7.21)
E"' m=i L )3

which are the vertical displacements at the floor level. A superimposition

of these displacements over the earlier floor level face element displacements
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will give us the total post-failure elastostatic floor 1lift.

T.4.2 Results

The situation was numerically analysed writing a computer program
for Equ.(7.21) for short face advancing and retreating. The important

data were

Pack width a = 2, 6m

14, 18 m corresponding to 2, 6em pack

Broken zone 1

Corresponding broken rock depth ¢ = 2.7, 3.8 m

Corresponding pack loads during advancing q = 215, 275 kN/m2

Pack loads during retreating q = 3000 - 7000 kN/m2

6 2
B, = 1.25x 10" kN/m“, = 0.2

The value of the post-failure elastic modulus En was obtained from
Equ. (7.19) and Fig.7.29 after estimating the average value for the safety
factor S in the broken zone. For this the highest modulus Eo Pefore failure
was taken as 5.02 x 106 kN/h2 as before. Poisson's ratio & was 0.2,
representing a totally disintegrated rock(73). Deflections obtained by this

analysis, the face element pre-fracture lift and the final 1ift (elastostatic

Post—failure) are given in Tables 7.3 and 7.4 for advancing and retreating.

It is noticed from these Tables that the difference in 1lift due to

bre~king is not very significant. It must, however, be remembered that a
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TABLE 7.3

Elastostatic pre—fracture and post-failure floor heave

in advancigg by short faces

Heading width | Distance from Pre-fracture Post-failure 1lift

m pack edge 1ift cm
m cm

12 0 3.517 3.566
! 34525 3.522
2 3.428 3.427
3 3.279 3.279
4 3.060 3.060
5 2.672 2.672

16 0 4.173 4.153
1 4.074 4.068
2 3.933 3.930
3 3.743 3.743
4 3.484 3.484
5 3.061 3.061
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TABLE 7.4

Elastostatic pre-fracture and post-failure 1ift during retreating

Pack E;ck Distance from Pre-fracture |Post-failure 1ift
width [Jload pack edge lift cm
m /m2 m cm
2.0 3000 0 5.112 4.958
1 4.685 4.651
2 4.167 4.162
3 3. 577 3.571
4 2.901 2.903
5 2.102 2.105
11000 0 4.969 4.764
1 4.563 4.517
2 4.054 4.047
3 3.468 3.467
4 2.796 2.798
5 1.998 2.002
5000 0 4.842 4.586
1 4.458 4.401
2 3 956 3.447
3 3.377 3.376~
4 2.708 2.711
5 1.913 2.916
5000 0 4.705 4.398
1 4.340 4.271
2 3.847 3.836
3 3.273 3.272
4 2.609 2.612
5 1.816 1.821




- 255

TABLE 7.4 (contd)

Pack Pack Distance from Pre-fracture |Post—failure
width Load pack edge lift lift
m kN/m m cm cm

2.0 7000 0 4.573 4.215
1 4.229 4.149

2 3.745 3.733

3 3.176 3.175

4 2.516 2.520

5 1.725 1.732

6.0 3000 0 5.968 5.742
1 5 571 5.501

2 5.076 5.047

3 4.503 4.500

4 3.840 3.840

5 3.050 3.053

4000 0] 5.523 5.224

1 5.162 5.068

2 4.685 4.646

3 4.124 4.120

4 3.470 3.470

5 2.685 2.689

5000 0 5.055 4.681

1 4.727 4.610

2 4.267 4.218

3 3.717 3.712

4 3.070 3.070

5 2.288 2.243
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TABLE 7.4 (contd)

Pack Pack Distance from Pre-fracture Post-failure

width Load2 pack edge lift 1ift
kN/m m cm cm

6.0 6000 0] 4.617 4.168

1 4,322 4.181

2 3.880 3.821

3 3.342 3.337

4 2,704 2.704

5 1.925 1.931

7000 0 4.164 3.640

1 3.902 3.738

2 3.476 3.408

3 2,950 2.946

4 2.320 2.321

5 1.543 1.550
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considerable difference in the lift will be made due to 'swelling' or an
apparent increase in the rock volume upon breaking. This has been accounted
for in the last phase of this analysis, viz.viscoelastic post-failure heave

including swelling.

T.5 A linear viscoelastic approach to floor heave and swelling effects

Having estimated the elastostatic post-failure 1ift, it now remains
to ascertain the behaviour of the floor with time due to viscoelastic or

creep effects. For this a linear viscoelastic approach has been adopted.

Te5.1 The correspondence principle

One approach to solving viscoelastic or creep problems consists of
using the correspondence principle, whereby viscoelastic solutions can be
deduced from the corresponding elastic solutions for the same configuration

(14)

by applying the Laplace transformation technique This technique has

been used by several workers(75—77). The Laplace transformation can be
employed if at all material points the conditions demanded by the system do
not change during load application, and if the body shape does not change.
If these conditions are satisfied and if the material is 'initially dead’',

the Laplace transformation is defined by

oo

£(s) = LL£(t)] =[ £(t)e Stat

°

where f(s) is the Laplace transform of f(t), s is the transform parameter

and L is the Laplace transform operator.
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Bland(74) expresses the correspondence principle as: "If the
dependent variables and the boundary conditions in the elastic solution
are replaced by their laplace transforms and the elastic moduli by the
corresponding parameter (s) varying moduli, then the viscoelastic solution
for these variables is obtained by inversion of the expressions so obtained

for the transforms of the dependent variables."
For an isotropic elastic body the stress-strain relation is

o= E.¢

and for a linear viscoelastic material

F.o(e) = G.e(t)

where (¢ and € are now functions of time and F and G are linear

differential operators with constant coefficients:
m . n A
d Y - 2" 3__) zz, 2
F(“{{)“Zﬁ;(rte) ) G(at ZAYE

4=0 =0

where fi and g; are material constants defining viscoelastic behaviour. The
four basic rheological models representing time-dependent behaviour of mine
rocks are the Maxwell, Kelvin, three-element and Burgers model. The last

one is considered the most realistic of the four and, as shown in Fig. 7.31,
consists of a spring and dash-pot in series with another spring and dash-pot

in parallel. Its stress-strain relation is

0, 8"() +¢,6°(0) + 0 (e) = () +dy€'(E) (7.23)
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FIG.7.31-BURGERS RHEOLOGICAL MODEL & ITS CREEP CURVE
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E { {
where ¢ = % y €= 2.+
© ’7' ’72, EI "a "l ","
E
02 = -L' ] d‘ = -":2—'
E% ql

Upon integration we find

"
e(t) = ["‘ +’— * E(" Q)J‘r(t) (7.24)

1

The behaviour of this model is shown by the creep curve of Fig.T7.31. It
includes the instantaneous elastic deformation, the transient creep and the
steady-state creep which is non-recoverable upon removal of stress. Equ.
(7.23) is of the linear differential form (7.22) and the laplace transform
(76)

of the corresponding Young's modulus is

B(s) = (s*+d;s)/(cs +¢s +¢) (7.25)

T.5.2 General solution in plane strain

Suppose a plane strain elastic problem gives the solution for stresses

as

G, = f|(7‘ ':/) f (7‘ 7) T = fs(x,y)
then the relation for vertical displacements

v _

S = € LG8 —p(4m) 6 ]

gives
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<
"

f-p p(144) x
‘—[.-‘fi‘f‘fy"‘d-"‘g“fﬂ"cy + A, (%)

Since A1(x) is an arbitrary function of x this can be written in the form

<
il

L0009+ 3,00, 0) + M)

without loss of generality. As Poisson's ratio is assumed time-
independent it has been merged with the unknown functions. At any given

point (x1, y1), say at the floor level,
v (x1,y1) = %

Now the deflections v(x1,y1) at any point on or within the floor has already

been obtained by the face element analysis so that & can be determined from

CS\ = V(X1 13’1) x E (7'26)

i.e. by multiplying each elastostatic displacement already obtained by E.
In terms of Laplace transforms this can be written as
i) - A=) (7.27)
E(s)
where H(s) is the transform of the loading history H(t). Since the constant
8 has the units of (stress x length), H(t) will tell the mamner in which the
ultimate loading condition in a given viscoelastic body has been reached, or

its loading history.

It must be noted here that the loading history is actually the change

of stress taking place in the floor at any point (x1,y1). Since the stresses
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are two in the equation for vertical strain %i; y the combined effect
produced due to a change in both these stresses is the real loading
history. Now at the floor level we have a free surface so that only .
changes with face advance, dy_being zero in the roadway. Then the
loading history in the roadway is really a change in g, only. Below
the pack and ribside, however, the problem of loading history is much

more complicated because both cx and 6& will change with face advance.

7.5.3 Loading history in short face advancing and retreating

As seen from the pack load acceptance curves of Chapter 5, the
steady state of stress for the section of the heading reaches within about
20 to 25 metres, or in terms of time, in 2 to 3 days, when the rate of
advance is 9.0 m per day. Assuming that the short faces are driven to a
distance of 900 m at this rate of advance, the time required for driving
the heading will be 100 days. If we consider a section of the heading
which is 450 m from the start line, the loading history for this section .
will, for the most part, consist of the steady state, only the first 2 to
3 days being transient. It was, therefore, decided to chgose the loading

history during short face advancing as of a constant load as in Fig. 7.32.

During retreating, however, general experience has shown that a
point reaches steady state after about 100 m or so of face travel. It is
thus transient over a long period. Also, some floor heave already occurs
during advancing under the earlier loading history. Added to this is the

transient loading due to retreating. If the constant 8 has the value 81
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during advancing and an ultimate value ) 5 during retreating the loading

histories are:

(a) Short face advancing:
H(t) = & < (7.28)

(b) Subsequent retreating:
H(t) = & + (8§, 8)(1-=") (7.29)

where o = 0,06, which roughly corresponds to a steady state in retreating

reaching after about 100 m of face travel at the rate of 1.5 m/day.

The history (7.29) during retreating can be of two kinds:

(a) 82 )31 (b) 82< 81. These two conditions are shown in Fig. 7.32.

7.5.4 Total post—-failure viscoelastic floor heave

During advancing by short faces, the loading history (7.28) gives

according to Equ (7.27) and Equ. (7.25)

\_r(s) - 31 _1_/ $2+d-1$

s 2
C, 57 + €S +Cp

& .

where < is the Laplace transform of H(t) = 81. An inverse transformation of
s -

this expression gives

~E,t/ My
¢ d li_e ?
v(t) = & -é-' + X + Eﬁ(' e )] (7.30)

During subsequent retreating the loading history (7.29) has to be applied,
which involves a constant term 31 for advancing and an additional transient term
signifying the change in the history due to retreating. The floor lift due to
the constant term 31 is already known from Equ. (7.30). So it is necessary to

determine the lift only due to the transient term, which gives
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— { { strd;s
V(s) = (82“5\’)(? - 5+c(>/ca5a+é'5 +<C,

and by inverse transformation

(a) 8 D> 8¢ \r(t)-:(é'a-s,)[—é—+-_'s.'+_EL2<‘*;ng/°12 _:11'_;
"'—L“—-—Eat/qﬁ(f'—ﬁl—fff"l‘]-%;
Ea~"M,*
)““t (7.31)
(b) 8§, < 8¢ o‘)

When (82- 31) is negative, there is a process of gradual transient
unloading during retreating from the value 31 of advancing. The steady state

creep is, however, non-recoverable, so that in this case the floor lift will

be obtained by putting 1/7}1 = o in Bqu. (7.31), thus:
-E, "/*‘z { 'Eat/”z
v(t) = (‘82’5\1)[ E, <1- ) Ey = ,% €

— 4 ot
‘E—-’MEJ n2>e’- ]

(7.32)

— Ok
’)a.

Thus the floor lift in retreating is obtained by superimposing
(7.31) or (7.32) on the lift obtained in advancing by Bqu. (7.30) for

t > t1 where t, ie the time required for the short face to move to the

1

end from the point under consideration plus the time required for the

retreating face to come hack to the same point.
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Added to this floor lift must be the lift due to swelling of the
rock upon breaking. If the coefficient of apparent volume increase due
to breaking is 1.4, then the coefficient of linear increase will be
(1.4)%.= 1.12.  So there will be a 12% increase in the thickness of the
broken zone, lifting the rock upward. Since rock breaking is completed
in advancing itself, the additional heave due to swelling is just added
to that given by Equ.(7.31) or (7.32). The total lift in retreating is

thus
Total v(t) = v(t) (advancing) + v(t) + 0.12 ¢ (7.33)

where ¢ is the depth of the broken rock zone.

7.5.5 Numerical analysis and results

For estimating the total floor heave, a point X 450 m from the
start line of the short face, or midway between its total travel of 900 m,
was chosen at 2 m from the edge of the pack into the roadway. X The constants
in the Burgers model were determined from the creep curve for Dawdon seat-

earth(64), Fig.7.33, as

E, = B (post—failure) = 1.25 x 106 kl\T/m2
E, = 2.6 x 107 kN/hx2

8 2
M, = 1.62x 10" kN/n® - day

1.88 x 107 kN/m2 - day

3
N
i



FIG.7.33-CREEP_CURVE FOR DRY SEATEARTH
FROM DAWDON COLLIERY (AFTER CLOOK)
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The post-failure elastostatic deflections at point X are given in
Table 7.5, from which 81 and 82 could be calculated from the relation (7.26)
by simply multiplying by E1. The value of t1, the time required for the
short face to travel from X to the end at 9.0 m/day and retreat back to X

at 1.5 m/day, was 350 days.

The total floor heave was obtained by writing a Fortran program
for Equ. (7.30 = 33). The results are shown in Figs. 7.34 ‘and 7.35
corresponding to retreating after advancing by a short face of 12 m and

16 m respectively. The results have the following main features:

(a) A large part of the floor heave takes place during
short face advancing itself, mainly from floor breaking.
The heave due to breaking is constant in retreating and
has values of 32.4 and 45.6 cm corresponding to the two
heading widths of 12 m and 16 m, so that breaking alone
is responsible for a closure of 17% and 24% of the working

height.

