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ABSTRACT 

This work involves the development and analysis of a new pump packing 

material, which utilizes coal washery refuse ( C W R ) 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 ( C C W R ) material mixes to give a required early strength and degree of 

workability when incorporating C W R . The usefulness of the method is shown by 

comparison of the results from a large number of tests on C C W R 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 C C W R materials can be 

obtained either by decreasing the water content or increasing the quantity of O P C 

used in the mixtures. 

This study also investigated the influence of moisture content on the 

mechanical properties of C C W R 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 C C W R 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 

C C W R material as it reduces the volume of the restraining C W R . 
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A n empirical criterion is proposed for predicting the strength and yield 

characteristics of C C W R 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 C C W R materials. 

Preliminary tests have also been conducted to determine the influence of 

moisture content on the flow properties of C W R . The test results indicate that the 

presence of very fine grains in C W R enhances its flowability remarkably. 

Further work investigated the effect of specimen geometry on the strength 

and elasticity of C C W R material. C C W R 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 

C C W R models under the tests conditions. It is shown that geometry has a 

significant effect on both the mechanical properties and load deformation 

characteristics of C C W R 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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CHAPTER 1 

INTRODUCTION 

The main theme of this thesis is the development of a pump packing 

material, which utilizes coal washery refuse ( C W R ) , 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 p u m p 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 ( C C W R ) 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 C W R 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 C W R 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 N S W Government (1983), it is estimated that by the year 2000, 

the existing and planned coal mining activities could generate some 104 million 

tonnes of C W R in the Southern Coalfields alone, while the existing and planned 

surface emplacements have a capacity for only 30 million tonnes of C W R . 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 F O R T R A N , 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: 

(i) Anhydrite system (first used in 1964); 

(ii) Thyssen system (first used in 1973); 

(iii) Warbret system (first used in 1976); 
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(iv) Monolithic pump packing systems using: 

(a) Aquapak; 

(b) Tekpak; 

(c) 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 

U K (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 M/G T/G M/G T/G 

Scottish 

North East 

North York 

Doncaster 

Barnsley 

South Yorks 

North Notts 

South Notts 

North Derby 

South Mids 

Western 

South Wales 

11 

Nil 

Nil 

2 

Nil 

3 

Nil 

9 

1 

6 

22 

7 

4 

4 

2 

4 

1 

11 10 

2 

2 

4 

2 

2 

3 

3 

3 

Total 60 23 30 26 

(Face Ends) 

Other installations are: Doncaster Area -Synthetic Anhydrite 

North Derby Area -Warbret 

Western Area -Flash pack 

Western Area -GP7 

(Pack Reinforcement) 

-1 Face End 

- 3 Face Ends 

-1 Face End 

- 2 Face Ends 

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): 

(i) improved gate road stability; 

(ii) improved face end ventilation, by preventing short 

circuiting of the airflow across the goaf; 

(iii) 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 5 0 % , -19mm run of mine ( R O M ) 

fines, the rest was made of a bentonite component (flowmat), and a cementing 

agent. However, it 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 R O M 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 is 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 H e m 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 2 0 % of advancing face ends (Stokes and Kitching, 1980). About 5 5 % of 

the systems used dirt collected insitu, 2 1 % used R O M material only and 2 4 % used 

R O M 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 1 0 % 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 7 3 % 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 

( M R D E ) 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 (KCQ 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 (lm 

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 time allowed and the 

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

expected of the system. 

PROPOSED INSEAM 
D R A I N A G E 

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. 

Effective area of support 4.2m x 5.7m = 23.9m2 

Figure 2.2 Wooden crib roadway support at South Bulli Colliery. 

(Richmond, 1981) 



Chapter 2. Monolithic Pump Packing Systems 2 - 1 1 

2m 
(or 3m) 

Figure 2.3 Proposed pump pack support system. 

(after Richmond, 1981) 

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 

t 
12m 

|̂ -3 m->| 

4.5m 
* • 

4.5m 
4 • 

MO N O L I T H I C 

•PACK SUPPORT 

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; 

(ii) the NSW Coal Mines Regulations Act stipulates the 

maximum width of a heading as 5.5m therefore exemption 

would 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 conditions; 
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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. 

