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ABSTRACT

This work involves the development and analysis of a new pump packing
material, which utilizes coal washery refuse (CWR) as a raw material, for strata
control in underground coal mining operations. A review on the state of the art of
pump packing systems is presented, together with an analysis of the cost
effectiveness of the new pump packing material as compared to other commercial

pump packing materials.

A method is proposed for use in the design of cement and coal washery
refuse (CCWR) material mixes to give a required early strength and degree of
workability when incorporating CWR. The usefulness of the method is shown by
comparison of the results from a large number of tests on CCWR specimens with
previously published results. It is shown that the relationship between the strength
and curing time of a mix can be accurately described by a simple equation. The
effects of the compositions on the strength within the experimental regions are
discussed. As expected an increase in the strength of CCWR materials can be
obtained either by decreasing the water content or increasing the quantity of OPC

used in the mixtures.

This study also investigated the influence of moisture content on the
mechanical properties of CCWR material. The unconfined compressive strength,
Young's modulus, indirect tensile strength, triaxial strength and drying shrinkage
were the primary properties investigated. Results indicate that the moisture content
has a significant effect on both the strength and elasticity of CCWR material at all
curing times. It is evident from the tests that the drying shrinkage of wet mixes is
larger than that of dry mixes. In general, moisture content affects the shrinkage of

CCWR material as it reduces the volume of the restraining CWR.
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An empirical criterion is proposed for predicting the strength and yield
characteristics of CCWR materials. A numerical procedure has been developed to
determine the parameters contained in the proposed yield function. It has been
demonstrated that the proposed logarithmic yield function can accurately predict the

strength and yield characteristics of CCWR materials.

Preliminary tests have also been conducted to determine the influence of
moisture content on the flow properties of CWR. The test results indicate that the

presence of very fine grains in CWR enhances its flowability remarkably.

Further work investigated the effect of specimen geometry on the strength
and elasticity of CCWR material. CCWR models were tested, simulating
underground monolithic pack support with different widths in a coal seam of
uniform height. The study also investigated the load deformation characteristics of
CCWR models under the tests conditions. It is shown that geometry has a
significant effect on both the mechanical properties and load deformation

characteristics of CCWR models.

A yield pillar technique analysed by the finite element method appears
suitable for simulation of excavation of roadways under different virgin stress
conditions. Comparison of stability of yield and conventional pillars in several
examples substantiates the feasibility of the technique and indicates that yield pillars

are practical when the factor k, the ratio of horizontal to vertical stress exceeds 1.6.
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NOTATION

Aand B  unknown positive parameters (for Section 3.3);

A, B, C  parameters to be considered by experiments (for Section 3.5);

[B] the derivative matrix of [N];
B the slope of stress - diametric strain curve of CCWR model;
C cohesive strength;

[D], [Dep] the elasticity matrix and elastic-plastic matrix respectively;

ou, 0€ the virtual displacements and the corresponding strain in domain 2
respectively;

{Aa} the vector of nodal displacement increments;

{Ac,) the initial stress increment;

Aby the increment of body force;

[AF,] the iterative term of the nodal force;

[AFy] the nodal force due to the increment of the body force;
[AF<] the boundary traction;

Ap the increment of boundary traction;

Aoy the increment of stress in the pillar due to the excavation of

Roadways 1 and 2;

Eps denotes the allowable tolerance;

(1) a monotone increasing function of t;
(0} angle of internal friction;

r boundary of the domain €;

I'e boundary element;

[K] the stiffness matrix;

k ratio of 0/0,,
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unknown parameters;

a constant for any mix formulation;

number of triaxial tests;

the matrix of specified shape functions;

domain;

elements connected at the nodes;

the error of prediction;

the ratio of X1/(X3 + X4);

the ratio of X3/X4;

unconfined compressive strength of CCWR specimens;

the safety factor;

unconfined compressive strength of CCWR specimens at 28 day
curing time;

final unconfined compressive strength of CCWR specimens;
the redistributed stress in the pillar;

the virgin stress determined by in-situ stress measurement;
horizontal virgin stress;

vertical virgin stress;

unconfined compressive strength;

major principal stress;

minor principal stress;

predicted major principal stress under minor principal stress O3;

condition;
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*
0,;(0,;) experimental major principal stress under minor principal stress Os;

condition;
O3; minor principal stress;

0,(03)  the strength of the rock, which is the function of 03;

t curing time of CCWR specimens;

X1 mass percentage of water;

X2 mass percentage of calcium chloride accelerator;
X3 mass percentage of ordinary Portland cement;
X4 mass percentage of coal washery refuse;

Xi the proportion of the i'th component in the mixture.



CHAPTER ONE

INTRODUCTION



Chapter 1 Introduction 1-

CHAPTER 1

INTRODUCTION

The main theme of this thesis is the development of a pump packing
material, which utilizes coal washery refuse (CWR), for strata control in Australian
underground coal mining operations. The thesis is also intended to provide an
introduction to the current state of the art design principles, applications and some
on-going research activities of pump packing for both mine operators and
researchers interested in pump packing technology, as well as providing to others a
general understanding of how cement and coal washery refuse (CCWR) material

can be used for strata control in coal mines.

An attempt is made to critically assess the present state of knowledge in the
development and utilization of CWR as a pump packing material in Australian
underground coal mines, and understand the importance of the research in relation
to future field application. It is anticipated that the contribution made with regard to
the treatment and utilization of wastes from the coal washery will play a major role
in future mine planning as a result of the increasing importance of environmental

issues; such as the disposal of CWR and surface subsidence.

In New South Wales, Australia, the raw coal production in the year 1987-
1988 alone was 76.3 million tonnes of which 12.3 million tonnes was extraneous
dirt. According to NSW Government (1983), it is estimated that by the year 2000,
the existing and planned coal mining activities could generate some 104 million
tonnes of CWR in the Southern Coalfields alone, while the existing and planned

surface emplacements have a capacity for only 30 million tonnes of CWR. There is
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a need for a full study of the problems associated with the generation, utilization and
disposal of CWR in this state. The disposal of CWR in particular was considered to
be a significant economic and environmental issue which needed to be resolved as a
matter of urgency in the Illawarra region. It is anticipated that similar problems may

be faced in other coalfields (NSW Government, 1983).

At present, there is a growing interest in the utilization of wastes from the
coal washery, both as cementing medium and aggregate, for the construction of
monolithic pump pack (McCarthy and Robinson, 1981, Richmond et al, 1985,
Thomas, 1986, Atkins et al, 1984, 1986, 1987, Hii and Aziz, 1986a, 1986b,
1987a, 1987b, 1987c, 1987d, 1989, Zadeh et al, 1987, Hii and Yu, 1989). In

recent years the potential use of CWR has also been investigated.

Apart from the expensive commercial materials for pump packing, the
utilization of CWR would have a two-fold advantage in costs reduction. There
would be a reduction in both the dirt disposal costs and commercial materials costs.
Much work however needs to be done in this field since many problems are being
experienced in obtaining a consistent mix owing to the variation in products from

the coal washery.

In order to substitute the expensive commercial materials for pump
packing, it is necessary to improve its geotechnical characteristics. A comprehensive
laboratory testing programme was therefore devised to investigate the geotechnical
properties of CWR as a function of various cement mixes over a 365 day period.
The research programme aims at producing the most cost effective and economical

monolithic pump packing system for strata control and increased recovery of coal.

The investigation also aims: to optimize particular mechanical properties of

CCWR materials, to develop a cheaper binding material, to increase the initial
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strength of the mixture, and to develop a material which is pumpable but can still
give sufficient strength for use as a pack material in Australian underground coal
mining operations. The study also investigates the effect of water content on the
mechanical properties and behaviour of CCWR material containing calcium chloride

admixture.

The effect of water content on the flow properties of CWR is also
examined. The objective of this study was to determine the optimum water content
for flowability of CWR. The test results from consistency measurements and flow
tests are used to characterize the flow properties of minus 10mm CWR with

different nominal water contents.

Cost-effective analysis of CCWR pump packing material as compared to

other commercial pump packing materials has been carried out.

A method is proposed for use in the design of CCWR material mixes. It
has been demonstrated that the relationship between the strength and curing time of
a mix can be accurately described by a simple equation. Based on the results of
laboratory strength tests, empirical equations were formulated to correlate the
strength of a mix to the composition of the mix through regression analysis. The
procedure for determining the parameters contained in the proposed empirical
equations is presented in Chapter 3 (Section 3.3). It is substantiated that an increase
in the strength of CCWR materials may be acquired either by decreasing the water

content or increasing the quantity of OPC utilized in the mixtures.

An empirical criterion is also proposed for predicting the strength and yield
characteristics of CCWR material. The parameters contained in the yield function
have been determined from routine material strength test results. A procedure for the

determination of the parameters is presented in Sections 3.5.1 and 3.5.2 (Chapter
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3). The logarithmic yield function program, written in FORTRAN, has been
developed to facilitate data processing of test results and a listing of the fundamental
FORTRAN code is given. The study has indicated that the proposed logarithmic
yield function can predict the strength and yield characteristics of CCWR material in

a satisfactory manner.

Research is required to understand the tectonic forces which prevail in
Australian mining conditions. The research work in turn could help in selecting the
most effective pump packing systems. The following basic works on strata

movement that have been conducted are:

(i) the understanding of the nature of load/deformation
characteristics (ground reaction curves) of the areas where
pump packing system is intended for support;

(ii)) the evaluation of the strength and deformation characteristics
of various pump packing materials;

(iii) the selection of a suitable pump packing material based on the
strength and cost; and

(iv) an examination of the pump packing material characteristics in

relation to strata behaviour.

Further work investigated the influence of specimen geometry and end
constraint on the strength and elasticity of CCWR material. The feasibility of the
yield pillar technique under different virgin stress field conditions in underground

mining operations is also investigated.
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CHAPTER 2

MONOLITHIC PUMP PACKING SYSTEMS

2.0 INTRODUCTION

This Chapter presents a literature review of monolithic pump packing
systems with particular reference to their applications in the United Kingdom,
Germany and Australia. A review of the current state of the art design principles and
some on-going research activities of monolithic pump packing systems is also
included. Monolithic pump packing technologies which include the development of
pack materials, pack design principles, manpower and cost for pack installations,
pack material handlings and pack constructions have been reported previously
(McCarthy, 1974, Farmer and Robertson, 1975, Hodgkinson, 1977, Whittaker and
Woodrow, 1977, Lewis and Stace, 1981, Richmond, 1981, Smart et al, 1982,
Freeman, 1982, Buddery, 1984, Clark and Newson, 1985, Batten, 1985,
Richmond et al, 1985, Hii and Aziz, 1986). Attention is focused on the history and

technology of waste packing and the properties of pump packing materials.
2.1 TYPES OF PUMP PACKING SYSTEM

Common types of pump packing systems which have been used in coal

mines include the following:

) Anhydrite system (first used in 1964);
(i)  Thyssen system (first used in 1973);
(i) Warbret system (first used in 1976);
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(iv) Monolithic pump packing systems using:

(8  Aquapak;

(b)  Tekpak;

©) Flashpak; and
(d) Mine tailings.

Clark and Newson (1985) presented a statistics on the current distribution
of monolithic pump packing systems in Britain (Table 2.1). It is noted that the
number of Tekpak installations was significant. This gave a good indication of the

popularity and the unique properties of Tekpak installations.
2.2 HISTORY OF WASTE PACKING

Support of mine working in the form of waste packing underground has
been practised as long as some form of pillar extraction has been adopted, more
specifically in Longwall mining methods. Waste packing was initially confined to
hand packing in the form of building walls constructed from roof stone and stone
bands in the waste area. Hand packing was normally confined to strip packing,

because of the lack of material for solid stowing.

Total stowing in the form of hydraulic placing of stowage material in the
waste in mines was first reported about 1880. Although of unknown origin, the
system was practised in both U.S.A. and Silesia in the year mentioned above. It
was some 20 years later that hydraulic stowing was first used in coal mines in the

UK (Harlech, 1925).
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Table 2.1 Survey of the distribution of monolithic pump packing systems
in the United Kingdom
(after Clark and Newson, 1985)

Area Installations ~ Aquapak  Tekpak Thyssen  Others™
M/G T/G MG T/G MG TG

Scottish 11 3 7 4

North East Nil

North York Nil

Doncaster 2 1 1 1

Barnsley | Nil

South Yorks 3 1 1 1

North Notts Nil

South Notts 9 2 5 2

North Derby 1 . 3

South Mids 6 4 2 2 2

Western 22 4 4 11 10 2 2 3

South Wales 7 1 4 3

Total 60 23 30 26 7
(Face Ends)

*Other installations are: Doncaster Area -Synthetic Anhydrite - 1 Face End

North Derby Area -Warbret - 3 Face Ends

Western Area -Flash pack - 1 Face End

Western Area -GP7 - 2 Face Ends
(Pack Reinforcement)

The early fifties saw the emergence of mechanized dry pack "stowing" for
roadside packing, with the main objective being strata control in roadways for
advancing Longwall faces. This was soon followed by a new concept of roadway

packing using monolithic packs constructed using some form of hydraulically
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placed material. Anhydrite packing was the first type of monolithic packing system
to emerge as a new method of waste-side packing. The first trial of the Anhydrite-
packing system was carried out at Holland Colliery, West Germany in 1964
(Heinrich, 1971, Recklinghausen et al, 1972). Following an initial success, the
Anhydrite packing system gained wide acceptance in the Saar and Ruhr Coalfields.
The advantages claimed were (Buddery et al, 1982):

) improved gate road stability;

(1)  improved face end ventilation, by preventing short
circuiting of the airflow across the goaf;

(i) reducing the risk of spontaneous combustion in the

goaf area.