(b) Pack load does not change the lift as significantly
corresponding to a 12-m heading as in the case of a 16-m
heading. A higher pack load will obviously increase
floor penetration so that although the 1lift falls, the
overall closure due to downward pack movement may not
necessarily fall. It is not possible tg estimate this
effect and the overall closure. Changing the pack load
because of the quality of the pack thus does not signifi-

cantly alter floor heave.
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TABLE 7.5

Post—failure elastostatic 1lift at point X

(a) sShort face advancing

Heading width 1ift
m cm
12 3.427
16 3.930

(b) Subsequent retreating

Peak load

Lift, cm

kN /m Pack width 2 m Pack width 6 m
3000 4.162 5.047
4000 4,047 4.646
5000 3.947 4.218
6000 3.836 3.821
7000 3.733 3.408
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(¢) Only two cases of pack load of 6000 and 7000 kN/mz,
Fig.7.35, correspond to the condition of a falling load
history. The heave, even for these cases, appears to

rise because the steady state creep is not recoverable,

and the Burgers model behaves like a three-element model

under loading.

(d) Judging by the heave curves, the total floor lift

at point X is likely to be, at the finish of the retreating
operation, as much as 29% or 37% depending on the heading
width initially adopted for advancing, and the pack load

subsequently developed.

Agglication of the theoretical method to the example of BEasington

Colliery

From Easington Colliery, where anhydrite packing is being used,

underground measurements of floor heave are available. It was considered -

worthwhile estimating the floor heave there theoretically by the method so

far developed and comparing these results with underground measurements.

For this, it was necessary first to obtain the zone of crushed coal

and the loading on the ribside abutment. The pack load in the steady state

was measured underground as 4500 kN/m

2(28). The panel under consideration

here has the following particulars:

Depth from surface 548 m



- 273 -

Section of the roadway as shown in Fig. 7.36 (except

that the roadway width is taken here as 5.0 m instead

of 4.7 m).
Face length 180 m
Pack width 1.5 m.

The workings are being carried out by longwall advancing with

advanced headings in the Low Main seam.

The same procedure of analysis was followed. The length of the
crushed coal zone in the ribside due to abutment pressure was obtained as
nearly 11.5 m, the Poisson ratio for this purpose being estimated at 0.4
instead of the usual 0.25, considering Equ.(7.13), because Easington is
deeper than Dawdon. The maximum abutment pressure at this distance was
obtained as 46000 kN/mz, about 3.7 times the depth pressure. The goaf
loading on the floor was estimated as usual from the weight of the fallen

rock.

A face element run for this case gave the s.f. contours as in Fig.7.36.
This gave the depth of the broken zone as ¢ = 2.5 m with the value of the
post—failure modulus as En = T.7T x 105 kN/mz. The usual post-failure analysis
yielded the value of the floor 1lift as 17.85 cm at a point 3 m from the pack

edge.

This problem has been worked out assuming that no advanced headings
were present ahead of the face for simplicity. The loading history for a floor

point would then be
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H(t) = S (1 - e'"“t)

where &= 0.1785 x 7.7 x 10° kN/m2 and & = 0.06. Then using Equ.(7.31)
substituting § instead of ( 82- 81), the floor lift could be estimated.
To this floor 1ift had to be added the swelling of the broken rock. A
reasonable assumption was that the process of breaking commenced from the
start of the face (= o) and reached its ultimete value in the steady
state of the loading history, so that the lift due to swelling could be

expressed by

(1 - 006ty

v(t) swelling 0.12¢

0.12 x 2.5 (1-670-00%)

This was superimposed on the viscoelastic lift already determined and the
results are plotted in Fig. 7.37 along with the observed underground results(28)
which are shown assuming zero displacements when the face is at the measuring

station (as if the advanced heading is removed).

There appears to be a reasonably good agreement between the two

results,
7.6 Conclusion
(a) The method proposed for estimation of the zone of crushing in the

ribside and the abutment pressure curve appears to give satisfactory
results. The solution given by Equ. (7.11) and (7.12) is sensitive
to changes in the constanté a and b which define the straight line

joining the two states of stress at the rib edge and deep inside.
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The equivalent triaxial state at the edge takes the confinement
as 1% of the vertical gtress, which is only approximate. This
value needs to be determined precisely since the resulting
values of the crushed length and abutment peak are sensitive
to this initial confinement before crushing. The lateral
restraining stress deep inside the seam is taken as T4%Z'times
the cover load, with a changing value of 4 as per Equ (7.13).
This requires good estimates of the crushing strength of the

seam for obtaining a proper value of .

The results of abutment pressure and zone of crushing are also
sensitive to the value of the flexural rigidity of the roof
strata. A fall in the flexural rigidity has the effect of
increasing the abutment pressure before crushing and reducing
the distance at which the cover load is reached by the pressure
wave. An accurate knowledge of the horizontal weakness planes
and reasonable estimates of E of roof strata a e required for

good accuracy of results.

The elastostatic face element analysis shows that this method
of short face advancing with retireating may produce deeper
fractures in the floor than simple advancing and there is a
probability that floor heave will be greater by the former
method. This may place a limitation on the depth to which
this method of initial development may be adopted. By the

time retreating finishes in the first panel after short face
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advancing, the roadway on the outer side of the pack will have
undergone floor heave which could be roughly up to one third the
roadway height, making it difficult to use as a tailgate for the
second panel. The floor heave in this roadway depends on the
width of the heading adopted in short face advancing, wider hezdings

being disadvantageous.

}
Floor heave also appears to be influenced by pack load and width,

wide packs loaded well put a restraining effect on the floor =2nd
reduce floor heave to some extent. Narrow packs like 1.5 or 2 m
do not show much benefit when the pack load is increased. It does
not, therefore, appear greatly beneficial to have a highly resistant
pack like anhydrite if it is to be narrow from the stand point of
floor heave. Overall, a control of floor heave by changing the
pack width or pack load can be achieved only to a small extent.

The probable reason is that a roadside pack is really a relatively

small element of the complete longwall structure.

L

To alleviate bad roadway conditions due to floor heave, pack load,
pack width and face length may be changed (i.e. put a stiffer,
wider pack and a shorter face) though a change in just one of these
factors may not bring about appreciable improvement. The main
factors influencing floor heave appear to be the depth of working
and the floor strength, since they govern the depth to which a
fracture zone may develop in the floor. A large part of the floor

heave is accounted for by the increase in the apparent volume of
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the rock upon breaking. It is always advantageous to reduce
floor breaking. In the method of short face advancing it is
seen that the quality of pack does not affect floor stress
significantly. It will, however, be wiser to adopt a stiffer
pack like anhydrite and use as narrow a heading as permitted by

the economics of advancing.

The method of floor heave estimation gives reasonable estimates
of heave at Easington when compared with underground measurements
taken there. BEven then, it will be necessary to carry out
extensive field experiments to corroborate the findings of this

Chapter.



CHAPTER 8

Conclusions and recommendations for

future work
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CHAPTER 8

Conclusions and recommendations for future work

The method of short face advancing with a centre pack for in-seam
development was investigated for feasibility. The elastostatic analysis

for roof behaviour leads to the following conclusions:

1. Stiff packs of setting materials like anhydrite accept
load more quickly than conventional non-setting packs. Both
kinds of pack show an initial load build-up to a peak value,
a subsequent fall and steadying off with advance of the short
face. The initial build-up to a hump is pronounced in the
case of anhydrite packs, while it is flat in conventional

packs. Load acceptance increases with the pack modulus.

The values of pack load obtained during short face
advancing are quite small. Wide headings give rise to higher

loads.

The pack loading curve agrees with those observed under-
ground by other workers and supports the back abutment

pressure concept.

2. The maximum tensile stress, which occurs in the roadway
on either side of the centre pack, shows a slight fall with
higher pack loads, i.e. with increasing pack stiffness and

heading width. It exceeds the ultimate tensile strength
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(taken as an average for some Durham rocks) in most cases of pagks,

indicating the need for roadway supports.

The centre pack is seen to take care of only a part of the
bending moments in the roof, a large amount of roof deflection

taking place before pack erection.

3, The ribside abutment pressure is seen to fall with increasing

pack load. A higher pack load thus appears desirable in reducing

the unevenness of load distribution across a roadway.

4. The beam theory, as applied to the short face advancing
situation, shows that a short face behaves in a manner similar
to a full-fledged longwall face in that it gives a pack load
characteristic with an initial peak (back abutment), a ribside
abutment pressure, smaller values of load at the pack edge than
at the centre and a flat, delayed load acceptance by soft non-

setting packs.,
A laboratory investigation of anhydrite properties indicates that

1. Anhydrite becomes stiffer with time, the elastic modulus
reaching a plateau value greater than or comparable with many

coals after 6 to 7 weeks (Equ. 4.1).

2. The strength falls significantly with an increase in the
test specimen size, the fall from a laboratory small speciman
to a regular pack being 50% or more. Accounting for this

property and the width-height ratio of a pack, a strength formula



- 282 -

(Equ.4.5) has been proposed.

The method developed for obtaining the post-failure ribside
abutment pressure and the extent of crushing of the ribside during

retreating leads to the conclusions below:

1. The method is found to give reasonable values of

the abutment pressure and extent of crushing. The
solution by this method is sensitive to the initial pre-
fracture biaxial confinement at the rib edge, the
strength of the seam and the flexural rigidity of the
rock mass in the roof. Their accurate determination

is, therefore, necessary for the success of the method.

2. Both abutment pressure and ribside crushing are

reduced with an increase in pack load and width.
3. A reduction in the face length has the same effect.

The situvation of floor heaving in short face advancihg and subsequent

retreating can be summarised from the post=failure viscoelastic analysis thus:

1. The method used for floor heave estimation gives

satisfactory results in the test case of Easington Colliery.

2. The method of short face advancing with subsequent
retreating may produce deeper fractures in the floor
than simple advancing, so that there is a probability

that floor heave will be greater by this method. This
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may place a limitation on the depth to which this method
of working can be adopted. By the time retreating
finishes in the first panel after short face advancing,
the roadway on the outer side of the pack will have
undergone floor heave which could be up to % the roadway
height, making it difficult to be used for the second

panel.

3. The floor heave during subsequent retreating is
greater if the short face heading during development

is wider. No additional fracturing appears to occur

in the floor while retreating, so that the floor condition
is mainly governed by the width of the development

heading adopted. It is thus difficult to recommend short

face headings wider than 10 to 12 m.

4., It does not appear greatly beneficial to have a highly
resistant pack like anhydrite from the stand point of
floor heave. Overall, a control of floor heave by
changing only the pack load and width can be achieved

only to a small extent.

5. A large part of the floor 1lift occurs due to an
increase in the apparent rock volume upon fracturing.
During short face advancing, the quality of the pack

does not affect floor breaking significantly. It is,
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however, better to use a stiffer pack like anhydrite to

improve roof behaviour.

6. Floor heave in roadways, in general, may be reduced
by putting a wider pack and a shorter longwall face,
though a change in just one of these factors may not
bring about appreciable improvement. The main factors
influencing floor heave appear to be the depth of the

working and floor strength.

Recommendations for future work

There has recently been a proposal to adopt the method of short
face advancing with a central pumped pack in one of the Areas of the
National Coal Board. This could be a good opportunity for underground
investigations for corroborating the findings of this Thesis, for an
experimental confirmation of these theoretical results is much needed.

It will be of practical interest to investigate the findings with reference
to pack load acceptance and floor heave, while using the short face method,
and also compare the results with a conventional advancing face in the

Bsame area,

A method, at least an empirical thumb rule, is needed to establish

the relationship between pack quality and the resulting pack load.
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APPENDIX T

Deflection equations for stages 4 to 7 for

short face advancing with anhxdrite centre packs

As the face moves in each stage, the y-axis is also shifted, If
the deflection over a pack section is given by Vo in a stage of advance
and if it changes to v, in the next stage, the expression for Vi will
include v such that (x-l) is written instead of x in A~ due to the shift

in the y-axis by 1, the unit advance. For brevity v, can then v¢ written down

* + £(x)

v. = (v.)

n m’x —» (x-1)

This convention has been adopted for writing down the delfection
equations for stages 4 to 7. Also, the following notations have been

used:

F1*+%2 a %2
k, LI

-X % x _
e cosax = e,(x) , ¢ S Xk = e, () s

ocx xx | -
e cosax = e (x), e Swmoax = & (=),

e"/’i"usp‘_x = e,(p“./)) ;'B“'xséw p;* = QQ(PJ);

P

q,p‘:xu:sp‘:‘x = 63(p4.) , ¢ S Pex = e, ()

-i:f,2,

Deflections have been numbered as per the convention of Fig.5.1.
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Vig = o+ Cue(e) + Cppey (=)

V.= Q

4 ] 2
5 A quz. +C,, ® +C45x + C4s

Yie © (V'°)x—*(x~l)+ C,, 21 (P + Chgez (Py)+ Cuges (B) + Cio ()
Yz ® (V")x >(x-1) +Cs & (P2) + Csnea (p) +Chpen (B) + Csq 24 (£2)
vV,

L (V“l)xe.(x.-l) + Cos ¢4 (B) * Cyq ea () + Coy 25 () + Cog 4 (R)

4 3 a
19 = QX +C59x +-C‘°x +C“x+~C‘2

il

e+ Copey(x) + Cey @4 (=)

[Y)
-]
[

The equations in further stages have a certain repetitive pattern

and can be written more concisely if the notations are further shortened.