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

wide roadway which has a 3 m 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 F A C E 

MONOLITHIC! 

PACK SUPPORT 

t 
2nd PASS F A C E 

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); 

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

(iii) advancing Longwall monolithic emplacement (see Figure 2.11). 

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) 

I 

Figure 2.8 Side roadway packwall. 

(after Richmond et al, 1985) 
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I •d\. 

Figure 2.9 Maingate packwall. 

(after Richmond et al, 1985) 
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FEEDING MACHINE 
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& 

TRANSPORT 
ROAD 

Figure 2.10(a) Concept of single entry dividing wall - driveage layout 

(after Richmond et al, 1985) 
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LONGWALL FACE INTERPANEI 
PILLAR 

__ CENTRE 
PACKWALL 

Figure 2.10(b) Concept of single entry dividing wall - partial extraction by 

Longwall with single entry. 

(after Richmond et al, 1985) 

PACK 

MAIN GATE 

PACK 

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); 

(ii) 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 

ROOF BOLTER 

Ll -LI-

ROOF BOLTER 

PANELCONVEYOR-

Figure 2.12 Shortwall entry drivage system with pump packing. 

(after Lama, 1988) 
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MAIN RETURN 

PUMP. 
PACK; 

PUMP 
PACK 

MAIN INTAKE _ 

Figure 2.13 Shortwall extraction system with pump packing, 

no development is required. 

(after Lama, 1988) 

KEMCOL BEAVER 

PANELCONVEYOR 

ROOFBOLTS 

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 U K market, and 

converted to Australian dollars by a factor of $2=£l 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 etal, 1986) 

Tailings pak 2 (UK) 

Products 

Pipeline pumping 

life (mins) 

kg/m3 of placed 

material pack 

Imported material 

cost/m3ofpack 

OPC 

120 

280 

Additives PFA 

IND IND 

21 214 

$57 

Tailings 

IND 

857 

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 M P a after 1 day 

Thyssen 51.5% Coal (-19mm) 60 mins 1.0 M P a after 7 days 

36.7% Water 5.0 M P a 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: 

(i) mixing of bentonite; 

(ii) using of O P C ; and 

(iii) 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 M P a after 1 hour 

29.0% Water 1.2 M P a after 1 day 

Warbret 1.2% Bentonite 60 mins 7-10 M P a 

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 M P a after 2 hours 

Anhydrite 0.9% Accelerator 4 hours 6.0 M P a after 1 day 

9.3% Water 8.9 M P a 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 

8 5 % water, 1 4 % 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 

High alumina cement 

Portland cement 

Anhydrite calcium sulphate 

0.35 M P a in 1 hour 

0.6 M P a in 2 hours 

1.2 M P a in 24 hours 

5.0 M P a after 28 days 

Aquapak 3.7% Aquabent 

Accelerator 

Sodium Carbonate 

(Soda ash) 

Bentonite 

20 mins 

63.2% Water 

The popularity of Aquapak system in the U K 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 9 1 % of the pack by 

volume. However, the material quantities used were only about 7 3 % 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 in 2 hours 

Tekpak 14.2% Tekbent 30 mins 2.5 M P a in 24 hours 

71.6% Water 5.0 M P a after 7 days 

Foseco Technik has now designed a new product called Tekpak X X 

which gives a minimum 24 hours pumping life. When Tekcem X X is mixed with 

Tekbent X X 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 Flashpak 

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 M P a after 1 day 

Alurninium sulphate 4.4 M P a after 7 days 

(0.03%) 

Flashpak Water (35.47%) Flash set 

34% Cement mix slurry 

O P C (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 1 0 % Tekbent 30 mins 0.8 M P a after 1 day 

Pak 1 6 % P F A 1.44 M P a after 2 days 

6 4 % Tailings 1.85 M P a after 7 days 

Studies on the use of C W R were carried out by Thomas (1985). C W R 

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 C C W R 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 M P a after 2 hours 