Interest in the UK began in 1973, when a pump packing system was
installed in Brynliw Colliery, South Wales. A detailed description of Thyssen
system has been published previously (Hodgkinson, 1977). This system was
developed by Thyssen (UK), and utilized up to 50%, -19mm run of mine (ROM)
fines, the rest was made of a bentonite component (flowmat), and a cementing
agent. However, 1t was soon realised that the system did not live up to expectations
when applied to seams with high clay impurities. The swelling factor of clay present
in the ROM material reduced the "pumpability” of the coal slurry to such a degree
that the system required to be discontinued on some occasions. Furthermore, since
coal constituted nearly half of the pack material, the system suffered in some cases

from the effects of spontaneous combustion which could not be eliminated.

In 1976, the modified Warbret system was developed. According to
Buddery and Ashika (1982), the likelihood of pipe blockages due to bleeding and
segregation 1s diminished by pre-mixing the bentonite suspension so that gelling is

complete before it is added to the aggregate, whereas, in the Thyssen system gelling
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of the suspension takes place in the pipeline and hence is inhibited by the aggregate

causing blockages.

The deficiencies in the Thyssen and Warbret systems prompted British
Coal - formerly the National Coal Board (NCB) - to experiment with new products.
This resulted in the development and introduction of the Aquapak system in 1979
(Nixon et al, 1982). The system, which contained a very high proportion of water
was first tried at Hem Heath Colliery. The objective being to alleviate the
disadvantages encountered by the coal slurry systems. The large quantity of water
in the Aquapak material required the use of cement with a high affinity for water.
Therefore, Monopak, which is basically a blend of three cementitious materials,
was subsequently developed to suit the requirement. This was further helped by the
incorporation of a thixotropic medium such as bentonite clay which kept the

Monopak in suspension until it had set.

In Great Britain, by 1980, packing by mechanized methods was employed
at some 20% of advancing face ends (Stokes and Kitching, 1980). About 55% of
the systems used dirt collected insitu, 21% used ROM material only and 24% used

ROM material with a cement additive.

In 1981, Australian Coal Industry Research Laboratories (ACIRL)
investigated the use of monolithic pump packing as a means of underground roof
support (Richmond, 1981). Also in 1981, Monier Resources Australia established
their mining services section. They now have a market for "Big Bag" chocks
which, when filled with their "Minegrout H” mix, provide load bearing capacities of

up to 500 tonnes.

In 1983, there were 85 monolithic pump packed face end systems used in

Britain, with monolithic pump packing system (MPPS) still providing the largest
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single group and constituted some 10% of all advancing Longwall face end system
(Clark and Newson, 1985). The material cost in 1983 was approximately $85 per
cubic meter. The total annual expenditure including the capital cost and material

transportation cost was over $15.4 million for 67,800 tonnes of material.

Continued research into the development of pump packing material led to
the development of Tekpak. As with Aquapak, two materials are separately pumped
in solution and then mixed in the packing bag to form a quick setting monolithic
pack. The materials are Tekcem, which is based on high alumina cement and
Tekbent which is a mixture of Bentonite and accelerators. The advantages claimed
include: less use of solid materials in the pack construction in comparison to
Aquapak (nearly 73% by weight of Aquapak); longer pumping life of the cement;
hence less risk of pipe blockages; less risk of cement burns as Tekcem is less

aggressive than Aquacem; and a lower cost of cement materials used.

Further studies by the Mining Research and Development Establishment
(MRDE) of the British Coal, resulted in the development of a low cost product
called Flashpak which could be used to form a satisfactory monolithic pack. The
principle of the system consisted of pumping two grouts which when mixed in the
packhole, formed a monolithic pack. The attractive property of Flashpak material is
that when the two grouts are completely mixed together they form a gel, and hence

Flashpak does not require a waterproof containing bag.

Finally, development work has already started on a new phase, that of
using mine tailings and fly ash both of which are waste products. As well as
improving gate road strata control, this type of packing has the added advantage of
disposing of undesirable materials in a cost-effective manner (Atkins et al, 1984,

Atkins et al, 1986).
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National Energy Research, Development and Demonstration Council
(NERDDC) has major on-going research and field investigation into the evaluation
of cementitious support for increased recovery from coal mines (Richmond et al,
1985). NERDDC, in association with ACIRL, Monier Resources Ltd., The
University of Wollongong and Kembla Coal and Coke (KCC) Pty. Ltd. initiated a
research programme aimed at producing the most effective and economical method
of monolithic pump packing system for strata control and increased recovery of

coal.

2.3 APPLICATION OF MONOLITHIC PUMP PACKING
SYSTEMS IN AUSTRALIAN UNDERGROUND COAL
MINES

The Australian pump packing experience has been reported previously
(Richmond, 1981, Todd, 1983, Schaller and Savidis, 1983, Richmond et al, 1985,
Batten, 1985, Thomas, 1985, Hii and Aziz, 1986). It is evident that to date no
Australian underground coal mine has used a bulk monolithic pump packing system
for roadway support. The fact that all Australian underground Longwalls are
retreating and not advancing (advancing Longwalls are used in UK) means that bulk
monolithic pump packing has not been needed to support roadways behind the face

on the goaf edge.

However, monolithic pump packing systems in the form of Monier "Big
Bag" chocks have been used in an attempt to keep a goaf side return airway partially
open back to the last cut through (Todd, 1983). Monier "Big Bag" chocks (1m
diameter) were set at 4m centres in the roadway following the passage of the face as
illustrated in Figure 2.1. The trial was a failure because before the next open cut
through was reached the chocks had crushed out and subsequently the airway was

lost to the goaf. The internal partitioning of the bag was recognised as an inherent
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weakness, especially when controlling vertical as well as horizontal forces at the
goaf edge. It was found that eight sections had induced cleavage planes into the
bags and this was rectified in future Monier "Big Bag" chocks. It was realised that
the failure of the grout to reach sufficient strength in the short ime allowed and the

wide spacings of single bags along the goaf edge indicated that too much had been

expected of the system.
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Figure 2.1 Use of Monier "Big Bag" chocks as Longwall
gateroad support at Appin Colliery.
(after Todd, 1983)
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The use of Monier "Big Bag" chocks has introduced several Australian
underground coal mines such as South Bulli, West Cliff, Darke Forest and others to
the material and technology used in monolithic pump packing systems. The
properties of Monier "Big Bag" material will be reported in Section 2.4.8. A general
review on the properties, the load/deformation behaviour, the availability and the

cost of different Monier Minegrouts has been published previously (Batten, 1985).

In Australia, interest is now being shown in monolithic pump packing
system utilizing wastes from power plants (flyash) and coal washeries (CWR). A
pneumatic bulk handling system has been installed at West Cliff Colliery with the
aim of constructing continuous lengths of monolithic pump pack support (using
flyash and cement mixture) in Longwall gateroads. However, this has not been
successful in terms of cost-effectiveness. The author and other researchers have
been committed to the evaluation of CWR for disposal and strata control in

underground coal mines. Results obtained thus far have been very encouraging.

Due to the need to continually maximize productivity levels in the
Australian underground coal mining industry, several alternative Longwall panel
layouts utilizing pump packing technology have been proposed by various
researchers (Richmond, 1981, HebbleWhite, 1983, Richmond et al, 1985, Marshall
and Lama, 1986, Lama, 1988). Some have the potential for increased development

rate and/or improved recovery.

Richmond (1981) conducted a laboratory simulation of the insitu load-
deformation characteristics of a wooden crib (chock) and compared the support
capabilities of the wooden crib support system and the pump pack support system.
Figure 2.2 illustrates the layout of the wooden crib support system for the tailgate of
Longwall N at South Bulli Colliery. Figure 2.3 schematically shows the proposed

pump pack support system. It was estimated that a 2m (weak) pump pack system
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would offer approximately 20 times the maximum support load density provided by
the wooden crib system. Richmond (1981) reported that in addition to the

significantly higher support capacity of the pump pack system it would also offer a

stiffer support.
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Figure 2.2 Wooden crib roadway support at South Bulli Colliery.
(Richmond, 1981)
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Figure 2.3 Proposed pump pack support system.
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Hebblewhite (1983) proposed an advancing 12m wide single entry system

with a 3m central monolithic pack as shown in Figure 2.4.

Advantages claimed of the proposed system over a narrow single entry are:

(i)  the two separate headings can act as an intake and return

airway; and

(ii) the pack can be broken at regular intervals for emergency

access.
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ADVANCING WIDE FACE

f

[4 12m »

o

|y MONOLITHIC
PACK SUPPORT

4.5m 4.5m

Figure 2.4 Typical single pass wide heading layout.
(after Hebblewhite, 1983)

Limitations of the proposed system are:

(i)  economic considerations, the costs of installing pump pack
supports have to be compared with savings generated by
the system;

@) the NSW Coal Mines Regulations Act stipulates the
maximum width of a heading as 5.5m therefore exemption
wogld be needed;

(iii) technological problems in obtaining the most appropriate
mining equipment;

(iv) inability of the support system to provide initial control of

the roof strata in bad condition_s;
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(v) deterioration in roadways after the first Longwall face

passes due to high pack loadings on the goaf edge; and

(vi) the pack would need to be kept quite close to the face and

have early load bearing characteristics, and this could cause

face congestion and subsequently a loss in production.

2-13

A variation on this system is the mining of two roadways, firstly a 7.5m

wide roadway which has a 3m wide pack against one rib and secondly a 'second

pass' face on the other side of the pack wall as illustrated in Figure 2.5. The

obvious advantage of this method over the previous one is that it would not require

as much shuttering or the need to keep the pack as close behind the face for effective

initial support of the roof.

1ST PASS FACE

!

44— 7.5m ———p

]4—3 m—p

MONOLITHIC

PACK SUPPORT
-

4.5m

2nd PASS FACE

!

4.5m

Figure 2.5 Typical double pass wide heading layout.

(after Hebblewhite, 1983)
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Richmond et al. (1985) have proposed several alternative Longwall panel

layouts utilizing pump packing technology as shown below:

(i) retreating Longwall gateroad support both as piers or continous wall
structure (see Figures 2.6 through 2.9);

(11) dividing walls in single entry headings (see Figure 2.10); and

(i) advancing Longwall monolithic emplacement (see Figure 2.11).
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Figure 2.6 Centre roadway packwall.
(after Richmond et al, 1985)
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Figure 2.7 Monier 'Big Bag' supports.
(after Richmond et al, 1985)
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Figure 2.8 Side roadway packwall.
(after Richmond et al, 1985)
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Figure 2.9 Maingate packwall.
(after Richmond et al, 1985)
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Figure 2.10(a) Concept of single entry dividing wall - driveage layout.
(after Richmond et al, 1985)
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Figure 2.10(b) Concept of single entry dividing wall - partial extraction by
Longwall with single entry.
(after Richmond et al, 1985)

POSSIBLE 2nd PACKLINE

Figure 2.11 Advancing Longwall Panel.
(after Richmond et al, 1985)
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According to Lama (1988), besides the development of new machines,
further improvement in development rates is also possible by adopting the following

approaches:

(i)  develop systems so that more than one roadway may be
driven simultaneously, for example, use Shortwall with
pump packing to divide the roadway into two or more
headings (see Figure 2.12);

(i) develop systems so that roadways are driven
simultaneously with Longwall extraction, hybrid advance
retreat system (See Figure 2.13); and

"(iii) use of multiple machines to develop parallel single entries
for future mines (Marshall and Lama, 1986) (see Figure
2.14).

SHEARER DRUM AFC CHOCK

I

ROOFBOLT

ROOF BOLTER ~# ER.’

s

" | SLIP FORMS /|
| PumpPack | - - - [

PANEL CONVEYOR®

_ e 12m-14m —
Figure 2.12 Shortwall entry drivage system with pump packing.
(after Lama, 1988)
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Figure 2.13 Shortwall extraction system with pump packing, -

no development is required.

(after Lama, 1988)
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Figure 2.14 Kemcol Beaver with pump packing.
(after Marshall and Lama, 1986)
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2.4 PROPERTIES OF PUMP PACKING MATERIALS

The cost and pipeline pumping life of various pump packing materials
currently -available in the market are given in Tables 2.2 and 2.3. The prices quoted,
with the exception of Monier "Big Bag", are based on the UK market, and
converted to Australian dollars by a factor of $2=£1 sterling (exchange rate, 1986).
The strength properties of various pump packing materials are presented in Sections
2.4.1 through 2.4.8. The use of pack materials for the control of roof in roadways
has been very successful in Germany. Materials used for early bearing strength
include alpha-hemihydrate and for late bearing strength comprise mixtures of alpha-
hemihydrate, flyash and sand (Ruston et al, 1988). Figure 2.15 graphically
illustrates the properties of the materials most suited for various purposes. More
than 20 different types of pack materials have been developed in Germany. They
have been used in a number of underground mining operations to counteract

abnormal strata conditions.

Table 2.2 Cost and pipeline pumping life of tailings pak 2 (UK)
(after Atkins et al, 1986)

Tailings pak 2 (UK)
Products OPC Additives PFA Tailings
Pipeline pumping _
life (mins) 120 IND IND IND
kg/m3 of placed 280 21 214 857
material pack
Imported material
cost/m3 of pack $57

Note: IND means indefinite.
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Figure 2.15 Uniaxial compressive strength of cement based
materials and industry by products.
(after Ruston et al, 1988)

- 2.4.1 Thyssen

Table 2.4 presents the composition and strength properties of material for
the Thyssen pump packing system. The packbind grout is capable of setting in 30
minutes, however, the additional quantities of water within the mix can increase the

overall setting time of the finished pack to 60 minutes.
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Table 2.4 Thyssen material properties
(after Hodgkinson, 1977)

Product Materials Formulation Setting Time Strength Properties
10.4% Packbind (cement) _ 0.4 MPa after 2 hours
1.4% Flowmat (Bentonite) 0.5 MPa after 1 day

Thyssen 51.5% Coal (-19mm) 60 mins 1.0 MPa after 7 days
36.7% Water 5.0 MPa after 28 days

(maximum strength)

During the setting period the pack has no measurable strength, and during
the strength development stages the pack will yield slightly under pressure. This

demonstrates a hydraulic characteristics so desired in any packing system.
2.4.2 Warbret

This is a modification of the material used in the Thyssen system in which

the following changes were made:

(1) mixing of bentonite;
(ii) using of OPC; and

(i) using of cement accelerator triethanolamine (TEA) 51.