The above equations can be written again as

@y + (Cm,qz)cea,z(“)]_

14

<
u

15 a'z""""(cqs,qe)("z’o)

Vie = ("m)x_,(,‘_z) + (Cw,so)[eu" (A)]. etc
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Similarly stages 5 to 7 will have the forms of equations below.

v21 = ey + (Ccs'"‘)cef,ﬁ(“)]

<
i

. .
22 = @2 % "'(C‘7'7°>(za’°)

<
]

(v,

f6 )z-.(m-z) *(Cru) [ €4 ()]
Vag = ("17),,__,0‘_4) "'(Cvs-,n)["t,a(ﬁ,)]
% (), ey * (Conaa) [enh ()]
Vag = ("49),_,(,‘_0*' (Cos,56) [ e1,4(m)]
R A C T TRL T
R A CHRITRNCY

Stage gégz

Vg = @y t (C93,94)£"-1,a(°‘)]
Vv, = QX+ (Cos,08) (x™°)
Vay = (v, + (ng,coa)[ei,a(ps).]

x+(x-1)
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Y32 = ("24)1*(1_‘) <C1o3, 105) [ei,‘r (/34)]

Via = (Va

5)5\'. -b(x-{) (Cio7, ﬂo) Le'»" (p3)]
Vay = ( V“)z,_. (x-1¢) (Cm, m.) [ef,q (P,)]
Vas = (VN),‘_,(K,()(CMS, ua)[e!,4 (/51)]

Vag = 4 x4 (Cus, 12:) ( "g'o)

Vay = &4 + (Cfu,f.zq)[es,q (“)]

Stage §723

i

a,+ (Cuzs, 126)["—1, 2(=) ]

38

Vag = 2yt 4 (Ct:n, 130) ( "3,0)

s
1

40 ~ (V?H)z*(x_e)"" (C,3,1134) [ei,‘o ( [‘55),]

Yer = (%n)x-v(zv() " (Comsyimn) Lo, (ps)]

e ( V’”)x —»(x~£)+ (Cfag, wz) [e‘:" (/54 )J
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Vas = “’34)1_,(,‘_0 +(Craa, 46) [Qi,l' (#)]
e (), oyt (Cunised [o0 (8]
s (), oy * (Cosnsa) (41,0 (RO]
Vg = 2% "+ (Crs 10) (2>°)

Var = @+ (Cisg,iso)[e3,4 ("‘)]
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PTRAN IV G COMPILER MA TN 07-30-76 12:43:59

C**«SHORT FACE ADVANCING WITH ANH. CENTRE PACKS
C*%%PROG FNR NEFLNS & PACK LOADS AT POINTS AyR
C**¥RY LONGL. CONSIDERATIONS
Cx%x INVOLVING APPLICATION OF CONTINUITY CONDITIONS 70
Cx¥xxNEFLN FCNS 0OF STAGE 7 & SOLVING RESULTING SIMULTANFOUS EQNS
C*x%TN NRTAIN 36 INTEGRATION CONSTS,C125-=C160,NF STAGE T,

1001 gy

' SUBROUTINF P(NyXsYyAyH)

Cexxy(1) IS THE FUNCTION A*(X=H)¥*N

CH¥**Y(2),Y(3),Y(4) ARE THE DERIVATIVES

P DOUBLE PRECISION XyY(4)4Z4A4H
)082 I=X=-H

06 Y(2)=A%N*Z%¥(N=1)

o Y(3) =ARNK (N=1)EZ¥¥(N=2)

s Y(4)=A%N* (N=1)%(N=2) ¥7%% (N=3)
e RETURN

NG END

OTAL MEMORY REQUIREMENTS 000308 BYTES

. SURPNUTINE ECNS(AsRyXyeYyCyH)
Cavay(l) IS THE FUNCTION  C*FXP(AX(X=H))*COS(B*(X=H))
Cakay(2),Y(3),Y(4) ARE THE DEPIVATIVES

ggg NDNURLE PRECISION A.B.C.X.Y(4).l.21.Z?.H,DEXD.DCHS.DSIN
“04 21=A*(X-H)
508 72=R%(X=H)
006 Y(1)=C*NEXP(21)%NCNS(22)
007 7=C*DFXP(Z1)*DSIN(Z2)
Nos Y(2)=A¥Y(1)=P*Z
009 Y(3)=(A*A=B¥B)*Y(1)=2, ¥A%R*7
010 Y(4’=(A*A—3.‘ﬂ*8’*A*Y(l|-(3.*A*A—P*ﬂ)*9*l
h RETURN
1 END

;QIAL MEMORY RFQUIREMENTS 00020C RYTES

; SURRNUTINF ESIN(AyByXyYeCyH)

CHsky(1) IS THE FUNCTION  CHEXP(A* (X=H))=SIN(B*(X=H})
Cxsuy(2),Y(3)s¥(4) ARF THE DERIVATIVES

ggi DOVRLE PRECISION AgBoCoXgY(4)yZy2Z14224H,DEXPDCOS,DSIN
Q04 71=A%(X=H)

ﬁqs ZZ=B#(X—H)

30e Y(1)=C*DEXP{Z1)%NSIN(22)

oy Z=C*DEXP(Z1)*DCNS(22)

08 Y(2)=A%Y(1)+B*x7

bo Y(3)=(AKA=R¥B)*Y (1 )42, $A%R*7

glg V(%)= (AkA=3, #BHB IRA*Y (1) #( 3 ¥AKA=B*R)*B*7

f RETURN

1l END

'OTAL MEMORY REQUIREMENTS 0002DA BYTES

C¥xsMEANINGS NOF SYMROLS USED IN PRAG
C***E=ALPHA,F1'F29..-=BFTA1.RETA2....oﬂ3,n4=f3,c4



G COMPI

CHkxT
CHxxH
CH*¥p
CokkkA
Cx%k|
Ckhk

CH%%D

Cokn A

w N

CH#kD

= 304 -
LER MAIN QI~30=T6 12:44:03 - !

19 T2yeee=K11yK12y00ey Q=02/24D2,Q0Q=(01+0Q2) /K2,
1'H21000=L'2L'ooo' HH=6L*‘L1*N'/2’ R=INT,CONSTS FROM
REVIOUS STAGES OCCURRING IN NDEFLN EQMS NF ST 7
nELly-oo=DELTA1 AT A'..o’ RDEL19000=DFLTA1 AT B'.o.'
Alyese=PACK LCADS AT Ay, LBlyeese=PACK LOADS AY B,

NOUBLE PRECISION FyQeQQyD3yD4 s HHyHYIyH2yH3yH4,H54 X1 9 X29X3,
XL g XS5 9 X6 g XT 9 X89X99S9ZgFl gF29F39F4,FS4F69T19T29T33T44,T5,76,
*R(BO43),A(364,36)4B(36),C(36),

AK(4) oL (4) yKK{4)yLLI4)yKKKI4)gLLL(4) s MM(4) ,NN(4)yMMM(4) ,NNN(4),

%G (4)yVI4)3CGL4)yVVI4) g MA(4) MBI4) MC(4) 4 MD(4) ME(4) MF(4),
*MG(4) yMF(4) g NA(4) yNBI4G)yNCI4) yND(4) 4 NE(LG) yNFI4)yNG(4) NH(4),
ANT(4) yNJ(4) g NKI4)gNL(4) g NM(4) yNP(4) ¢ NQU4&)yNR(4)gNS(4)  NT(4) NU(LY,
*AA(36,3€) yWKS1(36),WKS2(36),
*LAL,LA2,LA3,LA4,LB1,LB2yLB3,LB4,1 RS,
*Y1lyeY29Y39Y4yY5,Y69FEXT]13FX12,EX2]14FX22,EX31,EX32,EX4]4EX42,
*EX5149EX524,CN1,C024,C03,4CN44yCO5,4ST1,4ST124S13,S14,S515,
*ADEL14yADFL2,ADEL3,ADEL4,ADELS5yAS1,AS2,AS3,AS4,BDFL1,RDEL2,
*BNEL3,BDEL4,BNELS5,BRDELEL,RS]1,RS2,RS3,854,RS5,RA
EFINE THE CONSTS INVOLVED

E=0,39

Q=7,596C~-7

QQ=7e4P~-3

N3==1,0053N-4

N4=1.C08G1D-2

HH=23.5

H1=3,0

H2=6.0

H3=9,0

H4=12.0

H5=15.0

X1=29.0

X2=23.0

X3=20.,0

X4=17.0

X5=14.,0

X6=11.0

X7=8,0

X3=5.,0

X9=0,0
SSIN INITIAL ZERND VALUES TO ALL MATRIX & ReHeSs ELEMENTS

DO 3 I=1,36

N 2 Jd=1,3¢€

AlJyI1)=0,0

CAONTINUE

NI 4 1=1,36

B(I)=0.0

CONTINUE

DN 1 J=1,3

RA=18,/7(J+1)

WRITE(é,20)RA .

EFINF K11 ETC, BETAYl FTC

S=4.8D+7

1=4,4265D+6

Ml=J+1
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12:44:03

URTRAN Tv 6 CAMPTLER MA TN
1933 T1=(M1/64)/(2.65¢M1764)%1
V036 F1=(T1/S)%%0,25
N3y M2 =M1 %3
2038 T2=(M2/6.)/(3.654¢M2/64)%7
Lk F2=(T2/5)%%0,25
i p A M3=M1%3
041 T3=(M3764)/(3.65¢M3/6,)%7
Rlked F3=(T3/5)%#0,25
1.-:".!43 M4=M]%4
[044 Th=(M&lba)/(3e65¢M4/b,)%1
0045 F4=(T4/S)*%0.25
46 M5=M]%5
P47 T6=(M5/64) /1 3,654M5/E, )41
048 F5=(T5/S)%*%0.25
2049 Mb6=M1%6
950 T6=(M6/64)/(2.65¢M6/64)%1
431 6=(T6/S)*%0,25
C#*«LIET THE KNOWN INTEGR CONSTS OF THE LAST 5 SFTS
1052 R(141)==4462800=4
393 R(1,2)==840820-4
1054 R(1,3)==-1,0850=3
P55 R(2,1)=5,3430-3
156 R(2,2)=5.1294D=13
ek R(2,3)=5,0161N=3
158 R(3,1)=4,015€6N=5
159 R(3,2)=1.396D-6
1060 R(3,3)=4,2810=7
il R{4y1)=1.0880-5
1362 R(4y2)=3,6460=6
063 R(4y3)=1.3569D=6
064 R{541)==1,51C6D=5
(165 R(5y2)==144470=5
166 R(5,3)==1,4075D-5
67 R(6,1)=4,8246D=5
68 Rby2)=be4974D=5
069 R(693)=4,2951D-5
079 R(7,1)=5,4536D=4
071 R(7,2)=5.1547D~4
072 R(7,3)=4.G787D-4
1073 R(R,1)=8.4811D=2
T R(By2)=8.426TD=3
975 R(R,3)=8,3942D-3
076 R{9y1)=-3.07406D-3
iy R(9,2)=-3,4583D-3
378 R(9y3)==3,61592D-3
79 R(10,11=5.3721D=3
980 R(10,2)=4s76802D-3
D81 R(1043)=4.3€2R660N-3
032 R(11,1)=1,086060N-6
Ry R(1192)=64776D=7
V34 R(11,2)=3,34€N-7
148 R(12,1)==7.782N=7
036 R(12,2)=3,226D=7
037 R(12,3)=6.8726N=7
038 R(13,1)=-3,55897N=4



- 306 -
‘G COMPILER MA TN 07-30-76 12:44:03

R(l%'2'=-7.003080-4
R(13,3)=-9,34495D~-4%
R(14,1)=4,84009D-3
R{1442)=4,53769N-3
R(1443)=4,362212D-3
R(15,1)=3,3275D-6
R(1542)=2,09C2D=6
R(1543)=1.1154D-6
R{1641)==3,7328D-6
RI1642)==7.91060D-7
R(16,3)=1.148D=7
R(17,1)==1,3€35D=5
R(1742)==1.28034D=-5
R(1743)==1,22644D~5
R({18,1)=4,36G6D=5
R(18,2)=3,88272D~5
R({18,3)=3,5¢584N~5
R{19,1)=4,92696D-4
R(19,2)=4,51647DN=4
R(1943)=4,2€303D~-4
R(20,1)=8.,37€85D-3
R(20,2)=8,302790-13
R(2043)=8,256671D-3
R(21,1)==5,23068n-3
R(21,2)==5,1592480n-3
R{2143)=-5,08069D-3
R(2241)=4,25363DP-3
R(2242)=3,589039N=-2
R(2243)=3,222307D=-3
R(23,41)=5,0469D~-8
R(23,2)=3,70526D-8
R(23,43)=2,011757D~-8
R(2441)=1,42490~7
R(2442)=4.,0657D-8
R(24,3)=1,34235D-8
R(2541)==2,909974D~3
R(2542)==3,169327Nn-13
R(2543)==3,2G66346D~-3
RU2642)=4.334143D-3
R{26,3)=3,91894D-3
R(2741)=1.3576D-7
R(2742)=9.94€6D-8
R(27,3)=5.64637D-8
R(2B411=145846D=-7
R(2842)1=1.7045D-18
R(2843)==1,6561DN-8
R129,1)==-3,600823N~-4
R(2942)==6,278407N=4
R(29,3)==8,252188D=-4
RI30D,1)=4,4R8396N=3 )
R(30,42)=4.,1332935D-13
R(30,3)=3,926838N~-3
R{31,1)=1,15670=-7
R(31,2)=1,02616D=-7



- 307

ORTRAN [V G CNMPILER MA TN 07-30=76
0144 R(31,3)=3,297984D-8

0145 R(3241)==3,44269N=6

Ol4e R(32,2)==1.4883850=6

9147 R(32,3)==7.96073D=7

Jl4s R(33,1)==1,285786D=5

149 R(33,2)==1.20165N=5

150 R(33,3)=-1,148329D=5

2151 R{3%4,1)=3.,£875680=5

0152 R134,2)=3.3118450-5

2153 R(34,3)=2.969D=5
‘154 R(35,1)=4.5296920-4
156 R(35,2)=4.06850-4

‘156 R(35,3)=3,7875150=4
157 R(36,1)=8.205867N=3
158 R(36,2)=8.225464N=13
159 R(36,3)=8,175957N-3
7160 R(37,1)==7.370432n=3
Jis] R(37,2)==74242291N-3
0162 R(37,3)=-6.5594240~3