C C W R 69.7%-10mm coal N/A 5.17 M P a after 7 days 

washery refuse 6.53 M P a after 14 days 

17.6% Water 6.78 M P a 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 

P F A 2.7 M P a after 3 days 

Monier Expansion Agents 10-16 hours 3.7 M P a after 7 days 

"Big Bag" Plasticiser for better 6.3 M P a after 28 days 

flow 10.46 M P a in 42 days 

18.7 M P a 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. 

T Y P E S O F P A C K I N G M A T E R I A L S U S E D 

Colliery Wooden chock Steel chock "Big Bag" chock 

Appin 

Bulli 

Coal Cliff 

Cordeaux 

Corrimal 

Darke Forest 

Huntley 

Kemira 

Metropolitan 

North Cliff 

Nebo 

South Bulli 

Tahmoor 

Tower 

West Cliff 

Wongawilli 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Nil 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

~ 

~ 

— 

— 

— 

— 

— 

Yes 

~ 

— 

~ 

— 

~ 

— 

— 

— 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Nil 

Yes 

Yes 

Nil 

Yes 

Yes 

Nil 

Yes 

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. 

W 

15m 

-E3 

GOAF 

LONGWALL 6 FACE 

. 

MINI CHOCK B BIG CHOCK 

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 Uterature 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 C W R as a packing material is an attractive proposition. 

In the likely event of high tonnage demand for packing material, the 

crushed C W R 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: 

(i) good packing characteristics (the behaviour and suitability 

of the p u m p packing material with reference to strata 

control requirement); 

(ii) 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 M P a for deshuttering purposes, and initial 

strengths of 0.4-0.5 M P a in 4 hours, and 1.0-1.4 M P a 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 M P a 

(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 p u m p packing under Australian conditions with particular reference to the Bulli 

Seam. The Chapter is also concerned with the development of C C W R material for 

strata control, the application of the experimental design with mixtures and the 

development of a new yield function for C C W R 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: 

(i) 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; 

(ii) 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, this factor being pertinent to the use of tailings/fly 

ash packing system; and 



Chapter 3. Theoretical Considerations 3 - 2 

(iv) to prevent or mmimize 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 frorh 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. 

BRIDGING BEDS 

DETACHED 
BLOCK 

I 
rTTTTTTTTTT 
PACK 

CAVING 
HEIGHT 

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 tilt theory. 

BRIDGING BEOS 

WASTE 
m CONSOLIDATED 

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 role 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 therefore 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 face. 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-offline 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 

It is 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 p u m p packing in the form of "Big Bag" chocks since 1981. 

However, to date bulk monolithic p u m p 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 M P a in one day to 5.0 M P a 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 C C W R material mixes is proposed. 

This research program aims at producing the most cost effective and 

economical C C W R material for strata control and increased recovery of coal. The 

investigation also aims: to optimise particular mechanical properties of C C W R 

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 (Kmssel 
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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 the 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 oft 
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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(t)=tn (n>0) (3.2) 

Substituting eqn.(3.2) into eqn.(3.1) gives 

S=A-exp(-B/tn) (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. 

Eqn.(3.3) can be rewritten as: 

lnS=lnA-B/tn (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 

data in Table 3.1. As shown in Figure 3.7, satisfactory 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 accurately described by: 

S=A.exp(-B/t0-5) (3.5) 
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Figure 3.8 Plots of InS against 1/Vt for mixes 2 through 5. 
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Figure 3.9 Plots of InS against 1/Vt for mixes 1,7, 8, 11, 12 and 13. 
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Figure 3.10 Plots of InS against 1/Vt for mixes 6, 9 and 10. 
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i/Vt 

Figure 3.11 Plots of InS against 1/Vt 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 O p t i m u m design of C C W R 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 CaCl2, OPC and coal washery refuse, which are 
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herein represented by Xi, X2, X3 and X 4 respectively. These variables, when 

summed up together, should satisfy the constraint: 

Xi+X2+X3+X4=100 (3.6) 

Note that the ratio of the mass percents between CaCl2 and OPC is a 

constant in the experiment, i.e., 

X? 
TT*-= constant. (3.7) 

Therefore, there are only two independent variables: 

Xi 
~X3+X4 

x3 

(3.8) 

(3.9) 