As can be seen from Table 2.5, the final strength of the Warbret material is

greater than Thyssen material by as much as 5 MPa.
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Table 2.5 Warbret material properties
(after Woodley et al, 1980)

Product = Materials Formulation  Setting Time Strength Properties

48.0% Coal 0.1 MPa after 1 hour

29.0% Water 1.2 MPa after 1 day
Warbret  1.2% Bentonite 60 mins  7-10 MPa

19.2% Accelerator (final strength)

(TEA 51)

2.4.3 Anhydrite

The strength characteristics of material for Anhydrite pump packing
system is shown in Table 2.6. The material has slow setting characteristics in the

natural state, and the addition of an accelerator in the ratio of 1:100 by weight is

thus desirable.

Table 2.6 Anhydrite material properties
(after Batten, 1985)

Product Materials Formulation Setting Time  Strength Properties
89.9% Crushed Anhydrite 0.1 MPa after 2 hours
Anhydrite ~ 0.9% Accelerator 4 hours 6.0 MPa after 1 day

9.3% Water 8.9 MPa after 7 days
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2.4.4 Aquapak

Table 2.7 shows the setting time and strength properties of Aquapak
material. Aquapak is quite a remarkable development in that the pack comprises
85% water, 14% Aquacem and 1% Aquabent by volume. Aquabent contains
bentonite to prevent water/cement separation and sodium carbonate accelerator.

" Even though it is considered a weak cement from a civil engineering view point, its

properties have been proven ideal in meeting the requirement for pack applications.

Table 2.7 Aquapak material properties
(after Highton et al, 1984, Clark et al, 1985)

Product = Materials Formulation Setting Time Strength Properties
33.3% Aquacem 0.35 MPa in 1 hour
High alumina cement 0.6 MPa in 2 hours
Portland cement 1.2 MPa in 24 hours
Anhydrite calcium sulphate 5.0 MPa after 28 days
Aquapak 3.7% Aquabent 20 mins
Accelerator
Sodium Carbonate
(Soda ash)
Bentonite
63.2% Water

The popularity of Aquapak system in the UK mines was attributed to the
smaller delivery pipe size (25mm), and the reduced size and lower cost of the power

packs, pumps and mixing tanks. Later experiences showed that the material could
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be pumped from the outbye end of the district, which saved the transport of

materials to a station close to the coalface as was necessary with Packbind.

2.4.5 Tekpak

Table 2.8 shows the details of the strength properties of Tekpak material.
The unconfined compressive strength of Tekpak material has been shown to
approximate that of Aquapak material. Water makes up to 91% of the pack by
volume. However, the material quantities used were only about 73% of that used in

the Aquapak pump packing system.

Table 2.8 Tekpak material properties
(after Highton et al, 1984, Clark et al, 1985)

Product  Materials Formulation Setting Time  Strength Properties

14.2% Tekcem 0.7 MPa 1in 2 hours
Tekpak  14.2% Tekbent 30 mins 2.5 MPa in 24 hours
71.6% Water 5.0 MPa after 7 days

Foseco Technik has now designed a new product called Tekpak XX
which gives a minimum 24 hours pumping life. When Tekcem XX is mixed with
Tekbent XX in the packbag, the hardening action is said to be at least as swift as

with the standard Tekpak.

More recently, Masol, a cementitious binder for pump packing with coal

slurries, has been introduced into the "Tekpak technology". Masol is described as a
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blend of non-aggressive high alumina cement and it is a modified form of Tekbent.

However, the performance of this new product in the field is yet to be assessed.

2.4.6 VFlashpak

Table 2.9 shows the strength properties of Flashpak material. The
Flashpak material can set almost immediately after mixing. This reaction therefore
requires no particular packhole preparation or containing bag. Hence, simple steel

sheets suspended from the packhole supports are all that is required.

Table 2.9 Flashpak material properties
(after Highton et al, 1984, Clark et al, 1985)

Product  Materials Formulation Setting Time Strength Properties

66% Fly ash mix slurry 0.5 MPa after 2 hours
Fly ash (64.5%) 1.6 MPa after 1 day .
Aluminium sulphate 4.4 MPa after 7 days
(0.03%)

Flashpak Water (35.47%) Flash set

34% Cement mix slurry
OPC (62.5%)
Water (37.5%)

The pack is virtually built up layer upon layer until the pack is completed.
Additionally, according to Clark and Newson (1985), the excellent adherence of the

material to the roof, sides and pack wall itself helps to reduce air leakage.
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2.4.7 Tailings pak

Table 2.10 shows the strength characteristics of the material used in the
tailings/PFA system. At this stage, tailings pak material is still under experimental
stage. However, the laboratory test results have been very encouraging, and the
results strongly show that tailings pak would have wide application in the

foreseeable future.

Table 2.10 Tailings pak material properties
(after Atkins et al, 1985)

Product  Materials Formulation Setting Time  Strength Properties

10% Tekcem 0.3 MPa after 2 hours
Tailings  10% Tekbent 30 mins 0.8 MPa after 1 day
Pak 16% PFA 1.44 MPa after 2 days

64% Tailings 1.85 MPa after 7 days

Studies on the use of CWR were carried out by Thomas (1985). CWR
crushed down to -10mm size was used for the sample preparation. The details of

the test results are shown in Table 2.11.

It can be seen from the test results that the strength of CCWR material is
considerably greater than that of tailings pak material. This increase in strength is

considered to be attributed to the presence of 12.3% of Portland cement.
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Table 2.11 CCWR material properties
(after Thomas, 1986)

Product  Materials Formulation Setting Time  Strength Properties

12.3% Portland cement 0.2 MPa after 1 hour
0.37% Calcium chloride 0.35 MPa after 2 hours
CCWR  69.7% -10mm coal N/A 5.17 MPa after 7 days
washery refuse 6.53 MPa after 14 days
17.6% Water : 6.78 MPa after 28 days

2.4.8 Monier "Big Bag"

Table 2.12 shows the strength characteristics of Monier "Big Bag"
material. The Monier "Big Bag" chocks, which are said to be a fire resistant roof
support system are constructed from specially formulated materials including
Portland cement. The system offers high initial resistance to roof movement and it

also provides load bearing capacities of up to approximately 500 tonnes.

In Australia, Monier "Big Bag" chocks have been used as an additional
roof support system at "sensitive” roadways intersections. Studies carried out by
Batten (1985) and field observations have shown that the Monier "Big Bag"
chock/material tends to suffer from a lack of cohesion when loaded, which is not a

desirable feature as a pump packing material.
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Table 2.12 Australian Monier "Big Bag" material properties
(after Batten, 1986)

Product  Materials Formulation ~ Setting Time  Strength Properties

OPC 1.5 MPa after 1 day
PFA 2.7 MPa after 3 days
Monier Expansion Agents 10-16 hours 3.7 MPa after 7 days
"Big Bag" Plasticiser for better 6.3 MPa after 28 days
flow 10.46 MPa in 42 days
18.7 MPa in 90 days

2.5 SURVEY OF THE TYPES OF PACKING MATERIALS USED
IN THE SOUTHERN COALFIELDS

The Author conducted a survey of the types of packing materials used in
the Southern Coalfields, Australia as shown in Table 2.13. The survey indicates
that wooden chocks and Monier "Big Bag" chocks (a type of monolithic pump
packing system) are the two most popular types of packing materials. It is noted that
the number of wooden chocks used is significant. This gives a good indication of
the popularity and the relative ease of wooden chock installations. Monier “Big
Bag" chocks have been installed in several collieries since its introduction in 1981.
At present, most collieries have stopped using Monier "Big Bag" chocks because
they are not cost-effective for use as roof supports. The undesirable insitu
load/deformation characteristics of Monier "Big Bag” chocks have been discussed

in Section 2.4.8.
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Table 2.13 Types of packing materials used in the Southern Coalfields.

TYPES OF PACKING MATERIALS USED

Colliery Wooden chock Steel chock "Big Bag"” chock
Appin Yes v -- Yes
Bulli Yes - Yes
Coal Chiff Yes - Yes
Cordeaux Yes -- Yes
Corrimal Yes -- Yes
Darke Forest Yes -- Yes
Huntley Nil -- Nil
Kemira Yes Yes Yes
Metropolitan Yes -- Yes
North Cliff Yes -- Nil
Nebo Yes | - Yes
South Bulli Yes - Yes
Tahmoor Yes -- Nil
Tower Yes -- Yes
West Cliff Yes - Yes
Wongawilli Yes -- Yes

In the Southern Coalfields, AuStralia, wooden chocks are generally used as
extra supports when roof conditions deteriorate in gateroads and main development
headings and/or as preventive measures where overlying pillars are left in the Bulli
Seam and cause major stresses in the roof. It is evident that wooden chocks are

erected in the maingate and tailgate cut throughs prior to the extraction of the
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Longwall pillar. In Kemira Colliery, typically some 40 wooden chocks are used as
secondary roof supports in each Longwall, 20 chocks for the maingate and 20

chocks for the tailgate.

In Tahmoor Colliery, BP Coal Australia which is now a subsidiary of
Kembla Coal and Coke Pty. Limited, extensive wooden chocks have been used to
secure the roof of Longwall gateroads because of difficult roof conditions. Some
300 mini chocks and 70 big chocks have been used for each Longwall. Some 130
mini chocks and 6 big chocks have also been used for Longwall recovery.
Typically, for every 60m of Longwall gateroads, 4 mini chocks and 1 big chock are
used for the maingate, and 7 mini chocks are used for the tailgate. Figure 2.16
diagrammatically shows the layout of wooden chock installations per 60m of

Longwall gateroads at Tahmoor Colliery.
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Figure 2.16 Layout of wooden chock installations per 60m of Longwall 6 gateroads
at Tahmoor Colliery.
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2.6 SUMMARY

It can be inferred from the literature survey that the selection of any type of
packing material for use in the Australian coal mines would obviously be influenced
by the availability of the product at a competitive price and its function as a support
material. Given the existing environmental constraints imposed on the coal mine

operators, the utilization of CWR as a packing material is an attractive proposition.

In the likely event of high tonnage demand for packing material, the
crushed CWR can be piped down from the surface to the packing site, where it will
be readily mixed with other ingredients and pumped into the pack form or bag.

Other desirable features of a packing system should include:

(1) gbod packing characteristics (the behaviour and suitability
of the pump packing material with reference to strata
control requirement);

(i1) contain a minimum of imported material;

@(iii) flexibility and ease of material handling, bulk pneumatic
and hydraulic pipeline conveying;

(iv) longer pipeline pumping life; and

(v) most importantly the cost-effectiveness of the system.

In general, pump packs are designed to yield and thus control
convergence, and are often built to an optimum size to save manpower and material
costs. In addition, as German experience has shown, pump packs greater than a
critical width lead to floor heave as the packs do not yield under load (Lewis and

Stace, 1981).
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Extensive studies over the years have established the following criteria for
pack strengths: the strength of 0.1 MPa for deshuttering purposes, and initial
strengths of 0.4-0.5 MPa in 4 hours, and 1.0-1.4 MPa in 24 hours are desirable. A
more important criterion is that the pack should be able to develop strength as
quickly as possible, and the final strength should be in the order of 6-10 MPa
(Whittaker et al, 1977, Issac et al, 1982, Smart et al, 1982a, 1982b, Buddery,
1984, Clark and Newson, 1985, Smart, 1986, Isaac and Payne, 1986).

It is important to note that the above criteria for pack strength apply
especially for the United Kingdom conditions. Therefore, it is in the opinion of the
author that the pack strength for Australian conditions should be higher in order to
accommodate the excessive load of the massive sandstone roof (Hii and Aziz,
1986a). The strength of the pump packing material can only be determined from

field trials and monitoring programmes.

The state-of-the-art review of pump packing system has led to the

following conclusions and recommendations.

The planning of an efficient pump packing system requires a high level of
prediction, both of geological conditions and those likely to be caused by mining. It
is noted that the continued effective control of the roof strata in the vicinity of a
roadway is only achieved when the pack supports are capable of sustaining the
variations which arise from the changing mine layout, the ground stress conditions

and the variations in the geological conditions.

Judging from experiences gained in the United Kingdom and Germany,
the elimination of chain pillars leading to the pillarless Longwall mining can be an
attractive proposition. The re-use of roadways to serve adjacent Longwall faces

should be approached with caution. Excessive floor heave at the face ends is just
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one example of the many problems encountered at Betws Colliery, South Wales,

where pillarless mining was successfully attempted (Issac et al, 1982).

An attempt has been made to emphasize the importance of understanding
the tectonic forces which prevail in mining. Consequently, an improvement in this
understanding can help to effectively control these forces by the selective use of

pump packing systems.

It has been proposed that considerations of the reaction of the pump pack
within its structural environment suggests that in heavy strata loading conditions,
increased pack strengths would be beneficial to strata control, ensuring maximum

control over convergence (Smart et al, 1982a, Hii and Aziz, 1986a).

Research has indicated that the material properties of tailings pak products
are ones of the most cost-effective pump packing materials, and are therefore

recommended for field trials in the Bulli seam.