0163 R(38,1)=3,3474D-3
V164 R(38,2)=2.565594D=3
Ilss R(38,3)=2.,155705N~3
L66 R(39,1)=3,210767N=9
‘167 R(39,2)=5,380384N=10
"es R(39,3)=6,970262D-10
169 R{40,1)==2.0225990=8
170 R(40,2)==1,225778D=8
171 R(4043)==6422054D=9
T2 R(41y1)==44654501D-3
9173 R(41,2)==4sRE02TN=3
J174 R(41,3)==4,773911D=3
'L7S R(4241)=4,0281420=3
L 16 R(4242)=3,38522D-3
117 R(4243)=3,04449N=-3
178 R(43,1)=1.91682N=9
179 R(4342)=4,611323D=9
'180 R(43,3)=3,4416230-9
’18] R(44e1)==6.44R6T1N=8
482 R{44,2)==3,828702N-8
'183 Rl44y3)==1,924658D-8
‘184 R(45,1)==2,755122D-3
185 R(4542)==2,5E8T714D=3
186 R(45,3)==3,1011R40D-3
187 RU4641)=4,747351D=3
‘188 R(4642)=4,1066910=3
‘189 RU46,3)=3,703713N=13
‘190 R(47,1)=9.7€306D-8
191 R(4792)=44245291N=8
‘192 R(47,3)=2,251157D=8
1193 R(4By1)==T7,658295N=1
194 Pl4B,2)==5,21923€D=R
‘195§ R{48,3)==3,784153D-8
'196 R(49,1)==3,371495D-4
97 R(4G,2)==5,R85794DN~4

198 R(49,3)==7.7£586N-4

12:44:03
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R(50,1)=4,272338D-3
R({50,2)=3,914308N-3
R(50,3)=3,70€822N-3
R(51,1)=3,47112D~-8
9(51'2)=102266260-7
R(5143)=6.067622D=8
R(5241)==3,723395D=6
R(5242)=-1,572905D-6
R(52,3)==8,044916D~-7
R(5341)==1.,256796D~5
R(53,2)=-1,178596D~-5
R(53,3)==1.,129653D~-5
R(54,1)=3,526172N~5
R(54,2)=2.922887Dn~5
R(5443)=2.566436D-5
P(55,1)=4,2817181D~4
R{55,2)=3,824077N-4
R155,3)=3,544234D~4
R(5641)=8,267445D-3
R{56,2)=8,138298D~3
R(5643)=8,140044D-3
R(5741)==9,866526D~3
R{5742)==9,041299N~-3
R{5743)=-8.384885N-3
R(5841)=14305449N~-3
RU53,2)=64222418N~4
R(I5843)=4,604161D-4
R(159,1)=2,269224N-10
R{59,2)=1.422592N-10
R({59,3)=7,297279D-11
R(60y1)==T42504T76D-10
R(6042)=1.342535D~-10
R(6043)=3,392519N~11
R{61ly1)=—=Tel187619D-3
R(6192)==6,991142D-3
R{6]143)==6,T725797D-3
R(6241)1=3,2842510-3
R162¢3)=2,12€6369D~3
RI63,41)=2.38228N~10
R{63,2)=1,4746T790=10
R(6343)=9,387325D-11
R(€4,2)=1,901323D-10
R(6443)=3,671686D-11
R(65,41)=-4,829611D-3
R(6542)==4,743215D-3
RIA543)==4,663324D~-3
Pl66491)=3,538532D-3
R{66,2)=3,315592D=23
RI6643)=2,9R422N=3 ¢
F{6Ty1)=2,7132050~10
R(6742)=14521191n-9
R{6T4y3)=1,11849N=-9
R(68y1)=-4,658264N~8



w . Y
07-30=176

ECGS(‘F6'F6.x2yA(5'7,"1093"
ES'N('F6'F6QX?.A(5'8)'-10'00)
ECOS(F()'F()'XZQA(SQQ"-lo'r’.,
ESIN(F().F().XZ,A(S,10!,-1..0.l
ECOS(‘F6'F61X3'A(9,7'110)Oo)
ESIN"F()'F69X3'A‘Q'8"lcho)

FTRAN IV 6 COMPILER MA TN

P R(68,2)==1.,6€279D=8

b R(68,3)==9.051889D=9

gt R(69,1)==2,68424D=3

0354 R(69,2)=-2,914089D-3

e R169,3)==3.025945D-3

& R(70,1)=4.632481D=3

s R(70,2)=4,00978D-3

e R(70,3)=3,6194910-3

Sl R(T1,1)=1.027625D=7

1<63 R(71,2)=5.216058N-8

b, R(71,3)=2.786525D-8

$ R(7241)=-9,208398N-8

1367 R(72,2)=-5,5350730-8

hag R(72y3)==4.086423D-8

S R(73,1)==3,257126D-4

i R(73,2)==5.711408D=4

479 R(72,3)==7.551823D-4

204, R(T4y1)=44168143D=3

2212 R(7492)=3.820987D-3

22 13 R{T4y3)=3,621435D-3

peTh R(7T5411=44312751D-8

1275 RUT542)=9.845397D-8

1276 R(7543)=44645394D-1

% o R(T6y1)==3,634394D-6

e oo R(T642)==1.533191D-6

" g R(7643)==T.867891D~7

e R(77,1)==1,2524150=5

s R(77,2)==1.179641D=5

592 R(7743)==1.134372D=5

o3 R(7841)=3.314766D=5

s R(78,2)22.717079D=5

ety R(T78,3)=2.364061D=5

S R(79,1)=4,170126N~4

2;27 R(79421=3.720083N-4

’598 RU79,3)=3,44976N-4

}599 R(80,1)=8,251330-3

]i 0 R(HO'2,=8017523D‘3

<91 R(80,3)=8,126126N=3

A CH¥«FORM THE MATRIX

o CALL ECOS(=E,EoX14Al1,1),1090.)
=93 CALL ESIN(=E ¢E¢X1,A0142)410900)
9% CALL P{34X19A(143)¢=14,404)
435 CALL P(2,X1yA(1s4)y=14,04)
<96 CALL P(1yX1yA(1¢5)9=1ay0.)
el CALL P(OsXLoAllg6)y=14404)
);?“ CALL P(34X24A(543)91ay0.)
<29 CALL PU2yX2¢A1544)91e404)
200 CALL P(1,X2,A(5,5)910404)
0] CALL PlOyX24A(546)9144s0.)
202 CALL

303 CALL

104 CALL

A% CALL

306 CALL

307 CALL
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CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

CALL

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

A(33,

S 1 S
MATN 07T=30-76

FCOS(F64F69X39A(999)y1440.)
ESIN(FAE4FEYX39A{94310)91ey04)
ECOS(-FS'FSQXBQA(Q'II"-lo'o.’
FS‘N(_FSQFSQX3’A‘9’]2)'-1.'0.)
ECOS(FS,FS,X%.A(9,13).-1.'0.)
ESIN(FS4FS4X34A(9914)9=1440.)
ECOS(-FS'FS'X4'A(13'11,)1.'0.)
ESINI=FE F5,X4sA(13,412)91440.)
FCOS(FS54F5,X44A(13,13),1.,0.)
ESINIFS54F5yX4yA(13,14)914,0.)
EC”S(-F4’F4QX4'A(13115"'1.90.'
ESIN(=F4,F4yX44A(13416)y=1440,)
ECOS(F44F4yX4y3A(13517)y=1440.)
ESIN(F44F4yX4,A113,18)y=1.,0,)
ECOS(=F44F4,X5,A(17415) 414404
ESIN(‘F4'F4QXS'A(l7916’y1.00.,
FCOSIF4 3F4,X5,A(1741T7)91le90s)
ESIN(F4,4F4,X5,A(17,18),14,0)
ECOS({=F3,F3,X5,A(17419)4=14,40.)
ESIN(=F3,F3,X5,A(17420)y~1440.)
ECOS(F3,4F394X54A(17421)y=1440.)
ESINIF34F3,X5,A(17422)y=1e40s)
ECCS‘-F3’F3'X69A(21'19’110000‘
ES!N‘“F39F3QX6,A(21'20)'1.,0.’
ECOSIF34F3,X64A(21421)414904)
ESIN(F3,F3,X69A(21422)91e4904)
ECOS‘-FZQFZQX6,A(21|23,'-1090.,
ESIN(=F24F2yX69A121424)4=1ey0s)
ECOSIF2,F2,X64A(21,425)y=1440.)
FSIN(FZ.FZ,Xb,A(21v26"-10900,
ECNS(=F23F24XTyA125423)91a490s)
ES'N('F29F2'X79A‘?5'24'91010.)
FCOS(F24F24XT3A(25425)910690.)
ESINIF24F24XT4A125926)91ay0e)
FCOS(=FLlyFlyXTyA(2592T7)9=10ay0e)
FS!N(-FI,FI.X?,A(ZS'ZB)p-l.,O.)
FCOS(FLyFlyXT4A(25429)y=1ey0a)
ESINI{FlyFleX74A(25930)9=1690e)
ECOS(=F1,4Fl4XB8,A(29927)y1ley00)
ESIN(=F1yFlyXByA(29928)31e904)
ECOS(F1,4F14X84A(29429)914y0.)
ESTNIF1F1yX8,A(29,30)5106404)
P(3'XR.A(29y31)'-1.o0.)
P(?,XG,A(ZQ.BZ).—!..O.)
PlleXB4yA029433)4-1440.)
p(OOXR'A(29'34)"1090.)

34)=1.0

A(34'33)=100
A(35,32)=2.0
A(36421)=6.N

CALL
CALL

ECFS(E|E'XQ'A(33'35,'-10900’
ESIN(E’E’XQ,A(BB,36)'-10'0.’

Cx*%FORM THE R.HeSe

CALL

P(é.Xl.B(l’.Q.O.)

BL1)=2(1)=-QQ
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0362
0363
1364
9365
0366
1367
168
1369
1370
'.’;71
0372
0373
U374
&\75
9376
0377
1378
,‘._'79
180
ﬁ?Bz
183
1784
1385
1386
1387
1390

09391
’392
V393
i394
295
:‘396
2397
1399
400
3l r’l
402
1403
1404
'405

“06
1507

%98
0409
ijO
1411
;512
0413

CALL
CALL
CALL
CALL
CALL
CALL
cALL
cALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CAaLL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
DN 6

N ) il
MA IN 07-30-76

P4 yX2yK(1),0Q,HH)
PU2yX2yL(1)4D3yHH)
ECDS(-F],F]'XZ'KK(],19(19J’.H5l
ESIN(-FI'FI,XZ.LL(I’.RlZ.J).HS’
ECOS(FI,FI;XZ,KKK(I’vp(31J)oH5,
ESIN(FI.FI'XZ.LLL(I).R(4.J).H5)
ECCS(-FZOF?IxZQMM(l’IP(Q'J"H4‘
ES[N(—F29F20X29NN(1"P(IO.J'.H4)
ECGS(FZ.F?yXZtMM”(1’99(119J’9H4,
EQIN(F29F2'X2pNNN(l)vP(IZQJ)oHQ)
ECDS(-F?;F3,X3'G(1)9R(21'J)oH3,
ESIN(-FB,FB.XZQV(I),R(ZZ.J).H3)
ECUS(F3.F3pX2'GG(1)gR(23'J.pH3,
ESIN(F31F3|X29VV(1,1R(24vJ'oH3’
ECCS(-Fé,F#;XZ.NA(])9“(37'J"H2'
FS!N(-FQ'F4'X2,MR(1"R(38'J"H2)
ECGS(F41F4pX29MC(l)'9(391J,0H2,
ES!N(F41F4,X2.MQ(I)vR(400J’!H2)
FCDS(-FSQFSOXZINA(l”p(57'J,IH1,
ESIN(-FS.FS,XZ.NH())19(589J)|H1)
FCOS(F5'F5'X2vNC(1,1R(59'J)'H1’
ESIN(FS.FS.XZ,MD(I’,R(bO,J).Hl'
p(‘fyXZ'E(S"-Q,Oo)

I=144

[I=1+4

IF(I.

NE.1)GN TO 5

BI5)=R(5) D4

5 CONTINUF

6 BUIT)=B(T]
*MM(T)+NN(T) #MMMT ) #NNNCT
*MACT ) +MBLT)#MCIT)#MD(T)+NA(]

CALL
CALL
CALL
catlL
CALL
CALL
caLt
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALI

cALL
CALL
CALL
CALL

Plb4yX3yKI(1)y=NyHH)
PU2¢X34L (1) y=D34HH)
ECOS{=F1,F1eX3yKK(1)y=R{1yd)sH5)
FSIN(‘FI'FI’X3'LL(1"-p(20J)'Hq,
ECUS(FI,FI.X3.KKK(!),-P(3.JD,H5)
ESIN(FI,FIQ*3Q[LL(1’Q“P(4QJ"Hq’
ECﬂS(-FZ,FZ.X3'MM(1’v-9(9oJ’vH4’
ESIN(-FZ'FZ,X3.NN(l),-R(lO'J)1H4)
ECﬂS(FZoFZqX3.MMM(l"-R(lle)vH4)
ESIN(FZ,FZ,X3,NNN(1).-R(IZvJ)vH4)
ECOS(-F3yF3,X3.G(1).—R(Zl,J)yH3)
FSIN(-F3'F3QX3’V(1,'-thg,J"HB,
ECFS(F3'F3,X3,GG(1’0'9(239J’VH3)
ESIN(F3'F3'K3'VV(l)v'P(ZQOJ’9H1,
EC”S(-FQ,F4vX3y“A(l)'-P(370J39H2)
EQ[N(-F4,F4,X3'"B(]"—R(331J'1H?’
ECOS(FhqaFbaX39MC(1)y=R(394J)4H2)
ESIN(FQ,F4,X3.MD(1!o-R(4011)vH2)
ECOS(-FS'FS.XBpVF(l).-P(57yJ)oH!)
FSIN(-FS,FS,X%,MF(!).-P(SB,J).HI!
ECOS(FS'FS,X3p"C(1)0-9(59vJ)'H1’
FSIN(F‘S,FS.’(B."H(I)'-P(()OpJ),H])
P(Q,X3,B(9’QQQH5,
P(3,X3,NA‘1"R(5OJ"HG)

12:44:03

)#K(I)#L(l)fKK(I|0LL(!)&KKK(I)0LLL(Y)*
)4G(T)0V(ID+GG(!)0VV(I)*
JHNB(T)4NCCT)#NNET)



"

G

COMPILFER

CALL
CALL
CAaLL
CALL
CALL
CALL
CALL
CALL
CALL
caLL
CALL
CALL
CALL
CALL
CALL
CaLL
CALL
CALL
nn 8

- 32 -
MAIN Q1=30=T6

P{2¢X343NB(Ll)yR(6E4J)yHS5)
P{LleX34NCUY)4R(T4J)4HS)
ECOSU=F1lyFlyX3yND(1)yR(134J)4H4)
ESIN(=F1yFl 4 X34NF(L)yR(14,4J)yH4)
ECOS(FLl 4F1yX3,NF(1)yR(15,4,J),H4)
ESINIFLyFYyX34NG(1)4yR{164J),yH4)
ECOS(=F2,F2,X34NH(1),R(25,J),H2)
ESIN{=F2,F2,X34NI(1)yR(264J)yH3)
FCOS(F243F24X34NJ(1)yR(2T9J)yH3)
FSIN{F2,F2yX34NK(1)4R(28,4J),H3)
ECOS{=F34F34X34NL{1)yR{4]14J)yH2)
ESINI=F34F3,X3,NM(1)4R(42,J)4yH2)
ECOS{F3yF3,X3yNP{1)yR{43,0)yH2)
FSIN(F3,F3,X3,NQ())yR{44,J),H2)
FCOS(=F4,F43X3,NR(1)yR(E6E19J)yHT)
ESIN(=F4,F4,3X34,NS(1)sR1624J)yH1)
FCOSIF44F44X34NTI1)yR(634J)4H1)
ESIN(F44F4,X3,NU(Y)yR{64,J)4H1)
[=1,y4

[1=1+8

IF(T.

NEL1IGN TO 7

B(9)=B(G)=ND4+R(8,J)
7 CONTINUE
8 BITI)=ROIT)+K(TI+L(T)eKK(TI+LL(T)4KKK(T)+LLLIT)*
AMM(T)ENN(T)#MMMIT)NNNIT)I+GUT)+V(T)+GGIT)I+VV(IT )+
AMACT)+MBIT)#MCUTIEMDIT ) +NA(T)#NBIT)I#NCIT)IND(T )+
ANECT)ANFUI)ENGUIT ) #NHIT)NT (T ) #NJ(T ) +NK(TI#NMLA(T) +
ANMIT)#NPLII4NQUIDI+NRIT)+NSITI+NTITI#NUCT)#ME(T )+
*MF(T)#MGLI)+MH(T)

CALL
CALL
caLt
CALL
CALL
CALL

CALL
CALL
CALL
CALL
CALL

CALL
CALL
CALL
caLt
CALL

CALL
CALL
CALL
CALl

caLl

CALL
CALL
CALL
CALL
CALL

P(41X40K(1’1’Q!H5)
PU34X4yL(1)y=R(5,J),4H5)
P{2sX4yKK(1)y=R(64J),yH5)
P(l.X‘o.lL(l',-R('va)vHS)
FCOS{=F1yFl¢X49G(1)9y=R(13,4J)4H4)
ESIN(=F1lyFlyX4y3V{1)y=R(14yJ),HE)
ECOSIFY 4F1lyX49GG(1)y=R{15,J),4H4&)
ESIN(FLgFlyX4yeVVI(1)y=R(164J)yH4&)
ECOS(=F2,F2yX44MM(1)4=R(254J)yH3)
ESIN(=F23F2yX4yNN(1)y=R(2649J)4yH3)
ECOSIF2,F24X44MMM(1)4=R(27,J)4H3)
EFSINIF243F24X44,NNN(Y)y=R(2844J),H3)
ECOS(=F34F33X4yMA{]1)y=R(41,J)yH2)
EFSIN(=F3,F3,X4,MB{1)y=R(42,J),H2)
ECOS(F3,F3,X44MC(1)y=R{434J)4H2)
ECOS(=F44F4¢X44ME(]1)y=RlAL14J)4HL)
ESIN(=F&4,F4yX44MF(1),y=RP(62,J),yH1)
FCOS(F4 yF4yX44MG(1)y=R(63,J),4H1)
ESIN(F43F4yX49yMH(1) 9=R(6449J)4yH1)
PlayX448(12),Q4H4)
PU3yX4yNA(L)yRELTy ) yHEG)
P{2yX4yNB{1)4R(18,J)4H4)
P(1yX4yNC(1)4R(19,J),H4)
ECOS(=F1lyFlyX4yND(1)4R(29,J),4H3)
EQIN("FloFIQX"pNF(,”p(-“O'J)'H"

12:44:03



S e A

RTRAN Ty G COMPILER MATN 07-30-76 12:44:03
204 CALL ECOS(FLyF14X4yNF(L)4RI3140),H3)

i CALL ESIN(FL,F1,X4yNG(1)yR(324J)9H3)

i CALL ECOS(=F24F2,X4yNH(1)4R(45,)yH2)

' CALL ESIN(=F24F2,X4yNI(1)yR(464J)4H2)

by CALL ECOS(F2,F2,X4yNJ(1)4R(4T4d)4H2)

A CALL ESIN(F2,F2¢X4yNK(1) R{48yJ)yH2)

Bl CALL ECOS{=F3,F3,X4sNL{1)yR(6540)4H1)

12 CALL ESIN(=F2,F33X4yNM(1)yR(664J)4HT)

ek CALL ECOSUF3,F3,X4yNP(1)4R(674J)4HL)

0, CALL ESIN(F3,F3,X4yNQ(1)yRI685J)4H1)

it DN 10 I=1,4

T [1=1+12

g TE(T.NE.1IGN TO 9

& B(13)=8(13)=R(8, J)+R(204J)

£319 g CINTINUF

i 10 BOIT)=BOIT)#KIT)+L (T )+KK(TI+LLITI#GITI#VII)I#GGITI VYIS

*MM(I)fNN(I)#MMM(l)*NNN(I)OMA(I)*”R(!)GMf(!)*MC(Ii*
NACT)#NRIT)4NCITI#ND(T)#NE(T)#NF(TI+NGET)+NH(T )+
ANTCT)#NJCT)#NKCT)#NLCT)+NMET) #NP (T +NQU T+

AME(T )#MF(T)#NGIT)#MH(T)

'r81 CALL P(4yX54K(1)y=QyHb)

82 CALL PU34X5,L(1)y=R(17,J),H4)

183 CALL PU2yX54KK(1)y=R(18,J),H4)

1186 CALL PUlgXS54LLIL)y=R(19,J)yH&)

195 CALL ECOS(=F1lyF1yX5¢6(1)y=R(29,J),H3)
P CALL ESIN(=FLyF1,X5,V(1),=R1304J)yH3)
ey CALL FCOSUFL,FlyX5,6G(1),=R(31,J)4H3)
188 CALL ESIN(FLyF14X5,VV(1)y=R(324J)yH3)
o CALL ECOS(=F2,F2,X54MM(1),=R(4540)4H2)
+90 CALL ESIN(=F2,F2,X5,NN(1),=R{464J)4H2)
s CALL ECOSUF2,F2,X5 MMM(1)y=R(474J)H2)
)4 o CALL FSYN(FZ,FZ,XS'NNN(I’p'R(’fﬂ,J’,HZ’
Ty CALL ECOS(=F34F3,X5,MA(1)g=R1654J)¢H1)
e CALL FSIN(=F3,F3,X5,MB(1)y=R(664J)4H1)
};qs CALL ECOSIF3,F3,X5,MC(1)4=RI6TyJ)yH1)
p496 CALL ESIN(F3,F3,X5,MD(1)y=R(684J)4H1)
S CALL Pl4yX5,B(17),Q,H3)

*98 CALL P(3,X5,NA(L)4R(33,J),H3)

99 CALL PU24X54NB(1)R(34,J)4H3)

200 CALL P(1yX54NCIL1)4R(35,J)yH3)

201 CALL ECOS(=F14F14X5,NN{1),R(49,J),4H2)
202 CALL ESIN(=F1,F1,X5,NE(1),R(50,J),H2)
03 CALL ECOSIFlyF1yX5,NFUL)4R(51yJ)sH2)
04 CALL ESIN(F1,F1yX5,NG(1)yR{524J)4H2)
ke CALL ECDS(=F24F24X5,NH{1)4R169,J),H1)
1296 CALL ESIN(=F2,F24X54NT(1)4RIT0¢I)oH))
207 CALL ECOS(F2,F2yX54NJ(1),RITL,J)H1)
108 CALL ESIN(F2,F24X5,NK(1)yR(T24J)sH1)
099 PN 12 T=1,4

210 I1=1+16

1l IF(1.NE.1)GO TO 11

212 B(17)=8(17)=R(20,J)+R(36,J)

>13 11 CONTINUE

514 12 BUIT)=BOIT)+K{T)¢L(T)+KK(T)+LL LT)+G(T)+VITI+GGLTI+VVITI*

*MM(I)0NN(I)+MHM(I)+NNN(1)fMA(I)an(l)tMC(I)*MD(I)*



T
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ANA(T)IENBITI)#NCIT)+#ND(T)+NELT) «NFIT)ENGIT)+NH(T )+
ANT(T)ENJ(T)#NKI(T)
CALL P(lo,Xb,K(lh-Q,H'H
CALL P(34X69eL(1)y=R(334.)4H3)
CALL Pl2yX64KK(1)y=R(34,J)4H3)
CALL P(l1yX69LLI(L)y=R(35,J)4H3)
CALL ECOS{=FlyFlyX6yG(1)y9=R(494J)4H2)
CALL ESIN(=F14Fl4X64VI1)4=R(5N4J)4H2)
CALL ECOSIFl4FlyX646GGI1)y=R(51,4J),4H2)
CALL ESIN(FY FlyX64VVI1)4=R(52yJ)4yH2)
CALL ECOS(=F2,F24X64MM{(]1)y=R{69yJ),yH1)
CALL ESIN(=F24F2¢4X64NN(1)y=R(T704J)4H1)
CALL FCOSIF24F2,X64MMM(1)y=R{T714J),4H1)
CALL ESIN(FZ,FZ,vaNNN(l,"9(72vJ’le’
CALL Pl4yXH64B(21)4QyH2)
CALL PU3,X6,NA(1)yR(53,J),H2)
CALL P(2yX64NBIL)yR(54,40)4H2)
CALL P(lyX64NC(1)yR(55,J)4H2)
CALL ECOS({=FlyFl¢XE4yND{L)yR{73,J)4H1)
CALL ESIN{=FlyFYl¢yXE6E4NE(L)yR{T44J)y4H1)
CALL ECOSIFL4FlyX69NF(1)4R(75,J),4H1)
CALL ESINIF14FLlyX64NG(1)4yR{T6E4J)yH1)
D0 14 I=1,4
I1I=1+20
IF{T1NEL1)IGO TO 13
B(21)=B(21)-R(364J)4R(56,J)
13 CONTINUE
14 BUOIT)=BUITI)+K(I)+L(TI)KK(T)+LLII)+G(I)I+V(I)+GGIT)+VVII])+
AMMUT)#NN(T) MMM T) #NNNCI)#NACT)+#NRCT)+NCIII+ND(TI) +
ANEIT)#NF(I)#NGI(T)
CALL P(4,XToK(1)y=Q,H2)
CALL P{34X74L(1)y=RI153,0)4H2)
CALL PU2yXTyKK{1)3=R{5444)4H2)
CALL PULyXTyLL{L) y=R{55,J)4H2)
CALL ECOS(=F1yFleyXT4G(1)y=R(T3,.0),HT)
CALL ESIN(=FlyFl yX74VI1)e=R(T74,40)4H1)
CALL ECOSIFl4F14XT74GG(1)y=R(T54J)yH1)
CALL ESINIFLaFLlyXToVVI1)y=R(T64J)yH1)
CALL P(4¢4XT74B(25)40Q4HL)
CALL P(24XTyNB(1),yR(78,J)yH1)
CALL PU1yXTyNCI1)4RUT94d)4yHL)
NPT 16 I=144
11=1+24
IF(TNELL)GO TO 15
B(25)=B(25)=-R(56,J)+R(8B0,J)
15 CONTINUE
16 BUIT)=R(TI)+K(I)+L(T)+KK{I)+LL(T)I+GLI)+VIT)+GOEIT)+VVI(I)+
«NA(T)#NB(TI)&NC(I)
CALL P(44XByK(1)y=0yH1)
CALL P(34X8yL(1)y=R(TT740)4HY)
CALL P{2yXByKK(1)y=R(78,J),4H1)
CALL P(14XByLL(1)y=R{T9yd),yHL1)
DN 13 I=1,4
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RS

11=1+28
IF(INEs1)GO TO 17
B(29)=8(29)=R(80,J)