The integrated methods of colliery waste disposal for ground control as
proposed by Atkins et al. (1986) are of particular interest to the coal mining
industry. The tailings pak pump packing system undoubtedly will have a large

contribution to make to the mining industry in the foreseeable future.
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CHAPTER 3

THEORETICAL CONSIDERATIONS

3.0 INTRODUCTION

This Chapter focuses on the principles of pump packing and the suitability
of pump packing under Australian conditions with particular reference to the Bulli
Seam. The Chapter is also concerned with the development of CCWR material for
strata control, the application of the experimental design with mixtures and the

development of a new yield function for CCWR material.
3.1 PRINCIPLES OF PUMP PACKING
3.1.1 Purpose of pump packing
In general, the purposes of pump packing can be outlined as follows:

(1) to provide support for the roadway behind an advancing
longwall face and the packs provide support to the
immediate beds of strata as the face advanced,

(i1) to effect a breaking off line at the waste edge to maintain the
competence of the immediate roof measures;

(iii)  to facilitate the disposal of the controversial liquid tailings
from coal washery plant and pulverised fly ash from power
stations, thié factor being pertinent to the use of tailings/fly

ash packing system; and
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(iv)  to prevent or minimize air leakage across the waste area.

It is envisaged that the first two points are strata control aspects and the last
two are environmental ones. It can be recalled that elimination of chain pillars by the
re-use of roadways has been successfully practised in Britain (Smart et al, 1982a).

In most cases, this has been achieved by employing pump packing techniques.

The two main reasons for the elimination of substantial chain pillars
between adjacent retreating longwall coal faces are: to improve recovery of reserves
(by preventing sterilisation of reserves); and to reduce the amount of development

required for retreating longwall faces through reuse of roadways.

In Australia, "Big Bag" packs have been used at some roadway
intersections as a secondary means of support. Figure 3.1 illustrates "Big Bag"
chocks which are used for roof support at West Cliff Colliery, N.S.W., Australia.
However, research has indicated that pump packing can also be used as an initial

means of strata control.

3.1.2 Detached block theory

The detached block theory has been successfully implemented to explain
the deformation mechanisms around both face lines and roadways in underground
coal mines (see Figure 3.2). The fundamental of detached block theory has been
reported in Wilson (1975) and Whittaker and Woodrow (1977). The actual caving
height and the geometry of the detached block are the major parameters in the
theory, and it is assumed that the caving characteristics of the waste govern the
caving height. It can be used to predict the load generated from the detached block

in the strata and the actual strength required for a pack.
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Figure 3.1 "Big Bag" chocks at West Cliff Colliery.
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Figure 3.2 Detached block theory.
(after Clark and Newson, 1985).
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In the United Kingdom, the detached block theory together with
appropriate safety factors have been widely used for roof support design on face
lines. It is cautioned that consideration should be taken of the imposed loading
generated by the bridging beds assuming the subsidence profile. This is because the
measured pack load has indicated that the pack at some distance behind the face line
is not solely supporting the dead weight of a detached block (Clark and Newson,
1985).

3.1.3 Roof beam tilt theory

The roof beam tilt theory has been reported in details elsewhere (Smart et
al, 1982, Smart, 1986). The roof beam tilt approach recognises the imposed loading
generated by the downward movement of the bridging beds around the roadway.

Figure 3.3 schematically shows the support mechanisms of roof beam tlt theory.
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Figure 3.3 Generalised view of roof tilt.

(after Clark and Newson, 1985)
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The theory suggests that the immediate roof tilt towards the waste about a
pivot point in the ridside. Although the amount of downwards movement of the
roof can be controlled by the pack, it is unavoidable. In fact this phenomenon may

be modelled as a simple lever problem.
3.1.4 Practical requirements for the use of pump packing

In the light of several changes in the form and type of construction of
gateside packs that have been introduced in recent years with respect to longwall
mining, the basic requirements regarding the provision of roof support have
remained unchanged. The recent changes have been directed towards mechanizing
pump packing operations and achieving earlier and higher supporting resistance.
Progressive developments towards improving the optimum pack support resistance
is conditional upon full knowledge of the pack design requirements (Smart, Isaac

and Roberts, 1982, Smart, 1986).

In order to understand the implications of materials properties of pump
packing systems in an underground environment, it is necessary to appreciate and
briefly discuss the nature of strata behaviour above a longwall panel. Of particular
interest is the roie of the pack in relation to the strata behaviour and support load

requirements about longwall faces.
3.1.5 Longwall strata behaviour and the generation of pack load

There is a general agreement that the longwall face disturbs the equilibrium
stress field of the strata. The immediate roof begins to sag away from the overlying
strata and subsequently becomes destressed as the face moves away from the
standing position. Eventually after a critical length of advancement the immediate

roof begins to cave.
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As the face continues to advance the vertical and horizontal forces
gradually rearrange to their former condition after a prolonged period. In the
working area, it is envisaged that the pack should be able to accept the movement
associated with the redistribution of stresses without compromising its ability to
accept later loading. One of the important requirements of a pack as reported by
Buddery, Hassani and Singh (1984) is to prevent bed separation above the roadway

which would promote strata failure in the roof.

In Australia, the caving material sometimes does not expand sufficiently to
completely fill the void, because the geology of roof often consists of massive
sandstones interrupted by shale and mudstone layers. However, under these

conditions, the bridging beds remain relatively stable but fracturing may occur.

Previous work by Smart et al. (1982b) suggested that under ideal caving
conditions, overburden pressure is believed to be taken by the solid coal in front of
the face and over the waste through the bridging beds. The purpose of pump
packing thereforé is to control the immediate roof (the cantilever beam) by
restricting convergence of the roof, and consequently to prevent the beam from
breaking along the coal facé. The amount of convergence to be allowed is very

much dependent upon the geology of the immediate roof.

Over the past years, various researchers have carried out extensive study
into pump packing technology needs (Hodgkinson, 1977, Whittaker et al, 1977,
Richmond, 1981, Smart et al, 1982a, 1982b, Buddery and Ashika, 1982, Issac et
al, 1982, Buddery, 1984, Lerche and Renetzeder, 1984, Clark and Newson, 1985,
Richmond et al, 1985, Singh et al, 1985, Thomas, 1986, James, 1986, Smart,
1986, Issac and Payne, 1986, Hii and Aziz, 1986a, 1986b, 1987a, 1987b, 1989,
Atkins et al, 1984, 1986, 1987, Zadeh et al, 1987, Hii and Yu, 1989).
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3.1.6 Basic requirements

It has always been recognised that, ideally, a packing medium must be
able to fulfil both the short term and long term support requirements. There is a
general agreement that early effective support is necessary to achieve good strata
control. Therefore, the early load-bearing capacity of a pack system is absolutely
essential. It is indicative that the pack must always be built in contact with the roof,
and preferably as near as possible to the coal face. It is also required that the pack be
built of a suitable material, and in such a way that the best use is made of the

available material.

3.1.6.1 Short term support requirements

The examination of the resistance of the existing packs indicates that
reliance is placed on the resistance of the "pack wall” in the early life of the packs. It
is of paramount importance that the packs be able to absorb the vertical closure

without bulging and weakening the wall.

Therefore, the pack should be able to accommodate 5-10% strain (in most
geological conditions) without undergoing failure. Unfortunately, not every
condition allows the building of suitable packs and resort is made to other measures
such as timber or other imported materials. However, roadways conditions often

hinder the transport of material in bulk.

The pump packing system has the distinct advantages of relatively short
setting time in relation to face operations and also early load-bearing characteristics.
However, sometimes the early support property of the system can be neglected due
to poor workmanship. This can result in inadequate roof contact or the existence of

unfilled cavities and broken roof which may render packing less effective.
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In normal face strata control, the break-off line which usually occurs at the
rear of powered supports can be diverted away from the face-end area by the
provision of the pump packing support which can also be a suitable packhole
support. In ground prefractured by interaction, it has been proven to be especially

advantageous to use pump packing for additional support.

Itis envisaged that a large amount of initial movement is necessary for the
stability of the strata and the pack should be able to accept this movement without
compromising its later strength. One of the important requirements of a pack is to

prevent bed separation which would promote strata failure in the roof.
3.1.6.2 Long term support requirements

It is often recognised that no matter how important the pack might be in
offering early resistance, it is equally important that the pack gives long-term yield

support at the side of the roadway.

The phenomenal lowering of the upper beds behind a longwall face is
governed by the condition existing in the waste area. It is anticipated that the pack
must offer sufficient resistance to maintain the immediate roof in contact with the
upper beds and allow all the strata to lower at the same rate, otherwise adverse

conditions in the associated roadway will occur.

However, too great a resistance could lead to the floor bearing capacity
being exceeded and consequently floor lift would occur (see Figure 3.4). The pack
long term support requirement is to be able to support the height of strata “caving

height" that is free to move under its own weight.
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Figure 3.4 Floor heave problem.

"(Source: Monier Resources, Australia)

The success of pump packing suggests that its properties are close to those
required. Although the ultimate strength can be attained by many pump packing
systems, many packs (mechanically and poorly built hand packs) offer negligible
resistance initially, and consequently they cannot control the movement of the
immediate roof, other packs which are either made of wood or concrete offer too
high an early resistance damaging the structural integrity of the surrounding rock

mass and resulting in excessive roof to floor closures (see Figure 3.5).
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Figure 3.5 Support failure leads to excessive roof to floor closures

(West Cliff Colliery).

3.2 SUITABILITY OF PUMP PACKING UNDER AUSTRALIAN
CONDITIONS WITH SPECIAL REFERENCE TO THE
BULLI SEAM

The coal mines in Australia, especially those in the Southern Coalfields,
have been using pump packing in the form of "Big Bag" chocks since 1981.
However, to date bulk monolithic pump packing system for roadway support has
not found a general .application in Australian collieries. The excellent geological
condition of Australian mines, with high production capacity, has placed little

importance in the past on the maximization of percentage extraction of the workable

reserves.
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In addition to its present form as "Big Bag", in providing stability to
roadways and intersections, the pump packing technique has a significant role in
contributing towards the success of the pillarless longwall mining method as
suggested by Marshal and Lama (1986). Such a system should be attempted in Bulli
Seam, in view of the less complicated geological conditions of the Southern
Coalfields of NSW. However, in the experimental stage, care must be taken to

provide means of minimising the possible effects of floor heave at the gate ends.

A careful study of the geological conditions of the mines in both Australia
and the United Kingdom has indicated a marked difference in the mining conditions
between the two countries (Smart and Aziz, 1986, Porter and Aziz, 1988).

‘Therefore, it is most important to be able to distinguish the difference in the
geological conditions, and thus modify the pump packing system before any
transfer of pump packing technology from Europe to Australian coal mines can be

successful.

In Australia, the average powered support setting load density is 0.625
MPa, and this is about 2.3 times higher than that used in the United Kingdom
(Porter and Aziz, 1985). This level of support density indicates that for successful
application of pump packing systems in Australian conditions a higher pack strength

is required.

Therefore, more laboratory testing of the properties of tailings pak material
which is the "key" pump packing material used in this particular research is highly
desirable. This research is necessary to develop cheaper alternatives and to match

the strength of the pack to the surrounding strata in Australia.

The characteristics of pump packing which would be suitable to act as a

means of underground roof support in Australian conditions include rapid initial
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setting and steady increase in strength from 1.0 MPa in one day to 5.0 MPa or more

in 28 days.

3.3 DEVELOPMENT OF CCWR MATERIAL FOR STRATA
CONTROL

3.3.1 Design of CCWR material

Although numerous methods of concrete mix design have been developed,
each method is applicable only under conditions similar to those for which it is
developed. All methods of mix design are deduced from empirical information and
follow substantially the same procedure. Loo and Ahmad (1982) have conducted a
comparative study of four popular concrete mix design methods. To substitute the
expensive commercial materials for pump packing, a method for use in the design

of CCWR material mixes is proposed.

This research program aims at producing the most cost effective and
economical CCWR material for strata control and increased recovery of coal. The
investigation also aims: to optimise particular mechanical properties of CCWR
material, to develop a cheaper binding material, to increase the initial strength of the
mixture, and to develop a material which is pumpable but can also give sufficient
strength for use as a pack material in Australian underground coal mining

operations.
3.3.2 Correlation of the strength and the curing time
Figure 3.6 shows the plot of the measured strength against curing time for

each mix (see Table 3.1). It is obvious from Figure 3.6 that the strength of a mix

increases with an increase in the curing time, which has also been reported (Knissel
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Figure 3.6 Plots of the measured strength against curing time for each mix.

and Helms, 1983; Thomas, 1986; Hii and Aziz, 1986; 1987a; 1987b; 1987c).
However, it has been expected that after a critical value, a further increase in the
curing time will not result in any significant change in the strength of a mix. It is
apparent that the form of the curve is somewhat a typical one for concrete and it is a
function of thle cement chemistry of the material. The relationship between the

strength S and curing time t of a mix may be described by the following equation:
S=A-exp(-B/f(t)) (3.1)
where

A and B are unknown positive parameters;

f(t) is a monotone increasing function of t.
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In this case, constant A corresponds to the strength when the curing time
tends to be infinitive, i.e. the final strength; and constant B describes the increasing
rate of the strength with the curing time of a mix. For simplicity, f(t) can be written

as:
f(H)=t" (n>0) (3.2)
Substituting eqn.(3.2) into eqn.(3.1) gives

S=A-exp(-B/th) (3.3)

The values of constants A, B and n can be determined by optimising the fit
of eqn.(3.3) to the measured data in Table 3.1 for each mix. This may have to
involve a non-linear regression procedure, which is not so convenient in practice.