17 CONTINUE
18 BUIT)=R(TT)#K(I)*+L (I +KK(T)+LLLT)

B(33)=QQ

C**%«SNLVF THESE EQNS BY NAG FO4ATF

IFAIL=0
rAL' F(MATF(A,Bb.B.%vaoAA.%b.NKS] gWKS?'IpAIl'

WRITE(6430)(C(I),1=1,36)

C*#*CALCUL ATE DEFLECTIONS AT AR

Y1=3,5
Y2=6.5

Y3=0,5

Y4=12.5

Y5=1505

Y6=18.5

Fl=F1%y?2

F2=F2¢Y3

F3=F3%Y4

F4=F4%Y5

F5=F5%Y6

EX1)=NEXP(=F1)

FX12=NEXP(F1)

€CN1=DCNS(F1)

SI1=NSIN(F1)

EX21=DEXP(=F2)

EX22=DFEXP{F2)

CN2=NCOS(F2)

S12=NDSIN(F2)

EX31=DEXP(=F2)

EX32=DEXP(F3)

CN3=NCNS(F3)

SI3=NSIN(F3)

FX41=DEXP(=F4)

EX42=DEXP(F4)

CN4=DCOS(F4)

ST14=DSIN(F4&)

EX51=DEXP(=F5)

FEX52=DEXP(FS5)

CN5=0COS(F5)

S15=DSIN(F5)
ADEL1=Q#Y1*%44R(17,J) %Y1 *%x34R (18,
AST1=EX11%*(R(294J)*¥COLI+R(30,J)*STLI+FX12%(R(3],
ADEL 2=ADEL1+AS1
Asz=exz1*(n(4s.J;trnz+nt4e.4)*syza+fx32~(9(47.J)*f02*°!48-J'*SY2?
ANFL2=ANEL2+AS?2
AS3=EX3)*(R(bS.J)*Cﬂ?*R(bb,J)*SI3)fFKBZ*(R(67oJ‘*CO3fR(69'J’*SI3'

ANEL4=ANEL 3+4AS3
ASA=EX41*(C(15)*Cﬂ4+f(16)*§I4)0FX42*(f(17)*C040C(18}*S!4)
ANELS5=ACEL4+AS4

WRITE(b,40)ATFL 1 ,ANDEL2,ADEL3,ADFL4,ANELS
Rq&l1=0*Y1**4#R(5;J)*Yl**3§R(F,J)‘Ylt*?GQ(7,Jl‘Y1*F(9'1’
BSI=FX11*(P(13'J)¥COI+R(14,J)#S11)4“X]?'(Q(]‘.J’*CFX+R(16.Jl*Sl]‘
BDFL2=RDFL]+BS1

)“Yl**?*P(leJi*Yl*P(ZO,Ji
JI*CNI#R(32,J) #5511
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BS2=FX21%(R(25,J)*%CO2+R(264J)*ST2) +FX22%(R(2T4JI*¥CN2+R( 2R, J)%*S12)
BNEL3=RDEL2+RS2
BS3=EX31*(R(41yJ)#CO34R(42,J)%ST3)+F X324 (R(43,J)%CO3+R(44,J)%S13)
BDEL4=BNEL3+BS3
BS4=EX4)1*(R(614J)*CO4+R(62,)J)%ST4)+FX42%(R(63,J)*¥CN4+R(64,J)%CT14)
BDFL5=BDEL4+BS4
BSS5=EXS1*¥(C(11)*COS+C(12)*SISI+EX52*(C(13)*CN5+C(14)%SIS)
BRDEL6=BDELS5+BS5

WRITF(6450)BDELY,BDEL2,BDEL3,BNFL4,BNDELS,RDELS

C¥*xCALCULATE PACK LOADS AT A,B

20
30
40
50
60
70

LAL=(ADFL2-ADFL1)*T1
LA2=LAL1+(ADEL3-ADEL2) *T2
LA3=LA2+(ANEL4-ADEL3)*T3
LA4=LA3+(ADELS=ANEL4)*T4
WRITE(6460)LAL,LA2,1LLA3,LASL
LBL=(RDEL2=-BDEL1)*T1
LA2=1LB1+(BDEL3-RDEL2)*T?2
LB3=LB2+(BDEL4-BDEL3)*T3
LB4=LB3+(BDEL5=-BDFL4)*T4
LB5=LB4+(BDEL6=-RDELS)*T5
WRITE(A6,701LBL,LB2,LB3,LR4,LRBS
FORMAT{'1RATF OF ANVANCE ',1PD8.1)
FORMAT('0 "94(1PN13,6,2X))
FORMAT('ODEFLN AT A ',5(1PD11,4,2X))
FOARMAT( *ODEFLN AT B ',6(1PD11.4y2X))
FORMAT(*OLOAD AT A *,4(1PD1043,2X))
FORMAT (*OLOAD AT B *'4,5(1PD1043,2X))
CONTINUE

STOP

END

IORY RFQUIRFMENTS 00D142 BYTES
MINATED

G
INS



RATE OF ADVANCE

3.2408550 00

4.243510D-02

2923730D-11

2.821561D-11
1.087985n-10

1.173973D-09°

1.035914n=-07

4.5720450-08

4.122119D-04

DEFLN AT A

1.0173D-02

3.0D 00

2.547743D0-01

-9,862840D-11

-1.3853050-11
=1.994970N-10

-5.284885D-C8

-9.589483N-08

-3.,601384D-C6
8.247112D-03

=9.2382450 01

=-1.176312D-02

=G 779992Nn-03

-T7.129884D-03
=44784007D-03

-2.658090n-03

=-2,210094N-04

-=1.2570310-05
Be4T71116D-04

=7.7289250-05

-1.417640D-03

1.2140620-03

2.260866D0-03
3.9040490-03

4.591206N-02

4,120597D-03

3.2150980-05
2.1138050-04

1.C781D=02  1.0856D=-02
NEFLN AT B  1.04530-02 1.11020-02 1.11790-02
LOAD AT A 2,2550 02  2.769D 02  2.485D 02  2.294D 02
LOAD AT B 2.4040 02  2.936D 02  2.660D 02  2.468D 02

2T419200-03

1.08260-02

1.1150N-92

1.08100-02

1.1134n-02

24620 02

IAAY

1.11340-02 ,



RATE NF ADVANCE

4.045803D 00

44239876D-02

143990900-13
5¢4579756D-12
1.1556968D-11
1.617396D-09

5086457D0-08
Q,.853753D0-08

6.CN 00

2.52S8710-01

-5+7111190~-11
-6.215519Nn-11
=3.4721980-11
=2.254569D-08

-5.478568n-08
=1.521904D-06

-9.062811D0 01}

-1.€78525N-02

-9.005138Nn-02
=-6,5£8591D-03
-4,7C8751D-03
=2.892579N-03

-5.656389N=-04%
-1.187542n-05

=T7.731622D=05

2.741829N=-03

-1.597402D-03

6.0935997D-04
2.516320D0-02
3,292753n=-02
32¢983344D0-03

3.795223Dn-02
2.631074D-05

3.6915610-04 8173571N-03 Te735710N=-04 1.7298320-04

NEFLMN AT A §,9301D-032 1.03880-02 1.04160-02 1.9389n-02 1.0281N-02

NEFLN AT B8 1,.922800-02 1.0781D-n2 1.,0809D0-02 1.0784D-02 1.07760-02 1.0776D-02 !
LOAD AT A 2.,443D 02 207160 02 23650 02 2.238D 02 “g
LOAD AT 8 2.6720 02 2:937TH 02 2.6180 02 2¢4493N 02 2.505D 02



RATFE NOF ADVANCE 4,50 00

4.4888190 20 =-9,001917D 01

442225460D-92
1.824648D-12
5729189012

6.695124D-13
1.2508420-09

2.7332480n-08
4.636645N-08

2.508909n-01
-2.665997N~11
-3.4789780-11

-2.520550n-11
-1.1053000-08

-4,043642D-08
=-T7.820317n-Q7

-9,G884248n-03
=8,356939D=03
-6.,708825D-03

-4,€637507D-03
-3.009055D=-03

-T7.468589D-04

-T7e727563N-05

-1.4361680-03
4.479628N-04
2.114894n-02

2969295003
3.6020680-03

2.603402n-03

2.T7371630=-03

-1.144286D-05 2.287210D-05
3.429902D0-04 8.126C87D-03 T«2S0B6TN=04 1.592754N-04
DEFLN AT A 9,7832D-03 1.9157n-02 1.0165N-02 1.01410=-02
NEFLN AT 8 1,01790-02 1.0586D-02 1.0603n-02 1.0581N-02
LOAD AT A €540 02 2.652D 02 2.284D 02 2.292D 02
LOAD AY R 2,849D 02 2+936D 02 25910 02 2.510D 02 2.530D 02

SToe 0

EXFCUTINN TERMINAT=D

$SIG

1.0137D-02

1.0577D-0? 1.0578D-02

61€



APPENDIX 111
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C*x*¥%¥SHNORT FACE ADVANCING WITH CONVL. CEMTRE PACKS
Cx%%PROG FNR DEFLNS & PACK LDADS AT PT A RY LONGL. CONSINDERATIONS
Cx%xINVOLVING APPLICATION OF CONTINUITY CONDITIONS TO
C*x**NEFLN. FCNS, UP TO STAGE 9
Cx%xs SOLVING RESULTING SIMULTANENUS EAQNS.
Cx%%xT0O OBTAIN 244INTFGRATION CONSTS.
Ckk¥x
SURROUTINE ECNS(AyRyX,Y,C)
C¥4xY(1) IS THE FUNCTION C*FXP(AX)‘COS(BX,
CHxxY(2),Y(3),Y(4) ARE THE DERIVATIVES
DOUBLE PRECISION A'BgC,X'Y(4‘.Z'ZI.ZZ.DEXP,DcnSoDSYN
Z1=A%X
22=8%X
Y(1)=C*NEXP(21)%DCNS(Z22)
Z=C*DEXP(Z1)*DSIN(Z2)
Y(2)=A*Y(]1)-B*7
Y(3)=(A%A=BxP )XY (] )=2,%A%RA*]
Y(#)’(A*A'3.*R*B’*A*Y(l’“(3-*“*&'8*3)*3*7
RETURN
END

AL MEMORY REQUIRFMENTS 000286 BYTES

SURRDUTINE ESIN(AyByXyY,C)
Cekky(1) IS THE FUNCTION C*EXP(AX)*SIN(BX)
Casxy(2),Y(3),Y(4) ARE THE DERIVATIVES

DOURLE PRECISION AgByCyXoY(4)92ZeZ1472,y

Z1=A%X

12=B%X

Y(1)=C*DEXP(Z1)*DSIN(Z2)

2=C*DEXP(Z1)*DCNS(22)

Y(2)=A%Y(1)+B*7

Y(3)=(A*A-B*B)*Y (1) 42, %L *B*Z

Y(4)=(A*A=3, ¥BHR)RAKY (1) +( 3. kA%A-R*B)*B*7

RETURN

END

NEXP,DCOSyNSIN

‘AL MEMORY REQUIREMENTS 000284 BYTES

)
3

SUBRNUTINE P(NyXyYsAsH)
Cex%Y(1) IS THE FUNCTION A*(X=H)**N
CexsY(2)yY(3),Y(4) ARE THE DERIVATIVES

DOURLE PRECISION XyeY(4)¢ZyAsH

l=X=H

Y(1)=A%72%%N

Y(2)=A%NkI*%x(N-1)

Y(3)=A%RNk(N=1)%7%k(N=-2)

Y(4)=A®RNR(N=1)%(N=2)*%2%* (N=3)

RETURN

END

‘AL MEMORY REQUIRFMENTS 000308 BYTES

Cxe4MEANINGS OF SYMBOLS USED IN PRNG.
C*‘*E=ALPHA.F=BETA,DB=C3'D4=C4.EP=E(PACK).
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C¥**(Q=Q2/24D2,QQ=(Q1+Q2) /K2y H=(L1+W)/24PL]14PL2yese=PACK LOADS AT PT A
Cxx*A,B8,C IN EACH STAGE ARE THE FLEMENTS OF THE MATRIX FQN A*C=R,
CxxxC BEING THE UNKMNOWNS,
C¥xx
DOUBLE PRECISION EoQeQQyKyHyD3,D4,F,A1(16,16),A2(20,20),
*¥A3(24424) sA4(28428)49A5(32,32)yA6(36,436),B11(16),R2(20),
*¥B3(24),B4(28),R5(32)4B6(36),C1(16),02(20),C3(24),C4(28),C5(32),
*C6(36),AA1(164516),AA2(20420)yAA3(244,24)AA4128,428),AA5(32,32),
*¥AAG(36936) yWKS11(16),WKE21(16) 4WKS12(20),WKS22(20),WKS13(24),
*WKS23(24) yWKS14(28) yWKS24(2R) ,WKST15(32) ,WKS25(32),WKS16(36),
KWKS26(36) dKKI4)gLL(4) yMM(4)NN(4) 3 VVI4L) 4X34X44X5,X6,
¥AT(40440)4BT(40)4CTL40),AAT(404,40) WKSTIT(40) ,WKS27(40),
*AB(44,44) BB(44),C8144)4AA8(44,44) UKS1B144) WKS28(4%),
“PLSyPLESVELZVEEHEP,
V9, V164V24,V23,V43,V54,PL14PL2,PL3,PL4yPL5,DEXP,NCOS,NSIN
C*¥*% IST THE KNOWN CONSTS.
E=0e 39
Q=7.qq60"7
QQ=7.4D-3
H=5.5
D3=-1,0053D=-4
D4=1,0891D=2
1010] 101 l.=115
K=3,5N+4%1 /1.9
EP=K*1,9
WRITF(6,1000)EP
F=(K/4,8D+7)*%0,25
C**«+ASSIGN INITIAL ZFRO VALUES TO ALL MATRIX & R,H,Se. ELEMENTS
DO 1 I=1,16
NN 1 J=1,16
Al(J,1)=0.
BL(I)=0.
1 CONTINUE
DY 2 I=1,20
DO 2 J=1,20
A2(J,1)=0.
2 B2(1)=0,
D0 3 I=1,24
DN 3 J=1,24
A3(J

A5(J,1)=0,.

5 B5(1)=0.
DY 6 1=1,36
Ny 6 J=1,36
Ah(ng)=Oo

6 B6(T1)=0,
DD 70 1=1,40
No 70 J=1,490
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70

80

AT(JI,1)=0.
B7(I1)=0.

DD RO T=1,44%4
DN 80 J=1,44
AB(J,y1)=0.
BB(I)=0.

C**¥STAGE 2--FORM & SOLVF EQNS FOR CS TO (20

CALL ECNS(=F4EyléesAlll,1)41.)
CALL ESIN(=F,FylaesAll1,42)y1.)
CALL P(2,1449A1(143)4=1440.)
CALL Pl2y14e,A2(1,4),=14,04)
CALL Pl1ly14,s4Al01,5)4=14404)
CALL P(Dy14esAl(146)9=1440.)
CALL P(3,9.9sA1(5+3)914404)
CALL p(?'Q.pAl(S""lo'o.'
CALL P{149¢4A1(5,5),14,0.)
CALL P(0y9asAl(546)410a40.)
CAiL EC”S(‘F'F'Q.'AI(S'?,'—IO'
CALL ESIN{=F,F,9.4A1(5,8)y=1s)
CALL ECOS(FyFy9e9AL(549)9=1.)
CALL ESIN(F.F.Q.'Al(5'10,p-l.)
CALL ECNS(=F4Fyb6asAl19,T7)y1.)
CALL ESIN(=Fy4Fs6.4A1(9,8),1.)
CALL FCOS(FyFy6e9Al(9,59)410)
CALL ESINIF F,649A1(9,10)414)
CALL P(336e9A1(9,11)y=1.,40.)
CALL Pl246e3AL19412)9=10404)
CALL p(l'6o"1(9'13"-10900’
CALL P(0OybesALL9,14)4=14y04)
Al(13,14)=1.

All(l4413)=1.

Al(15,12)=2.

Al(1l6411)=6.

CALL FCOS(E,F400,A1(13,15),~1s)
CALL ESIN(EsEy0esAL(13,16),~14)
CALL P(44144,481(1),4Q,0.)
Bl(1)=B1(1)=-QQ

CALL P(49949KK(1)3Q4H)

CALL P(249«sLLIY)4D3,H)

CALL D("QQ.QE].(S)""Q!O.’

DO 8 I=1,4

11=1+4

IF(I.NE.1)GO TN 7
BL(5)=B1(5)+04

CONTINUE
BI(TT)=BLITT)+KK(I)+LL(T)

CALL Pl&,649KK(L),=QyH)
CALL P(296eylL(1)y=D34H)
CALL P(4464481(9),40Q40.)
DO 10 1=1,4

I1=1+8

IF(]NE.1)GO TO 9
B1(9)=R1(9)-D4

CNNTINUE
BL(IT)=BLITI)+KK(I)#LL(T)

10:12:21
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B1(13)=QQ
IFATLL1=0
CALL FO4ATF(Al,164Bl,16,C1,AA1416,WKS]1]1,WKS21,TFATILL)
C**%xSTAGE 3-C21 TO C40

CALL FCOS(=E+F417a9A2(1,1),1.)
CALL ESIN(=E,Fy1744A2(1,2),1.)
CALL P(34174+A2(193)y=14+04)
CALL P(241744A2(144)4=14.40.)
CALL Pl1y17449A2(145)9=1440s)
CALL 9(0917.7A2(1’6’9'1010.’
CALL P(3,1249A2(543)914y04)
CALL P(241249A2(594)914404)
CALL P(141244A20545)41ay0.)
CALL P(O,lZ.oA?(S.bhl.pO.)
CALL FCOS(=F4F412.9A2(547)4y-1.)
CALL ES!N‘—F'F’IZQQAZ(S'B"-10’
CALL ECOS(F'F'IZQQAZ‘qu,Q-lo’
CALL ESIN(Fy4F41249A2(5410)4-1,)
CALL ECOSU(=F4F4949A2(947)y1,)
CALL ESIN(=F4F49,,A2(9,8),1,)
CALL FCOS(F,F49.4A2(9,49),1.)
CALL ESIN(FyF49.,A2(9,10),1.)
DN 12 J=11,20
JJ=J-4
DN 12 1=9,20
I1=1-4
A2(1,J4)=A1(11,J0)

12 CONTINUE
CALL P(4,17.,4B2(1),2,04)
B2({1)=82(1)=-QQ
CALL P(3912.9B2{5),4C1(3),0.)
CALL P(2y1249KKI(1)4C1(4),0.)
CALL P(1,12.4LL(1),C1(5),0.)
DO 14 I=1,4
[I=1+4
IF(I.NE.1)GN TO 13
B2(5)=B2(5)+C1(6)

13 CONTINUE

14 B2(IT)=R2(T1)+KKLT)+LL(T)
CALL P(449.,,482(9),Q,H)
CALL P(249«¢KKI(1)¢4D3,4H)
CALL P{4,9.,,LL(1)y=Q,04)
CALL P(345e¢MM(1)y-C1(3),0.)
CALL P(2¢9e9AN(1)4y~=C1l(4),0.)
CALL P(1¢49e9sVVI(1),-Cl(5),0.)
DN 16 1=1,4
I1=1+8
IF(I.NE.LIGD TO 15
B2(9)=B2(9)+04~-C1(6)

15 CONTINUE .

16 B2(TI)=B2(IT)+KK(T)+LLET)eMMIT)ENN(TI+VVIT)
DO 18 1=13,20
I1=1-4
B2(1)=B1(ITI)

18 CONTINUE
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: IFAIL2=0

7 CALL FOﬁATF(AZ.ZO.BZ.ZO,CZ.AAZ'ZO,WKSIZ.HK522.!FAILZ’

\ C***STAGE 4==C41 TO C6H4

CALL ECOS(=F4Ey20e9A3(1,41),41)

CALL ESIN(=FyF420.9A3(142)41s)
CALL P(3,2009A3(1,3),=14,0.)
CALL P(2,20e9A3(154)s=14+0s)
CALL P(!.Zﬂ..A3(l'5)'-l..0.)
CALL 9(0'20.'A3(1'6"‘1000.’
CALL P(3,15.9A3(5,3)41.40.)
CALL P(241569A3(544)91e40¢)
CALL p(l,l5.QA3(5'5’olo'Oo’
CALL p(O'IS.'A3(596"1.'0.,
CALL FCOS{=F4Fy15.9A3(5,7)y=10)
CALL ES'N(‘FQFQIS.9A3(5'8)'-10’
CALL FCDS(FpF,IS..A3(5.9)p-l.)
CALL ESIN(FyFy15.9A3(5,1C)y=1s)
CALL ECOS(‘F'F11209A3(9'7)'1¢’
CALL ESIN(=F,Fy1244A3(9,8)91s)
CALL ECDSUF,Fy12.9A3(9,9),1.)
CALL ESIN(Fy Fy1249A3(9,10)414)
nn 20 J=11,24
Ji=J=-4%
DN 20 1=9,24
[I=1-4

20 A3(1,5)=A2(11,JJ)
CALL P(442049B3(1)4Q404)
R3(1)=R3(1)-QQ
CALL P(3,15.,B83(5),C2(3),0.)
CALL P{2,15.4KK(1),C204),0.)
CALL P{141544L0L(1),C2(5),04)
DN 22 I=1,4
I1=1+4
IF(T.NE.1)GO TO 21
B3(5)=B3(5)+C2(6)

21 CONTINUE

22 BI(T11)=B3(TI)+KK(T)+LL(T)
CALL P(3,12.4B3(9),C1(3),0.)
CALL P(2,1244KK(1),C1(4),0.)
CALL P(141245LL(1),CL(5),0.)
CALL P(3412.¢MM(1)4=C2(3),0.)
CALL P(24124yNNI1),=C2(4),0.)
CALL P{1412,,VV(1),=C2(5)40.)
DN 24 I=1,4
[1=1+8
IF{1.NE.1)GO TN 23
B3(9)=83(9)+C1(6)=C2(6)

23 CONTINUE

54 BI(IT)=R3CIT)+KK(T)#LLUT)I¢MMET) eNN(T)+VVIT)
DO 26 1=13,24
I1[=1-4
B3(1)=82(11)

26 CONTINUE

IFAIL3=0
CALL F04ATF(A3024933024'C3'AA30240NK513'HK523|lFA!L3’
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Cx%xxSTAGE 5--C65 70 (92

CALL ECNS(=EyEy23a4A4(1s1)yl.)
CALL ES'N(-E'EQZBQ'AIO(IQZ)110,
CALL P(3423.4A4(143)y=1440.)
CALL P(242349A4(144)9~1440.)
CALL P(l'23o'A4(1'5,v"10900,
CALL P(0D42343A4(145)9y=1e+04)
CALL P{3,18.9A4(543)y14,0.)
CALL Pl2,1849A4(544)414,404)
CALL P(14918,9A4(5¢95)91e90.)
CALL P(041849A4(546)91a90s)
CALL ECOS(=F4F418,9A4(547)9~1¢)
CALL ESIN(=F4Fy18,,A4(5,8)y~1.)
CALL FCDS(F;F.IB.'A"(S'Q"']..’
CALL ESIN(FyFy18,9A4(5,10)y~1,)
CALL ECOS(=F4F41549A4(9,7)yle)
CALL ESIN{=F4F41549A4(948)y1.)
CALL FECOS(FyF415.4A4(9,9),1.)
CALL ESIN(F F,15,9A4(9410),41,)
DO 30 J=11,28
JJ=J-4
DN 30 1=9,28
I11=1-4

30 A4(T1,J)=A3(11,4J)
CALL P(4,23.,4B4(1),Q,0.)
B4(1)=B4(1)=-C0
CALL P(3,184+B41(5)4C3(3),0.)
CALL P(2518,+KK{1)9C3(4),0.)
CALL P(1,18,,LL(1),C3(5),04.)
DN 32 I=1,44
I11=1+4
IF(T,NE.1)GO TO 31
B4(5)=B4(5)+C3(6)

31 CONTINUF

32 B4(TTI)=R4(IT)+KK(T)+LL(T)
CALL P(3915.4B4(9),C2(3),40.)
CALL P(2y15,9yKK(1)4C2(4),404)
CALL P(1,15,9LL(1)4C2(5),40.)
CALL P(34154.4MM(1),y=-C3(3),0.)
CALL P(24154 4yNN(L1),y=C31(4),0,)
CALL P(1,15.,VV(1),-C3(5),0.)
DN 34 I'—’l,lf
II=1+8
IF(INELI)GN TO 33
B419)=RB4(9)+C2(6)-C316)

33 CONTINUE

34 B4(TTI)=R4(TTI)+KK(TI)+LL(T)+MM(TI)+NN(T)+VVI(I)
DN 36 1=13,28
[1=]=4
B4(T)=83(11)

36 CONTINUF
IFATL4=0
CALL FO4ATF(A44284B442ByChayAA4,28,WKS14,WKS24,1FATILSG)

C**%STAGE 6--C93 T(O Cl24

CALL ECOS(=F4E926e9A5(141)y14)
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CALL ESIN(=F4F¢2649A5(142)914)
CALL P(3o26.'A5(1.3).-l..0.)
CALL p(2'26.'A5‘1’4)'-1000.)
CALL D(lo?bo'AS‘lvs,'-IOOOQ’
CALL 9(0’26ooA5(l'6"-10900,
CALL P(3,2149A5(543)91440.)
CALL P‘2’2109A5(5'4,'1.’00,
CALL P(1,2144A5(545)y1e40.)
CALL P(0421e9A5(546)41e904)
CALL ECOS(=F4Fy42144A5(5,7)y=1e)
CALL ESIN(=F,F421,4A5(5,8)4=1s)
CALL ECOSU(FyF421a9A5(549)9=14)
CALL ESIN(F,F,21.,85(5,10)4=1¢)
CALL ECOS(=F4Fy18a9A5(9,7)414)
CALL ESIN(=F,F,y18.4A5(9,8),1.)
CALL ECOS(F.Fplﬂ.’Aq‘qiq"lo,
CALL ESINIF4F419.,,A5(9,1C)y1.)
DN 38 J=11,32
JJ=J=4
DN 38 [=9,32
11=1-4

38 AS(1,J)=A4(11,J4J)
CALL P(442649B85(1),Q40.)
B5(1)=R5(1)-QQ
CALL P(3421+4B5(5)4C4(3),0.)
CALL P(2421.9KK(1),C414),0.)
CALL P(1,21a4LL(1),4C4(5),40.)
DN 40 1=1,4
[I=1+4
IF(1.NEL1)GO TO 39
B5(5)=B5(5)+C4l(6)

39 CONTINUF

40 BS(TI)=RS{IT)eKK(I)+LL(I) -
CALL P(3,184,B5(9),C3(3),0.)
CALL °(2y18..KK(U,C3(4hO.)
CALL P(1418.4LL(Y),4C3(5),40.)
CALL P(3,18,4MM(1),-C4(3),0.)
CALL P(2418.¢yNNl1),~-C4(4),0.)
CALL P(1,184,4VVI1),4=C415),0.)
DN 42 I=1,4
[I=1+8
IF{I«NE.1)GN TO 41
BS(9)=R5(9)+C3(61=-C4(6)