Eqgn.(3.3) can be rewritten as:

InS=InA-B/t" ) (3.4)

If n is a constant for any mix, the values of constants A and B can then be
obtained by plotting InS against 1/t", different values of n have been tried for the 7
data in Table 3.1. As shown in Figure 3.7, satisfactor_y fits can be obtained when n
is equal to 0.5 though it may not be the optimum value. Figures 3.8 through 3.11
show the plot of InS against 1/Vt for different mixes. The values of constants A and
B for each mix are included in Table 3.1, and the correlation coefficients for all the
mixes are greater than 0.97. It is, therefore, concluded that the relationship between

the strength and curing time of a mix can be accﬁrately described by:

S=A-exp(-B/t03) (3.5)
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Figure 3.8 Plots of InS against 1/Vt for mixes 2 through 5.
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In(strength)

Figure 3.11 Plots of InS against 1/t for mixes 14 through 17.

Once the constants A and B in eqn.(3.5) are known, the strength S of a
mix at any curing time t can be calculated. In this way, the relationship between the
strength and the compositions of mixes at any given curing time can be further

discussed as shown in Section 3.3.3.

3.3.3 Optimum design of CCWR material

The strength of a mix at any given curing time will depend on the
compositions in the mix provided that other conditions, for examples, compaction,
materials used and so on are unchanging. The variables which may affect the
strength of CCWR material should be considered to be the mass percentages of

water, calcium chloride accelerator CaCly, OPC and coal washery refuse, which are
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herein represented by X1, Xp, X3 and X4 respectively. These variables, when

summed up together, should satisfy the constraint:
X1+X2+X3+X4=100 (3.6)

Note that the ratio of the mass percents between CaCl, and OPC is a

constant in the experiment, i.e.,

X
X—; = constant. (3.7

Therefore, there are only two independent variables:

S
Ri=x % . (3.8)
X
Ry =%~ (3.9)

Obviously the increase in Rj and Rj; means the increase of relative

quantities of water content and OPC respectively. Once R and R; are known, from

eqns.(3.6) to (3.9) the mass percents of X;, X5, X3 and X4 can be calculated by

the following equations:

X1=Ry+1DR1Xy

X2=0.03X5

X3 =RoX4 (3.10)

Xa[(1+R2)R1+1.03R+1] = 100
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The strength of a mix is therefore a function of R; and Ry, which can only
be determined empirically. For convenience, the form of the empirical function was

chosen as:
S =k-R;"Ry" (3.11)

where k, m and n are unknown parameters, which will be determined from the fit of
eqn.(3.11) to measured data. As mentioned earlier, the strength of a mix at any
given curing time can be calculated by eqn.(3.5). However, the strength at the
curing time of 28 days is usually used as a standard. Therefore, the dependence of
the strength at 28 days on the compositions of a mix will be discussed, and this is
then compared with that at infinite curing time, the final strength. The data used for

the calculations have been included in Table 3.1.
Aseqn.(3.11) can be rewritten as:
InS = Ink+m.InR1+n.InRy (3.12)

the values of parameters k, m and n can then be obtained by linear regression. The
strength of a mix at 28 day curing time and its final strchgth can be calculated by
eqns.(3.13) and (3.14) respectively, the correlation coefficients of which are 0.984
and 0.980 respectively. It is obvious from Figure 3.12 that both the calculated and

measured strengths are in good agreement.
Sygq = 2.776:-R; 213R, 17 (3.13)

Sfina = 4.486-R; 28R, 1596 (3.14)
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Figure 3.12 Comparison between the measured strength and the calculated

(by eqns. (13) and (14)) strength.

The effect of the water content on the strength of a mix has been studied
(Smith, 1967; Teychenne et al, 1975; Knissel and Helms, 1983; Loo and
Weragama, .1985; Hii and Aziz, 1987c¢) and it has been found that an increase in the
effective water results in a decrease in the strength. On the other hand, it has also
been reported that a decrease in the aggregate to cement ratio may increase the
strength of a mix (Smith, 1967; L.oo and Ahmad, 1982). Actually, the effects of the
compositions on the strength of a mix can be easily discussed from eqn.(3.13) or
(3.14). As shown in Figures 3.13 and 3.14, an increase in strength of CCWR
materials can be obtained either by decreasing the water content or increasing ratio
of the mass percentage between OPC and coal washery refuse in mixes, which is

similar to other concretes (Smith, 1967 and Loo and Weragama; 1985).
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Figure 3.14 Contour plots for 28 day strength.
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However, it should be pointed out that the "interaction” between R; and R,
can not be ignored. For example, as shown in Figures 3.15 and 3.16, a decrease in
R; can result in a significant change in the strength when R is large but not much
change when Ry is small; and the effect of R, on strength is also dependent on the

value of R; (see Figures 3.17 and 3.18).

3.4 APPLICATION OF THE EXPERIMENTAL DESIGN WITH
MIXTURES

Response surface methodology was developed by Box and his colleagues
(Box and Wilson, 1951; Box, 1954; Box and Youle, 1955; Box and Hunter, 1957)
to explore relationships such as those between the yield of a chemical process and
the pertinent process variables. In its usual form, response surface methodology
exploits the relationship between a response variable and a set of input variables
over a current region of interest. Since its introduction in the early 1950's, response
surface methodology has become an acceptable and widely used set of concepts and

techniques.

However, unlike the usual rcSponse surface problem where the
concomitant variables represent quantitative amount, in the mixture problem the
components represent proportions of a mixture or composition. These proportions
must be non-negative and if expressed as fractions of the mixtures, they must sum
to unity. For example, suppose there are n components in the system under study.

If the proportion of the i'th component in the mixture is represented by X, then:

X20  (l<i<n), ¥ X=1 (3.15)
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A mixture experiment is an experiment in which the response is only a
function of the proportions of the components (constituents) present in the mixture
and is not a function of total amount of the mixture. The general purpose of mixture
experimentation is to make possible estimates through a response surface
exploration of the properties of an inter-multicomponent system from only a limited
number of observations. These observations are taken at preselected combination of
the components (resulting in the mixture) in an attempt to determine which of the

combination in some sense maximize the response.

Since the proportion Xj could be a unity, a mixture may be considered as
entirely being consisted of only one component. Claringbold (1955) made use of
the fact that the design region for mixture is the (n-1) dimensional simplex. Rather
than transforming components, Scheffé (1958) suggested modlfylng the usual
polynomial model in the Xj's to reﬂect the restrictions (3.15). Since then, as
reviewed and summarized by Cornell (1981) great progress has been achieved and

various experimental designs with mixtures have been proposed.

As discussed above, the design of CCWR materials is obviously one of the
problems encountered in the experimental design with mixtures. To date the
optimum design of CCWR materials is still based on the empirical approach.
Considering the experimental cost and the time spent, one is naturally prompted to
enquire whether there are any method which may cost you less and give you an
immediate understanding of the effects of the compositions on the strength or other
properties of mixes. It is postulated that the theory of experiméntal designs with
mixtures can solve this problem. The present approach, though the experimental
design has not been directly used, éould be regarded as a successful example of the

response surface methodology.
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3.5 DEVELOPMENT OF A NEW YIELD FUNCTION FOR CCWR
MATERIAL

The development of powerful finite element codes for analysing the
stability of underground pack structures has very much stimulated the interest in
constitutive laws for pack materials. At present, a considerable number of models
such as the Drucker-Prager model (1952), and the Hoek and Brown model (1982)
can be used to describe the strength and yield charaéteristics of pack materials under
different loading conditions. Complex models such as those due to Pramono and
Willam (1989) and Chen and Buyukozturk (1985) have also been developed.
However, these models require complex experiments to determine the model

parameters.

Based on the results of routine material strength tests (Hii and Aziz,
1987a), a logarithmic yield function which has been used by Tong and Wu (1985)
to simulate the load-deformation behaviour of soft rocks is proposed for predicting
the strength and yield characteristics of CCWR materials. The procedure for
determining the parameters contained in the yield function is shown in Sections
3.5.1 and 3.5.2. It has been demonstrated that the proposed logarithmic yield
function can predict the strength and yield characteristics of CCWR materials in a

satisfactory manner.
3.5.1 General form of the yield function

The general form of the proposed yield function can be expressed as

follows:

6,=A+BlIn(c;+C) (3.16)
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where
0= major principal stress;
O3 = minor principal stress; and

A, B, C = parameters to be considered by experiments.

3.5.2 Determination of parameters in the yield function

A numerical procedure has been developed to determine parameters A, B-
and C in the proposed yield function (eq.3.16). This procedure minimizes the error
between the predicted and measured triaxial strength values. The error can be

expressed as follows: ST

N N 2

Q= Y|0,(05) - 0,;(03)] =F(A,B,C) (3.17)
i=1

where

O3; = minor principal stress;

Gy; (03; ) = predicted major principal stress under minor principal stress
O5; condition;

*
0,;( 04;) = experimental major principal stress under minor principal

stress Oy; condition; and

N = number of triaxial tests.
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To minimize the error Q, let

3Q_9Q_aQ_
0JA 0B dC

0 (3.18)

N

Substitution of eq.3.16 into eq.3.18 produces:

*

NA +(ZIn( o5+ C)B =T, (3.19)
| ’ *
Zin(oy;+ C)JA + (Zln (q;+C ))B = ZIn( 05,+ C o, (3.19b)
Injo,.+ C *
z 1 A+ ZM B=X 1 Oy; (3.19¢)
04;+C 05;+C 04;+C

From eqs.3.19a and 3.19b, parameters A and B can be expressed as:

1
1

BO)=(ByA11=BiA ) - (3.20b)
4

where

A“:N;

A,,=ZIn( 65+ C);

2
A,,=ZIn"(o45+C);

*

B =20y;;
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*

B,=2In(05,+C) 0y, ; and

-1
Ty=(A11A22- A12A12) .

Substituting €q.3.20 into e€q.3.19¢c and rewriting the equation, we can

obtain:
1 h1(°3i+ C) 1 *
F(C)=|X AC) +|T———B(C)-X Oy; (3.21)
05;+C 04+ C 04;+C

By using a numerical procedure, the value of C can be evaluated from

eq.3.21. Once C is determined, A and B can be computed using eq.3.20.

3.5.3 The procedure for the computation of parameters A, B and C

The procedure for the computation of parameters A, B and C is listed as

follows (see Figure 3.19):

(D select C. > C,, which satisfies F(C,)-F(Ce) < 0;

2) let D = C, - C,, if D < Eps, then GOTO (4);

3) let Cpy, = Co + (D /2), if F(Co)-F(Cyp) < 0, then
C. = Cy, otherwise C, = Cpp, then GOTO (2);

4)  1let C=C, +F(Co)D / (F(C,) - F(Ce)); and

(5) compute the values of parameters A and B using eq.3.20.

where Eps denotes the allowable tolerance.
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:

Select Ce > Co, and F(Co) F(Ce) <0

LetD=Ce-Co

'

If D < Eps

Yes

No

Cm=Co+D/2

C = Co + D.F(Co)/{F(Co)-F(Ce))

:

Calculate A, B

Figure 3.19 Flow chart for logarithmic yield function program.
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CHAPTER 4

EXPERIMENTAL INVESTIGATIONS

4.0 INTRODUCTION

The main purpose of the experimental investigations is to develop a fill
material, which utilizes CWR, for strata control in Australian underground coal
mining operations. CWR is currently being developed as a fill material in many
countries. Previous works by Knissel and Helms (1983), Atkins et al. (1984,
1986, 1987), Singh et al. (1985), Thomas (1986), Sleeman (1987), Zadeh et al.
(1987), Bros (1987), Ruban and Shpirt (1987), Leininger et al. (1987), Senyur
(1989), Thomas et al. (1989) and others have provided information on the
properties and utilization of coal mining wz;stes with or without cement and various
additives. However, only a few data on the mechanical properties and behaviour of

CCWR material containing minus 10mm CWR have been published.

Experimental investigations have been undertaken to study the mechanical
properties and behaviour of CCWR material. The mechanical properties evaluation
of CCWR material is an important step in the development and utilization of CWR
for strata control in Australian underground coal mining operations. In order to
determine the mechanical properties of CCWR material, a computerized strength
testing system capable of high speed data acquisition and further data processing is
being developed (Hii and Standish, 1989, Hii and Aziz, 1989). The methodology
and the strength testing system were tested prior to experimental investigations.
These tests were designed to investigate and ensure that reliable results could be

obtained from the strength testing system. A generalized approach to the analysis of
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the deformation properties of CCWR material has been developed which permits an
integrated analysis of geotechnical measurements in the development of CCWR
material. The following sections detail the development of the experimental method

used in the experimental programme.

Details of a set of standard quantities and conditions used in the preparation

and the testing of CCWR material specimens are presented in this Chapter.
4.1 Material Used in the Experiments

Type A Portland cement, minus 10mm CWR and calcium chloride set
“accelerator were used in making the test specimens. Each of these materials will be
described in details in the following sub-sections. Other materials used for the
purpose of calibrating the flow-tube, used in the flow experiment, were four oil
samples (details of the flow expe-rir'-n;ﬁf are given in Section 4.6). The four oil

samples were obtained from the Research and Development Department of Ampol.

The gradings and physical properties of oil samples are presented in Table 4.1.
4.1.1 Sampling and collection of CWR

A selected CWR (from the coal washery, West Cliff Colliery, Appin,
NSW, Australia) is the major constituent of the test specimens. A model of West
Cliff coal washery is shown in Figure 4.1. Sampling of the coal washery refuse
took place on seven consecutive weekdays. Samples were taken three to four times
a day by stopping the refuse conveyor belt and taking the CWR from a suitable
length by the full width of the conveyor belt as illustrated in Figure 4.2. Care was
taken to retain any fine CWR by scraping or otherwise removing it from the

conveyor belt and adding it to the sample. The sampling operations were conducted
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Figure 4.1 Model of West Cliff coal washery.

Figure 4.2 Collection of CWR sample.
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with the aim to ensure that the samples obtained represent, as far as possible, the

true nature and condition of the bulk of coal washery refuse from which they were

drawn.
Table 4.1 Physical properties of oil samples.
Viscosity ¢ Viscosity ¢ Viscosity
Sample Type @ 100 °OC @ 40 °C Index ®
(cSt) (cSt)

80 SN 3.35 14.03 110

500 SN 10.35 88.55 98

160 BS 31.91 - 488.60 96

190/210 P 40.68  1339.00 39

® Tests conducted in accordance with ASTM D445.
® Tests conducted in accordance with ASTM D567.

4.1.2 Processing of CWR

The sample-increments collected were re-combined to form bulk samples,
then reduced by sample division to form the samples which were sieved through a
standard 10mm sieve. The oversize CWR was passed through a small jaw crusher
and the crushed CWR was re-screened. The oversize material was rejected (this
constituted some 15.0% of the feed but could be reduced by more extensive
crushing in practice). The processed CWR was then used for making the test

specimens. The main purpose of processing the CWR was to produce a minus
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10mm product which was necessary for the ultimate placement by pneumatic and

high-density hydraulic conveying.

4.1.3 Grain size analysis of CWR using mechanical method

The grain size analysis was performed in accordance with AS 1289 C
6.1-1977 standard method of sieving analysis to determine the relative proportions
of different grain sizes which made up a given mass of the CWR. It is realized that
the sample is actually a statistical representation of the mass of the CWR. However,
it is difficult to determine the individual sizes of CWR. It is, therefore, cautioned
that the test can only bracket the various ranges of sizes. Figures 4.3 and 4.4 show

typical grain shapes of West Cliff CWR.

Figure 4.3 Typical grain shapes of West Cliff CWR
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Figure 4.4 Grain shapes of West Cliff CWR.

Figure 4.5 shows the grain size distribution curves of the processed CWR.
The relative density of the processed CWR was measured using Beckman Model
930 air comparison pycnometer and found to be 2.31. This value is comparable to
that obtained by Thomas (1986) for a different sample where the relative density
was found to be 2.54, also measured using Beckman Model 930 air comparison

pycnometer.
4.1.4 X-ray diffraction analysis

Chemical composition analyses of West Cliff CWR were carried out with
the help of the staff in the Departments of Geology and Chemistry, The University

of Wollongong.
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Figure 4.5 Grain size distribution curves of the processed coal washery refuse.

4.1.5 Ordinary Portland cement

Type A Portland cement used in the making of CCWR material specimens
was supplied by Blue Circle Southern. An attempt has been made to find the
moisture content of the Portland cement, however, the results revealed that the
cement was very dry. The chemical and mineralogical compositions of Type A

Portland cement is shown in Table 4.2.



Chapter 4. Experimental Investigations

4-8

Table 4.2 Chemical and mineralogical compositions of Type A Portland cement.

Chemical Compositions

Si02 22.2%
A203 4.8%
Fe203 4.2%
CaO 64.9%
MgO 1.1%
SO3 2.9%
Loss on ignition ) 1.2%
Free CaO 1.1%
Insoluble residue 0.0%
Sulphuric Anhydrite 2.9%
Mineralogical compositions
C3S 64.0%
C2S 10.0%
C3A 6.0%
C4AF 13.0%
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4.1.6 Calcium chloride

The set accelerator used was 959 calcium chloride. The specification of

959 calcium chloride is detailed below.

959 calcium chloride, dried.
3-8 mesh.
CaCl2 =110.98
Assay 85.0% min.
Maximum limits of impurities.
Sulphate SO4 = 0.05%
Iron Fe = 0.02%

Merck Art 2382, a high grade calcium chloride-2-hydrat krist was also
used, in a view to determine more accuratelyvthe rﬁass percentage of the set
accelerator used in the mix formulation. The specification of Merck Art 2382

calcium chloride-2-hydrat krist is detailed below.

CaCl2.2H20 min 99.5%
PH 4.5-6.5
So4 ~ max 0.005%
N max 0.005%
Pb max 0.0005%
Fe max 0.0003%
Mg max 0.005%
Sr max 0.05%
Ba max 0.003%
K max 0.01%

(M = 147.02 g/mol)
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4.2 OUTLINE OF THE EXPERIMENTAL PROGRAMME

The experimental programme was conducted in six series of tests which
are listed chronologically as series I, II, III, IV, V and VIin Table 4.3. All pouring
and batching details of CCWR material specimens are presented in Table 4.4. In
addition, series VII experiments were conducted to determine the influence of water
content on the flow properties of West Cliff CWR. Test procedures for the test
series are detailed in Sections 4.3 through 4.9. Test procedures for test series I, 11,
IIT and IV have been reported in details (Hii and Aziz, 1986). Tests in series V were
carried oﬁt generally to AS 1012.13/Amdt 1/1986-12-05 - Method for the

Determination of Drying Shrinkage of Concrete.

Series I experiments were on unconfined compressive strength tests of
CCWR material specimens with both lengths and diameters of 102.5mm. Series II,
III and IV experiments were on i;lcii;ect tensile strength tests, triaxial strength
(confined compressive strength) tests and unconfined compressive strength tests
respectively of CCWR material specimens with the standard NX size. Series V
experiments were on the effeét of water content on the drying shrinkage of CCWR
material and are reported in section 4.7. Series VI experiments were on the

influence of geometry on the strength and the elasticity of CCWR material models

and are reported in section 4.8.

Test series I was designed to investigate the strength development with
respect to time under uniaxial stress conditions of mixes of minus 10mm West Cliff
CWR, calcium chloride set accelerator and Portland cement. The objective of this
study was to determine the strength and characteristics of the formulated mixes and
to access their suitability for application in strata control under Australian coal

mining conditions.
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Tests in series II, III and IV experiments were undertaken to develop a
new yield function which can predict the strength and yield characteristics of
CCWR material in a satisfactory manner. The proposed logarithmic yield function
may be used to simulate the load deformation behaviour of CCWR material. Results
generated from these three experiments can also provide valuable geotechnical data
of CCWR material which are much needed for the design of CCWR pack

structures.

Series V experiments were conducted to study the effect of water content
on the drying shrinkage of CCWR material specimens. The objecﬁve of this study
was to quantify the effect of water content, if any, on the drying shrinkage of
CCWR material.

Series VI experiments, Whl—Cg were 1nitiated after series I through V had
been completed, were conducted to study the effect of geometry on the strength and
elasticity of CCWR material. This is a relatively new development in pump packing
material research. A special set of moulds were designed to complete these

experiments.

Series VII experiments were conducted to determine the optimum water

content for flowability of coal washery refuse. The study is detailed in Section 4.8.

All experimental results are evaluated in Chapter five.
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Table 4.3 Summary of tests.
Test Series  Description of Tests Experimental Total No.
Measurements of Tests

Unconfined compressive Force, axial and

strength tests. lateral displacements. 365
(Specimens with both

lengths and diameters

of 102.5mm).

Indirect tensile strength  Force and

tests. (The discs were displacement. 42
56mm in diameters and

29mm thick).

I

Triaxial tests. Force and

(Specimens with lengths  displacement. 44
and diameters of 113mm

and 56mm).

Unconfined compressive Force, axial and

strength tests. lateral displacements.
(Specimens with lengths 30
and diameters of 113mm .‘

and 56mm respectively).

Drying Shrinkage tests.
(Prisms 75mm x 75mm  Length. 24
x approximately 285mm

long).

Unconfined compression Force, axial and

strength tests. lateral displacement.
(Specimens with a height '

of 150mm and diameters 19
of 55.5mm, 75.5mm,

102.8mm, 149.5mm,

206mm, 242mm and 314.5mm)

4-12
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4.3 EXPERIMENTAL EQUIPMENT

Measurements and the correct explication thereof are an essential part of
any engineering research and development programme. The measurements must
supply reliable information and their meanings must be correctly comprehended.
Material property determination using laboratory tests plays a vital role in this
research. The successful application of the science of solid mechanics to the
practical problems of pack design requires the acquisition and reduction to usable

form of large amounts of laboratory data.

In order to facilitate the development and utilization of CWR for strata
reinforcement in underground coal mining operations, a computerized strength
testing system capable of high speed data acquisition and further data processing
has been developed. Computer programmes, written in BASIC, have been
developed to control the measurem-er;tvsystem and the data logging process, and to
facilitate data processing, printing and plotting of test results all with less risk
errors. One of the unique features of the language is the incorporation of block
structures and the ability to create functions and procedures. BASIC can also handle
interrupts within a program, which provides a powerful real-time capability. The

mechanical measurement tests performed on this automated System have

demonstrated that it is highly reliable in use.
4.3.1 Strength testing system

‘The servo-controlled strength testing system, Figure 4.6, consists of five

units:

(i) areaction loading frame,

(il) an electronic control console,
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(1i1) a hydraulic power pack,

(iv) aLVDT strain measurement rig and/or strain gauges, and

(v) aHP 3054A automatic data acquisition and control system.

Upper

Grip

Lower

Grip

Grip
Manifold

Acmator

5
Load
Frame
Assembly
L
-
= ao
e
0
‘\ ]
LVDT
Transducer

Load
Cell

Specimen

Servo
Valve

Electric
Box

Figure 4.6 The servo controlled stiff testing machine.

4.3.2 Instron 8033 testing machine

4-15

An Instron 8033 servo-controlled stiff testing machine is used in this

testing system. This machine is microprocessor controlled and a simple keyboard

serves as the interface with the operator. Magnetic tape cassettes are used to load

the test programmes. The Instron 8033 is capable of applying compressive and

tensile loads of SO0KN over a working stroke from minus 75mm to plus 75mm

with an overall system stiffness greater than 1060 KN/mm. The control console

provides the necessary feedback control to enable closed-loop servo-controlled
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testing to be performed. The program controls the microprocessor to process data,
and to control the flow of information to and from memory and input/output

devices as shown in the block diagram in Figure 4.7.
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Figure 4.7 A closed loop servo block diagram.

The load cell, type 2518-110, which is employed in this machine has been
tested for accuracy and linearity on a suitable calibration device, which in turn has
been certified by the National Physical Laboratory to an accuracy better than 0.05%.
The accuracy of each range of the cell has been found to equal or exceed 0.2% of

cell rated output, or 0.5% of indicated load, whichever is greater.
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4.3.3 Data acquisition system components

The data acquisition and control system for the monitoring of both axial
and diametric strains of CCWR material specimens is shown in Figure 4.8 and

consists of:

(1)  the HP 9826 microcomputer,

(i) the HP 3054A data acquisition and control system, and

(iii) the HP 7DCDT series of displacement transducers
(linear variable differential transformers (LVDT) and/or

strain gauges).

]
] |
| |
| LVDTI | LVDT2 X
1 ]
X , PRINTOUT/
| — : STORAGE
] H
1 LVDT4 [ Lvors | LVDT6 )
! 1
| |
R DU N H i PROGRAMS |
e
A 4
N
V|
INTERFACE
= COMPUTER
A
\"
SIGNAL CONDITIONA = COMPUTER
DATA ACQUISITION BOX > PROCESSING

Figure 4.8 The interface of LVDT and HP data acquisition and control system.

The system also includes a control component with the function of
monitoring and modifying the test in some pre-programmed manner. The LVDT

transducers and strain gauges are used to convert displacements to electrical



Chapter 4. Experimental Investigations 4 - 18

signals. Generally, the transducer produces a change in either r¢sistance, output
voltage, or output current which is proportional to a physical change within the
system being monitored. The HP 9826 microcomputer is the controller of the
whole system. The HP 3054A, a computer based automatic data acquisition and
control system, consists of a system mainframe 3497A and two voltmeters, the
3456A (for strain gauges) and the 3437A (for LVDT transducers). These

instruments are interfaced via HP-IB cable to the 9826 computer.

The strength tests require the application of a compressive force to the test
specimens and the measurement of one or more displacements. The need to record
both axial and diametric displacements in conjunction with specimen loading to
obtain strain data necessary to determine the elastic moduli (Young's modulus and
Poisson's ratio) led to the design and application of the LVDT strain measurement
rig. The HP 3054A automatic data acquisition and control system was used in
conjunction with the LVDT strain‘xr;evasurement rig constructed using six LVDT
transducers (three in the axial and three in the lateral direction). All LVDT
transducers were calibrated to determine their linear displacement constants. These
constants were included in the LVDT program to enable direct microstrain values to

be obtained in the output. This LVDT strain measurement rig, is capable of

measuring both axial and diametric strains to an accuracy of + 0.5% of reading.

Several computer programs have been developed by the author to control
the data acquisition procedure for strain measurements. The LVDT program written
in HP BASIGC, is used to control the 3437A voltmeter to take readings in steps.
Each LVDT transducer is sampled 30 times and the average is stored before
switching to the next transducer. Figure 4.9 shows the flow chart for the LVDT

program.
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Figure 4.9 Flow chart for the LVDT program.
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The recorded voltage signals are transferred to the HP 9826
microcomputer in a packed format, then converted to ASCII values. Subsequently
these ASCII values are converted to microstrain values according to calibrated
constants between voltage and displacement. Finally, an ASCII file is created to
store the data on a disk. The data can be retrieved and recombined in a variety of
ways depending on the needs, perhaps instantaneously or at any time, and

processed, printed and plotted in any desirable form.

The strain gauging technique is also employed to obtain strain data of
CCWR materials. The CCWR material specimens were instrumented with four
foil-type (Showa N11-FA-30-120-11) strain gauges (two in the axial and two in
the lateral direction). The gauges in both directions were wired in separate series
circuits which enables automatic averaging of axial and transverse strain data. Each.
series of strain gauges was wired into a separate Wheatstone bridge configuration

for zero balancing and subsequent strain monitoring.