41 CONTINUE

42 BS(TT)=BSCIT)+KK(T)+LLIT)eMMUT)+NNETI+VVLIT)
DN 44 [=13,32

B i i e e e T o g = Lp T 0 = s o i e S i = RV S e -~ I o s

B i A L o

[1=1-4
! B5(1)=84(11)
} 44 CNNTINUF
b I[FAILS=0

CALL FO4ATF(AS932,B5932,C592A5,32,WKS]15,WKS25,1FAILS)
C*#%STAGE 7==C125 TO C160
) CALL ECNS(=EyE429.9A6(151)41s)
' CALL ES‘N("EQFQ?Q.oAb(l'Z)Qlo’
) CALL P(392944A6(193)y=14404)
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CALL P(2429e4A6(194)y=10e90.)
CALL p(l'2909A6(1'5)'-].'00’
CALL °(0.29..A6(1.6lc-1.'0-’
CAL‘ P(3'24.9A6(5’3)110'0.’
CALL P(242444+A6(544)414404)
CALL P(1l924,+A6(545)91ey04)
CALL P(092449yA6(5496)91e90e)
CALL ECOS{=F,F 4244 4A6(5,7),y-1,)
CALL ESIN(=F4F424,4A6(5,8)4y-1.)
CA'L ECDS(F.F,Z‘O.,Ab(SQQ)'°Io,
CALL ESIN(F,F424,,A6(5,10),4-1,)
CALL ECOSU=FyF421a9A6(9,T)yl.)
CALL ESIN(=F,F,21s926(9,8)y1.)
CALL ECOS(F,F421.9A6(9,9)41.)
CALL ESINIF,F421.,A6(9,10),1.)
DD 46 J=11,36
Ji=J=-4
DO 46 1=9,36
I[=1-4

46 A6(14,J)=A5(11,JJ)
CALL P(4,29.,4B6(1),0,0,)
B6(1)=B6(1)-QQ
CALL P(3424.4B6(5)4C5(3)40.)
CALL P(2y244+KK(1),C5(4),404.)
CALL P(142444LL(1)4C5(5),0.)
DN 48 1=1,4
II=1+4
IF(T<NELLIGO TO 47
B6(5)=B6(5)+C5(6)

47 CONTINUF

48 B6(IT)=B6UTT)+KK(TI)+LL(T)
CALL P(3,21.4B6(9),C4(3),0.)
CALL P(2421a9KKI(1)4C4(4),0,)
CALL P(1,21.,4LL(1),C4(5),0,)
CALL P(3421eyMM(1),-C5(3),0.)
CALL P(2421«¢NN(1),-C5(4),0.)
CALL P(1y2144VVI(1),-C5(5),40.)
DN 50 1=1,4
II=1+8
IF(T.NE.1)GO TO 49
BAl9)=B6(9)+C4(6)-C5(6)

49 CONTINUE

S50 B6(TI)=B6(IT)+KK(I)+LL(T)+MMIT)+NN(T)I+VV(I)
DN 52 1=13,3¢
[I=1-4
B6(1)=B5(11)

52 CONTINUE
[FAIL6=0
CALL FO4ATF(A64364B6,36,C64AA6,36, AK§16 WKS26,IFATLG)

C***STAGE 8--Cl61 TN C200

CALL ECDS(=FEyE+32evAT(151)515)
CALL ES!N(-E.F.B?..A?(I.Z).I.’
CALL P(3922,9A7(143)9-1.40,)
CALL p(2'32..A7(l’4""lo'00)
CALL p(1932o9A7‘195’0‘10000’
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CALL P(0y3249AT(146)9=1a404)
CALL P(2,2749AT(543)41e40.)
CALL P(2427e9AT(544)410e,04)
CALL P (1927 9AT(545)31a904)
CALL P(0927«9AT(546)91e90a)
CALL ECOS(=F¢F 927 sAT(5,7)y=14)
CALL ESINI=F4F42T7¢sAT(5,8)9=1.)
CALL ECOS(F,F.27.|A7(5'9|9-10’
CALL ESlN(F’F'27o'A7(5’10’"lo’
CALL ECOS(=FyFy24e9AT(95T7)y1le)
CALL ESIN(‘F'F'24.yA7(9,8,11o’
CALL ECOS(FyFy24e9AT(9,9)y1.)
CALL ESIN(FyFy24s9AT(9,10),1.)
DN 54 J=11,40

JJ=J-4

DN 54 1=9,40

[I1=1-4

ATITIJ)=A6(T11,J4)

CALL Pl4432.487(1),4Q,04)
B7(1)=BT7(1)=-QQ

CALL P(3427e9BT(5)4CH(3)404)
CALL 9(2'27-9KK(1’9C6(4)’00)
CALL P(1y2744LLIL1)4CH(5),404)

DO 56 =144

I1I=1+4

IF(I.NE.1)GO TO 55
BT(5)=RT{5)+C6(6)

CONT INUE
BT(II)=BT(IT)+KK{I)+LLIT)

CALL P(3124-QB7(9’1C5(3‘00.’
CALL P(2124ovKK(l)9C5(4)'0.)
CALL P(l,?4ovLL(1"C5(5’v0-’
CALL 9(3'24-9MM(1)0‘C6(3)00-)
CALL P(2024opNN(l)"C6(4)v0.)
CALL Pl1924e 9 VVI1)4=CEI5)404)
DN 58 [=1,4

11=1+8

IF(1.NEL.1)GD TO 57
B7(9)=B7(9)+C5(6)=C6(6)

CONT INUE
B7(Il)=87(ll)*KK([’*Ll(l)*MM(I)*NN(Y’*VV(!)
DN 60 1=13,40

11=1-4

B7(1)=B6(I])

CONTINUE

IFAILT=0

CALL FO4ATF(AT,40,B7,40,CT4AAT,

Cx**¥STAGE 9--C201 TO C244

CA[L ECOS('E1E935.'Ae(lol"lo,
CALL ES!N(-E.E.BS..AB(I.?).I.)
CALL P(343549AB(153)y=1.40s)
CALL 9(2,35.’A8(1.4)9-1.'0.,
CALL P(1435.9A8(145)y=1440.)
CALL P(0y3549A8(1,46)y=10y04)
CALL P(34306+A8(543)41440.)

MAIN 07-30-76 10:12:21

40,NK§17.NK527o1FAIL7)
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62

63
64

655
66

68

CALL P({2y304+A8(594)491.,0.)
CALL P(1530e9AB(595)914,40.)
CALL P(0y306+A8(5496) 4916906
CALL ECOS(“F’F,BO.QAB(S.?)"lo)
CALL ESIN(=F,F;30.9A8(5,8),-1,)
CALL ECOS(F4F430.9AB8(5,9)y-1.)
CALL ESIN(FeF330.9AB(5,10)9~1.)
CALL ECOS('F,F,Z?.,AR‘Q,?)'IQ,
CALL ESINI=F4F427.4A8(948)41.)
CALL ECOS({FyFy427«9AB(9,49),41.)
CALL ESIN(Fy4F427.4A8(9,10),41.)
DO 62 J=11,44

JJ=J=-4

I1I=1-4

AS(TI,J)=AT(11,J))

CALL P(4435.,488(1)4+Q404)
B8(1)=88(1)=CQ

CALL P(3,43044RB(5)4CT7(3),40.)
CALL P(243044KK(1),CT7(4),0.)
CALL P(1430e4LL(1),CT7(5),40,)

DN €64 1=1,44

[I=]+4

IF(INE«Y)IGO TN 63
BRA(5)=88(5)+CT(6)

CONT INUE
B(TI)=BS(II)+KK(TI)+LL(T)

CALL P(3,27e¢BRB(9),C6(3),40.)
CALL P(2927¢9KK(1)yC6(4),0,)
CALL PU142TesLLIL)4CHI5),04)
CALL P(3427¢¢yMM(1)4=CT(3),0.)
CALL P(24274 yNN(1)4=CT(4),0.)
CALL 9(102709VV(1’F‘C7(5)'0.)
DN 66 1=1,4

[1=1+8

IF(I.NEL.L1)GD TO 65
BA(9)=RB(9)+CH(6)-CT(6)

CONT INUE
BBITT)I=PAR(TII+KK(T)+LLUT)+MMUT)+NNLT)+VVLT)
DN 68 1=13,44

[1=1=-4

BR(I)=BT7(II)

CONT INUF

IFAILR=0 :
CALL FO4ATF(ABy444RB,44,CByAAB,44,WKS18,WKS28,TFAILS)

C*#**CALCULATE DEFLN,PACK LOAD

VI=O*13,5%%44¢C2(3)*13,5%%3¢C2(4)%13,5%%2+C2(5)%13.5+C2(6)
X3=DEXP(-F%13,5)*DCNS(F*13.5)

X4=NEXP (=F¥12,5)%DSIN(F*13,5)
X5=DEXP(F%13,5)*DCNS(F*13,5)

X6=DEXP(F*13,5)%DSIN(F*13,5)
V16=VO+C3(T7)*X3+C3(B)*X4+C3(9)*X5+C3[10)*X6
V24=VI+C4(11)=X3+4C4(12)*X4+C4(13)*X5+4C4(14)*Xh
V33=V9+C5(15)*X3+CS5(16)AX4+CS5(1TI*XS54C5(18)*XA
V43=VI+CH6(19)%X3+CH(20)%X4+CH(21)%XX5+CH(22)%X6
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0471
0472
0473
0474
0475
0476
0477
0478
0479
04890
0431 1070
0482 2009
0482 3000
0484 101
0485
0486

V54=VO+CT(23)%X3+CT(24)1*X4+CT(25)%X5+CT(26)%X6
V66=VI+CB(27)%=X3+CB(28)*X4+CB(29)*X5+CB(30)=%X6
WRITE(6,42C00)VI4V164V24,V33,V43,V54,V60
PL1=(V16=-V9)*K

PL2=(V24-V9) *K

PL3={V33-VI)*K

PL4=(V43-V9)*K

PL5={V54=-V9 ) *K

PL6=IVEE=VG) *K
WRITE(6,3000)PL1,PL2,PL3,PL4,PL5,PLS
FNRPMAT(*OPACK MODULUS *,1PDg,2)
FORMAT(*ODEFLECTINNS *,7(1PD11.442X))

FORMAT (*OPACK LNAD *,6(1PD10.3,2X))

CONTINUE

sTOP

END

TOTAL MEMORY REQUIREMENTS 02€23E BRYTES

EXECUTINN TERMINATED

PAGE 0010

(0133



$R —LOAD#+%xNAG
EXECUTION BEGINS

PACK MODULUS 3,.,50D 04
NEFLECTIONS 1.36560-02
DACK LOAD 8.,769D 01
PACK MONIILUS 7,000 C4
DEFLECTIONS 1.,27990-02
PACK LOAD 1.203D 02
PACK MODULUS 1.057 05
NEFLECTIONS 1.22520-D2
PACK LOAD 1.3?70 02
PACK MODULUS 1.40D 05
DEFLECTIONS 1.1868D-02
PACK LOAD 1.,537D 02
PACK MODULUS «75D 05
NEFLECYIONS 1.1581D-02
PACK LOAD 1.6480 02

sTQoP 0
FXECUTION TERMINAT=D

1.8416N=02 2.2324D-02

1.597D 02 2.069D 02
1.60€5N=02 1.8227D0-02
1.999n 02 2.396N 02
1.47890-02 1.6234D-02
2.2000 02 2.521D 02
1.39540-02 1.5027D-02
2.328D 02 2.583D 02
1.3371D-02 1.4207N0=-02

24190 02 26180 02

248900-02 2.6243D-02

2.319D 02 2.412D 02 24150

1.9304D-02 1.9651D-02

2.524D 02 2.515D 02 2.459N

1.6814D=-02 1.,6904D-02

2.570Nn 02 2.514N 02 2.443N0

1.5374D0-02 1.53680-02

2.579D 02 2.498D 02 2.427D

1.4422D-02 1.43760-02

2.575D 02 2.482D 02 24140

2.6747D-02

02

1.9626D-02

02

1.68020-02

92

1.5259D0-02

02

1.42750-02

N2

2.6768D-02

1.9474D-02

1.6673N-02

1.5161D-02

1.4202D-02

LEE
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APPENDIX IV

Modification of the face element source program to include the failure

criterion, obtaining T4 at each bench mark

1. Orange job card
2. £ MTS945
3. £SIGNON 1ID
4. Password
5 £CRE Filename
(Creates a file for face element data cards)
6. £EMP Filename

7. £COPY *SOURCE* Filename

Data cards for .

face element run

8. £ENDFILE
9. £R *GETDISK PAR=MTS945

(Instructs the operator to mount the disc)
10. £KCRE - A TYPE=SEQ SIZE=nP

11. £CRE - B TYPE=SEQ SIZE=nP



12.

13.

14.

15.

16.

7.

18.
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£CRE -C TYPE=SEQ SIZE=nP

&£CRE -D TYPE=SEQ SIZE=nP

£CRE -F TYPE=SEQ SIZE=nP

(Creates sequential temporary files - A to-F for buffer space)

£COPY MNB6 : FACEL2D TO -ABC

(Copies face element source program to scratch file -ABC)

£GET -ABC

£R *ED

(Begins editing the source program in —ABC)

5871 8

SC= 3.2E+04

ST= 4.0E+03

TC= 0.5%(SC*ST)**0.5

TA

(sc-sT)/4./TC
DO 7 I=1,NBM

1= PRINP 3*1-2 ) ~PRINP (3% I-1))*TC/SC+PRINP(3*I-2)*TA



19.

20.

21,

22.

23.

24.

25.

26.
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7 WRITE (6,110) I, TCI
110 FORMAT (" ",I4,1PE10.3)

(FORTRAN program cards for writing T, for each b.m.as per
failure criterion)

£CRE FHPW1.5
£EMP FHPW1.5
£R *FORTRAN SCARDS = -ABC SPUNCH=FHMW1.5
(Creates an object program FHPW!.5 from editing on -ABC)

£R FHPW1.5 1= -A 2= -B 3=-C 4=-D 5 = Filename 7 = -E 8= -F

(Runs the new object program to give T 1-vza.luena in addition

to the usual face element output)
£R *FREEDISK PAR = MT5945

£L Filename

£3IG
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