During the test, the specimen was loaded in the testing machine at some.
preprogrammed loading rate (e.g. 0.0015mmy/sec), and at the same time the load
and strains were monitored. A strain program which is also written in HP BASIC
controls the 3497A voltmeter to record réadings in a step by step manner
continually; strains are monitored by measuring the associated bridge output
voltages, the magnitude of these output voltages are proportional to the specimen
strain. Figure 4.10 diagrammatically shows the interface of strain gauges and the

HP data acquisition and control system.

One of the unique features of HP BASIC language is the incorporation of
block structures and the ability to create functions and procedures. The user can

also create custom functions and procedures that extend the range of keywords
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within the language as user needs dictate. HP BASIC can also handle interrupts

within a program, which provides a powerful real-time capability.

STRAINS MEASUREMENT INSTRUMENTS

e e e e e e = e Em em mm mm = G e mm em Em wm = e
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| GAUGE 1 GAUGE2 1
! ! PRINTOUT/
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. i 1 !
I STRAIN | STRAIN '
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4
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VI ‘}
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> COMPUTER
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A
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. - COMPUTER
—_—1 3054A | < PROCESSING
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Figure 4.10 The interface of strain gauges and HP data

acquisition and control system.

4.3.4 Device dependence of strain measurements of CCWR material

specimens

Strain gauges and LVDT transducers are the two most widely used devices
for measuring the strain properties of specimens during strength testing.
Unfortunately, very little research has been undertaken to compare data obtained
from both devices on the same material. For this reason a program of work is being
attempted to correlate the strain property data obtained from both devices. The
strain property measurements on CCWR material specimens indicate that the
differences in data obtained from the two devices for the same material may, to a

significant degree, be the result of device dependence. The findings are complicated
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by the fact that end effects have more influence on the strain values obtained using
LVDT transducers. Thus great care is needed when measuring strain properties to

minimize device dependence.
4.3.5 Experimental Apparatus for Flow Tests of CWR

This consisted of a conical funnel and the flow-tube fixed to a specially
fabricated steel frame as shown in Figure 4.11. The conical funnel from which the
flow-tube extended was used to load the test materials. The tube is made of 3mm
thick transparent perspex with an internal diameter of 50mm and length of 1.81m,

and can be adjusted to any angle up to 559.

The perspex tube made it possible to observe the actual flow of the
material tested as it was discharged. Furthermore, for ease of cleaning, the tube is
fully detachable from the frame. The base plate of the frame is made of 8mm thick

steel] for stability.

The bottom end of the perspex tube was machined flat so that a flat block
of perspex could be maﬂually pressed against it to form a watertight seal. After
considering many possibilities, including mechanical hinges and various valve
arrangements, this gate system was decided as the best method for a quick release
of material in the tube. As well as being efficient, it also has simplicity and cost

advantages.
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50mm L.D.
PERSPEX TUBE
(3mm thick)

\ STEEL FRAME

8mm THICK STEEL CHANNEL

Figure 4.11 Schematic of the flow-tube experimentat apparatus.
4.4 EXPERIMENTAL PROCEDURES
4.4.1 Test specimens identification coding

In the first group, specimen 10%-1.5HRS, for example, means the
specimen had 10% of Portland cement and was tested 1.5 hours after pouring. In
the second group, specimen 10%-1-1, for example, means the specimen had 10%

of Portland cement, was tested after one day curing and was number one in a

replicate set of three.
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4.4.2 Design and construction of sample moulds

The CCWR material specimens for series I experiments were poured in
specially designed and constructed PVC plastic tubing moulds with lengths and
diameters of 102.5mm. The standard NX size triaxial jackets were used to pour
CCWR material specimens for Series II, III and IV experiments. Figure 4.12
shows CCWR material specimen moulds. A special set of steel moulds with a
height of 150mm and diameters of 55.5mm, 75.5mm, 102.8mm, 149.5mm,
206mm, 242mm and 300mm were designed and constructed for pouring CCWR

material specimens for series VI experiments.

4.4.3 Sample preparation

A set of standard quantities and conditions have been used in the sample

preparation. The following techniques were used for each of the 14 batches poured.

Figure 4.12 CCWR material specimen moulds.
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4.4.4 Mixing of concrete

4.4.4.1 Batch size

The batch size was over-batched by 10% to ensure an excess of material

after moulding the required specimens.

4.4.4.2 Mixer

The type of mixer used was a 0.2 cubic metre capacity, 'Bennett' motor-

driven mixer.

4.4.4.3 Charging sequence

The mixer (see Figure 4.13) was charged with materials in the

order set out below.

< r-"-. Aﬁ

Figure 4.13 'Bennett' Mixer.
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(1)  The inside of the mixer was moistened.

(1) The mixing drum was charged with moist CWR and part of
the mixing water. Then it was left operating for two minutes.

(ii1) Portland cement was then added and the mixing time started.
The balance of the mixing water was added promptly as
required.

(iv) Calcium chloride admixture which has been dissolved in part
of the mixing water was added. The required level of this
admixture has been determined from previous tests carried
out by Thomas (1986).

(v) Final water additions were made.

(vi) Mixing was then continued for 15 minutes.

4.4.5 Pouring of CCWR material specimens

At the completion of mixing, slump test (see Figure 4.14) was performed
within 2.5 minutes. This test was aimed at measuring the consistency of the mix.
The mix was then sampled direct from the mixing pan, care being taken to avoid
segregétion. The following sequence was strictly followed in each case to allow

assessment of any possible effects of non-uniformity.

1. Pour and vibrate 1.5H, 2H, 2.5H, 4.25H and 4.5H specimen.

2. Pour and vibrate 1-1, 7-1, 14-1, 28-1, 60-1 and 90-1 specimen.
3. Pour and vibrate 1-2, 7-2, 14-2, 28-2, 60-2 and 90-2 specimen.
4. Pour and vibrate 1-3, 7-3, 14-3, 28-3, 60-3 and 90-3 specimen.

5. Pour and vibrate the triaxial test specimens.
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Figure 4.14 Slump test.

The workability of the mix determines the duration time of vibration to
compact the specimen and the surface of the specimen mix will become relatively
smooth when sufficient vibration has been applied. The duration of vibration of the
specimens on the vibrating table (see Figure 4.15) known as TCAL Syntron
Packer, Model VP65B', operating at a frequency of 50 Hz was approximately 5
seconds for batch one, 20 seconds for batches two, three, four, five, six, nine, ten
and thirteen. Test specimens for batches seven, eight, eleven and twelve were not
vibrated because of their relatively high fluidity. All the triaxial test specimens were

vibrated for 25 seconds.
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Figure 4.15 'TICAL Syntron Packer, Model VP65B'

According to Thomas (1986) vibration was thought to be necessary to
produce adequate compaction of the test specimens which were much smaller than

the actual pouring dimensions in practice.

It took 25 minutes to fill and vibrate all the test specimens. Another 15
minutes was needed to level the tops of the specimens. The duration of the

preparation of specimens from start to finish was approximately one hour.

4.4.6 Curing of CCWR material specimens

At the completion of peuring and vibrating, CCWR material specimens

were cured in plastic bags to prevent dehydration. After 24 hours from pouring,
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CCWR material specimens were demoulded with ELE Press. The specimens were
squared top and bottom and were later transferred to the humidity room for curing.
All specimens were cured at 20 ©C in the humidity room, the condition of which

was the closest approximation to real mine situation.

4.4.7 Observations of the physical appearance of various CCWR

material mixes

Descriptions of various CCWR material mixes given in Table 4.5 are
reflected by the water content at pouring. They indicate the importance of water

content on the mix consistency.

4.4.8 CCWR test specimen bulk density determination

The bulk density of CCWR specimen was determined at the time of
compressive strength test and during the strength development period, and was
done in accordance with ISRM suggested method. The bulk volume of the
specimen was calculated from vernier caliper measurements. An average of several
readings for each dimension, each accurate to 0.1mm was used in the calculation of
the bulk volume.

Ms + My
\"

Bulk Density =
where, Ms = Grain mass.

My = Mass of Void.

V = Volume of grain + volume of void.

or VYV = Bulk volume.
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Table 4.5 Descriptions of the physical appearance of various

CCWR material mixes.
Batch Cement content Water content Remarks
1 15.6% 14.7% Slightly wet
2 12.5% 13.0% Slightly dry
3 10.0% 13.8% Good consistency
4 7.5% 12.6% Good consistency
5 5.0% 12.0% Slightly dry
6 15.0% 12.0% Very dry
7 15.0% 21.0%  Very wet
8 10.0% 19.1% Very wet
9 10.0% 12.0% Very dry
10 12.5% 16.5% Good consistency
11 12.5% 19.1% Very wet
12 7.5%  —— 19.0% Very wet
13 7.5% 16.5% Good consistency

4.4.9 Determination of the grain mass Ms of CCWR specimens

The grain mass, Ms of CCWR specimen is defined as the equilibrium of
constant mass of the specimen after oven drying at a temperature of 105 9C (the
grain mass of CCWR specimens were determined in accordance with ISRM
suggested standard methods). After compression testing, each specimen was dried
to constant mass in an oven at a temperature of 105 ©C. The dry density of CCWR

specimen was then calculated using

Dry Density = —l\g

where, Ms and V had been described in sub-section 4.4.8.
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In this study, the porosity and grain density of CCWR specimen were also

determined using saturated method.

4.4.10 Method for measuring the physical properties of CCWR

specimens

Porosity, void ratio, specific gravity, bulk density and particle density of
CCWR specimens were determined using volumetric method and done in
accordance with ISRM suggested methods. The results from the measurement of
these physical properties were also used to characterized the properties and the

behaviour of CCWR material.

4.4.11 Method for determining the sound (sonic) velocity of CCWR

specimens

The velocity of ultrasonic pulses travelling in the specimen depends on its
density and elastic properties. The quality of the specimen can be related to its
elastic stiffness. Therefore, the measurement of ultrasonic pulse velocity in the
specimen can be used to indicate the quality of the specimen as well as to determine
its elastic property. Also, the sonic velocity data of CCWR speciméns obtained
from this research can become a very useful and important parameter at the time of

field installation and testing of future CCWR pack structures.

During curing and before compressive strength testing of the specimen, its
sonic velocity was measured longitudinally using 'Pundit’. Pundit’ is simple to
operate and yet it can produce results with a high order of accuracy and stability. It
generates low frequency ultrasonic pulses and measures the time taken for them to
pass from one transducer to the other through the specimen interposed between

them. A simplified 'Pundit' system diagram is shown in Figure 4.16.
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Figure 4.16 Simplified Pundit’ system diagram.

The transit time was displayed in the form of three digits on three 'in-line'
numerical indicator tubes. The range of time measurements used was 0.1 to 99.9
microsec in units of 0.1 microsec. The accuracy of the transit time measurement
was generally not less than the direct reading values indicated on the display. An
accuracy of not less than 0.5% could be achieved. Sonic velocity measurement
results for CCWR material specimens are reported in Chapter 5. Specimen weights
were recorded at the same time as sonic velocities were determined. Results from
specimen weight and sonic velocity measurements of CCWR specimens have been

reported in Hii and Aziz (1987a, 1987b).
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Figure 4.17 'Pundit’' sonic velocity apparatus.

4.4.12 Strength test procedures

4.4.12.1 Unconfined compressive strength tests

The unconfined compressive strength tests (series I experiments) were
conducted on CCWR specimens with both lengths and diameters of 102.5mm at
ages of 1.5 hours, 2 hours, 2.5 hours, 4.25 hours, 4.5 hours, 1 day, 7 days, 14
days, 28 days, 60 days, 90 days and 365 days after casting. At least three
specimens from each group were tested. These tests were performed to determine
the ultimate compressive strength of the specimens. A strength testing system has
been developed for testing the specimens (this strength testing system has been

described in detail in Section 4.3).
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The loading plates of the LVDT strain measurement rig were clamped to
the Instron stiff testing machine and each specimen to be tested was centred
between the loading plates as shown in Figure 4.18. A spherical seating was
situated between the upper loading plate and the specimen to prevent unequal load
distribution across the flat ends of the specimen. Three axial deflection LVDTS
were adjusted to record similar initial deflections as were three lateral deflection
LVDTS. Figure 4.19 shows the LVDT strain measurement rig. The initial electrical
outputs were incorporated in the LVDT programme to compute axial and diametral

strains from these starting points.

Axial load was applied at a constant rate of deflection (0.0015 mm/sec)
until the complete failure of the specimen. Load values during testing together with
electrical outputs from the transducers were recorded at regulér load intervals until

the complete load deformation curve was obtained.

The measured values were used for determining the compressive strength

of the specimen given by:

where o is the ultimate compressive strength of the specimen (MPa),
F is the applied ultimate failure load (N), and

A is the cross-sectional area of the specimen (mmz).
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Figure 4.18 CCWR material specimen mounted in the LVDT strain measurement

rig during the unconfined compressive strength test.

Figure 4.19 LVDT strain measurement rig.
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Progressive and ultimate compressive strength were computed using the
LVDT programme. Secant Young's modulus and Poisson's ratio of the specimen
were also computed in this manner. Complete load deformation curves for ali
CCWR material specimens were obtained and these curves have been given in Hii
and Aziz (1987a, 1987b). Results of compressive strength tests of CCWR
specimens such as ultimate strength, secant Young's modulus, Poisson's ratio,
maximum stiffness, post failure modulus and residual strength have been reported
in detail in Hii and Aziz (1987a, 1987b). The specimen experimental data such as
moist density, dry density, water content, sonic velocity value have also been

reported in Hii and Aziz (1987a, 1987b).

4.4.12.2 Indirect tensile strength tests

The indirect tensile strength tests (series II experiments) were conducted in
accordance with ISRM suggested methods. The indirect tensile test rig is shown in
Figure 4.20. The tensile strength ot of the specimen was calculated by the
following formula:

_0.636P

=Dy

where Ot is the indirect tensile strength (MPa),
P is the applied load at failure (N),
D is the diameter of test specimen (mm), and

t is the thickness of test specimen measured at the centre (mm).

The indirect tensile test results are reported in Chapter 5.
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Figure 4.20 Indirect tensile strength (Brazilian) test rig.

4.4.12.3 Triaxial strength tests

Triaxial strength tests of CCWR specimens (series III experiments) were
also conducted in accordance with ISRM suggested methods. Figure 4.21
illustrates a triaxial strength test. The triaxial and unconfined compressive strength
tests (Series I and IV experiments) were conducted on specimens with lengths
and diameters of 113mm and 56mm respectively. Series IV experiments
(unconfined compressive strength tests) were carried out as set out in sub-section

4.4.12.1.
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The conventional single point failure technique was used in all triaxial
strength tests. A confining pressure was applied to the specimen and maintained
constant at a selected level. The axial load was increased at a constant rate of
deflection until the specimen failed at peak load. This peak load was then used to

determine the cohesion strength C and the angle of friction ¢ parameters of the

specimen. The experimental results of triaxial tests are reported in Chapter 5.

ORERTY O

JHERSITY OF WO

J
Figure 4.21 Triaxial cell applied to the LVDT strain rig.

4.4.13 Experimental technique for flow tests of CWR

In this study, test results from consistency measurements and flow tests
were used to characterize the flow properties of CWR with different nominal water
contents. A simple flow-tube technique was employed to quantify the flowability of
CWR. This involved the flow of a fixed quantity of CWR through the flow-tube.

The time for the fixed quantity of CWR to pass through the tube becomes a
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measure of the consistence of CWR and this is known as the flow factor (FF). The

flowability of CWR is then expressed as:

F=FF1x 100

where F 1s the flowability and FF is the flow factor.

4.4.14 Testing procedures for flow tests of CCWR material

The 1nitial flow tests were conducted to determine the slopes of the flow-

tube for the test runs. The selected slopes of the flow-tube were 38.59, 459 and

500. The procedure employed in the flow tests of various oil samples was carried

out in the order set out below:

(1)
(1)

(iii)

(iv)

)

The flow-tube was set at the desired angle, starting at 38.5°-
The temperature of the oil sample and atmosphere was taken
prior to each run.

The flow-tube was closed at the bottom using the perspex
gate and subsequently filled to the top, that is, until no more
fluid could be added wit.hout spillage. This ensured that the
same volume of fluid was used for each run.

The bottom gate was then opened and timing simultaneously
started. All timing was done using a hundredth (1/100 th) of
a second AMF American Split-Taylor stopwatch.

Run was terminated when the fixed volume of fluid had
passed through the flow-tube. The fixed volume of fluid was
deemed to have passed through the flow-tube when the wave
from the top of the flow-tube reached the bottom and

discharge into the atmosphere.
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The time taken was recorded and the procedure repeated a

further four times (a total of five runs).

(vi1) After five runs at 38.50, the angle setting of the flow-tube

was increased to 450 for five more runs using the same
procedure, and finally to 509. The flow-tube was then

cleaned and dried ready for the next series of tests.
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Test runs were conducted on CWR with nominal water contents of 2%,

5%, 10%, 15%, 20%, 25%, 25% and 30%. The procedure for the flow tests of

CWR was identical to that of the oil samples except for some additional steps as

described below:

®

(ii)

(iit)

(iv)

CWR of a known water content was weighed out and hence
the amount of water required to be added could be
calculated. .

The temperature of the atmosphere and water to be added
was recorded.

The batch size was over-batched by 10% to ensure excess of
material for the flow tests. The inside of the mixer was
moistened. The mixing drum was charged with moist CWR
and the mixing water. Mixing was then continued for 2.5
minutes. The type of mixer used was a 0.067 cubic metre
capacity, planetary action mixer.

At the completion of mixing, slump test was performed in
accordance with AS 1012, part 3-1976. The slump test not
only yielded valuable data, but also ensured that each mix

received equal compaction prior to the flow test. The flow

tests were then conducted on CWR as described before.
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4.5 MECHANICAL PROPERTIES EVALUATION OF CCWR
MATERIAL

This study is an integral part of a broad research programme on the
development and utilization of CWR for strata reinforcement in underground coal
mining operations. Because the information on the mechanical properties of
CCWR material and the knowledge on the factors of influence are needed for
economical use of this material, a comprehensive laboratory test programme has
been devised to investigate the strength development of coal washery refuse as a
function. of various cement mixes over a 365 day period. The study also

investigated the load deformation characteristics of CCWR material.

A set of standard quantities and conditions used in the preparations and
testings of CCWR material specirpens studied have been given in Sections 4.1
through 4.4. Results from sound velocity measurements, unconfined compressive
strength tests, triaxial strength tests and indirect tensile strength tests and the
measurement of physical properties such as porosity, void ratio, specific gravity,
bulk density and particle density are used to characterize the properties and

behaviour of CCWR material. The results and analyses of these tests and

measurements are reported in Chapter 5.

4.6 EFFECT OF WATER CONTENT ON THE MECHANICAL
PROPERTIES OF CCWR MATERIAL

In many cementitious mixtures, industrial by-products such as granulated
blast furnace slag, fly ash, mine tailings and rice husk ash have been used
successfully (Mehta and Pirtz, 1978; Munn, 1979; Blunk, 1979; Berry and
Malhotra, 1980; Lerche and Renetzeder, 1984; Loo et al, 1984; Collepardi, 1988;

Mehta, 1989). More recently, the potential use of instant chilled steel slag as an
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aggregate in concrete has been investigated (Montgomery and Wang, 1989). One
method is to substitute these by-products for the more expensive commercial

materials in proposed mixtures, either fully or partially.

In order to utilize CWR as a raw material for pump packing, it is necessary
to study the influence of water content on the mechanical properties and behaviour
of CCWR material because many problems are being experienced in obtaining a
consistent mix owing to the variation in products from the coal washery. Two other
reasons for this study are, firstly, a serious problem such as shrinkage cracking can
arise frequently if the importance of water content is neglected, and secondly,

realistic experimental data of CCWR material are needed in pack design.

Series I and V experiments were undertaken to investigate the influence of
water content on the mechanical properties and behaviour of CCWR material. This
study is also a research effort on the development of CCWR material with calcium
chloride admixture to optimise particular physical properties with nominal water

contents ranging from 12% to 21%.

All pouring and batching details of CCWR material specimens have been
given in Table 4.4. Test procedures for test series I and V and materials used in
making test specimens have been reported in details in Section 4.1 through 4.4.
Tests in series V were carried out generally to AS 1012.13/Amdt 1/1986-12-05,
Method for the Determination of Drying Shrinkage of Concrete.

The unconfined compressive strength, modulus of elasticity, sonic
velocity, density and drying shrinkage of CCWR material were the primary

properties investigated.

The results of this investigation are analysed and discussed in Chapter 5.
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4.7 A NEW YIELD FUNCTION FOR CCWR MATERIAL

In order to develop an empirical yield criterion for CCWR material, series
II, III and IV experiments were carried out. Series I, IIT and IV experiments
consisted of tensile strength tests, triaxial strength tests and unconfined compressive
strength tests respectively. These rountine material tests were carried out in
accordance with the ISRM Suggested Methods. Based on the results of these tests,
a logarithmic yield function is proposed for predicting the strength and yield
characteristics of CCWR material, and the parameters contained in the proposed

yield function have been determined.

A procedure for the determination of the parameters have been discussed
in Chapter 3. The logarithmic yield function program, written in FORTRAN, has
been developed to facilitate data processing of test results and a listing of the
fundamental FORTRAN code is given in Appendix 1. The study has indicated that
the proposed logarithmic yield function can predict the strength and yield

characteristics of CCWR material in a satisfactory manner.

4.8 EFFECT OF WATER CONTENT ON THE FLOW
| PROPERTIES OF CWR

The objective of this study was to determine the optimum water content for
flowability of West Cliff CWR (this has been reported in detail in Hii and Aziz,
1987c). A simple flow measuring device, called a flow-tube, was designed and
constructed for this series of experiments. West Cliff CWR with different nominal
water contents were mixed and tested using an inclined, open ended flow-tube
technique. The flow-tube used consisted of a perspex tube topped with a receiving
conical funnel and sealed at the discharge end by means of a flat block of perspex

until filled with CWR.
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A series of flow tests and supplementary consistency measurements
(slump tests) were conducted to determine the influence of water content on the
flow properties of CWR. In all, 130 flow tests and 24 slump tests were conducted
to shed some light on the effect of water content on the flow characteristics of minus
10mm West Cliff CWR. The results and discussion of the flow and slump tests of

CWR are presented in Chapter 5.

4.9 EFFECT OF GEOMETRY ON THE PROPERTIES AND
BEHAVIOUR OF CCWR MATERIAL MODELS

Series VI experiments were conducted to investigate the influence of
geometry on the mechanical properties and behaviour of CCWR material models.
The study focuses on the effect of the width/height ratio on the strength of the
material. The main purpose of this §tud_y is to ascertain the effect of end constraints

on the strength of CCWR material models.

CCWR material models (scale 1:15) with a height of 150mm and
diameters of 50mm, 75mm, 100mm, 150mm, 200mm, 250mm and 300mm were
tested, simulating underground monolithic pack support with different widths in a
coal seam of uniform height. After they were cast, the CCWR material models were |
cured at 20°C in the humidity room, condition of which was the closest

approximation to real mine situation.

Unconfined compressive strength, modulus of elasticity and poisson's
ratio were the primary properties investigated. The study also investigated the load

deformation behaviour of CCWR material models under the test condition.

The experimental data of the mechanical properties and behaviour of

CCWR material models are analysed and discussed in Chapter 5.
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSION

5.0 INTRODUCTION

The experimental results obtained from the experiments described in
Chapter 4 are reported in this Chapter. The analysis, discussion and comparison of

the experimental results will also be presented in this Chapter.

. 5.1 Effect of Crushing on the Grain Size Distribution of Minus
10mm CWR

An attempt was made to study the effect of crushing on the grain size
- distribution of CWR. The technique used was to perform sieve analyses on

different CWR samples and the results obtained were then studied and compared.

Firstly, sieve analysis was performed on CWR which had not been
processed. Secondly, at the completion of sieving, the sieved CWR was re-
combined and processed as described earlier. Thirdly, the processed minus 10mm

CWR was used for the final sieve analysis.

The results obtained from these sieve analyses were then used to study the
effect of crushing on the grain size distribution of CWR. This is presented in sub-

section 5.1.1.
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5.1.1 Discussion and conclusions drawn from sieve analyses

It was revealed that before processing of CWR, the gravel fraction and
cobbles made up some 87.5% of its total weight. And after processing of CWR,
about 80% of the processed CWR were lower medium gravel and fine gravel

fractions.

Tables 5.1 and 5.2 show the grain size distribution of CWR before and
after processing respectively. For brevity the experimental data of sieve analyses are
presented in Tables AIl1.1 through AIl1.4 (in Appendix AIl1). Sieve analyses were
also conducted by Lama (Richmond et al, 1985) using wet screening and the results
are conveniently given in Tables AII1.5 through AIl1.14.

According to Lama (Rich;n;)r:d et al, 1985), the results indicate that the
percentage of large particles which are greater than plus 12.7mm varies between
39.0% and 71.0% by weight and with the mean value of about 58.9%. In addition,
the minus 0.106mm fractions form only about 8.8% and this suggests that the finer
fractions form a very small part of the total. The practical significance of this
singular aspect is that this could create préblems if the hydraulic transportation

system is used to convey this material for pack applications.

The curves in Figures 5.1 and 5.2 show that crushing of CWR did not
really affect its grains with sizes 1.0mm and under. It was also noted, however, that
crushing of CWR shifted AB portion of the curve in Figure 5.1 to the left. This
indicated an increase in the weight percentage of particles with sizes bigger than
1.0mm. Also noted was that processing of CWR generated some 0.1 per cent of the

coarse silt fraction.
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Table 5.1 The grain size distribution of CWR before processing.

Total Weight Weight Percentage General Remarks
(%) (%)
42.0 Coarse gravel fraction
and cobbles.
87.5 30.0 Medium gravel
fraction.
15.0 Fine gravel fraction.
6.0 Coarse sand fraction.
12.5 4.5 Medium sand fraction.
2.0 Fine sand fraction.

Table 5.2 The grain size distribution of the processed CWR.

Total Weight Weight Percentage General Remarks
(%) (%)
80.0 35.0 Lower medium gravel
fraction.

45.0 Fine gravel fraction.
15.0 Coarse sand fraction

19.92 3.75 Medium sand fraction

1.17 Fine sand fraction

0.08 0.08 Coarse silt fraction
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The shape of West Cliff CWR ranges from longish to flat with different
degrees of roundness as shown in Figures 4.3 and 4.4 (Chapter 4). The length to
thickness ratios range from 1:1 to 4:1 and the length to width ratios range from 1:1

to 3.6:1. The maximum grain size has been limited to minus 10mm.

West Cliff CWR is composed of sand grains, some may be the size of a
pea, and other may be much finer. Some grains are so fine that individuals cannot
be distinguished. The colour of CWR is light to dark grey. CWR is very porous, it

is also usually soft and can be easily carved into shapes.
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Figure 5.1 The grain size distribution curve of CWR before processing.
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Figure 5.2 The grain size distribution curve of CWR after processing.

5.2 RESULTS FROM X-RAY DIFFRACTION ANALYSES AND
DISCUSSION
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