Obviously the increase in Ri and R2 means the increase of relative 

quantities of water content and O P C respectively. Once Ri and R2 are known, from 

eqns.(3.6) to (3.9) the mass percents of Xi, X2, X3 and X,can be calculated by 

the following equations: 

Xi = (R2+l)RiX4 

X2 = 0.03X3 

X3=R2X4 (3.10) 

X4[(l+R2)Ri+L03R2+l] = 100 
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The strength of a mix is therefore a function of Ri and R2, which can only 

be determined empirically. For convenience, the form of the empirical function was 

chosen as: 

S=k-RimR2
n (3.11) 

where k, m and n are unknown parameters, which will be determined from the fit of 

eqn.(3.11) to measured data. A s 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. 

As eqn.(3.11) can be rewritten as: 

InS = lnk+m.lnRi+n.lnR2 (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 strength 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 

S28d = 2.776-Ri'
2-313R2

L597 (3.13) 

Snnai = 4.486-Rf2-238R2 (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; Loo 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). 



Chapter 3. Theoretical Considerations 3 

0.35 4 

Rl ( water > 
^ OPC+CWR ' 

Figure 3.13 Final strength contour plots. 

0.24 

OPC+CWR 
Figure 3.14 Contour plots for 28 day strength. 
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However, it should be pointed out that the "interaction" between Ri and R2 

can not be ignored. For example, as shown in Figures 3.15 and 3.16, a decrease in 

Rl can result in a significant change in the strength when R2 is large but not much 

change when R2 is small; and the effect of R2 on strength is also dependent on the 

value of Ri (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 response 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 Xi, then: 

Xj>0 (Ki<n), £Xi=l (3.15) 
i=l 
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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 Xi 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, Scheffe (1958) suggested modifying the usual 

polynomial model in the Xi'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 C C W R 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 experimental designs with 

mixtures can solve this problem. The present approach, though the experimental 

design has not been directly used, could 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 characteristics 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 W u (1985) 

to simulate the load-deformation behaviour of soft rocks is proposed for predicting 

the strength and yield characteristics of C C W R 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 C C W R 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: 

o^ = A + B ln( a 3 + C ) (3.16) 



Chapter 3. Theoretical Considerations 3 - 2 8 

where 

o~i= major principal stress; 

03 = 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: 

Q = Xki(a3i)-oli(o3i) =F(A,B,C) (3.17) 
i=i 

where 

a3i = minor principal stress; 

°H (a3i) = predicted major principal stress under minor principal stress 

rj3i condition; 

* 
G1 i (a3 i) = experimental major principal stress under minor principal 

stress 0~3i condition; and 

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

3Q 3Q 3Q 

dA dB ac 
= 0 (3.18) 

Substitution of eq.3.16 into eq.3.18 produces: 

N A + (zin( a3i+ C ))B = Ilau (3.19a) 

(Eln(a3i+ C )]A + (sin
2 (o3i+ C )jB = Eln( o-3i+ C ^ (3.19b) 

rj3i+C 
I A + A*3i+Cf 

\ °3i+C 
B = Z 

o3i+C 
a li (3.19c) 

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

A(C) = (B1A22-B2A12)i 
1 A 

(3.20a) 

B(C) = ( B 2 A 1 1 - B 1 A 1 2 ) — 
1 A 

(3.20b) 

where 

A n=N; 

A12=Lln(a3i+C); 

A22=Eln
2(a3i+C); 

B r ^ l j ; 
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B2=Zln(a3i+C)ali ; and 

T4=(A11A22-Ai2A12)"
1. 

Substituting eq.3.20 into eq.3.19c and rewriting the equation, we can 

obtain: 

/ 

F(C) = | Z — ^ — |A(C) + 
G3[+C 

i \._, ^M^i+c) 
z-
V a 3 i + C I 

B(C)-Z 
' 1 * 

G3 i+C 
on\ (3.21) 

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): 

(1) select Ce > C0, which satisfies F(C0>F(Ce) < 0; 

(2) let D = Ce - C0, if D < Eps, then GOTO (4); 

(3) let Cm = C0 + (D / 2), if F(C0)-F(Cm) < 0, then 

Ce = On, otherwise C0 = Cm, then GOTO (2); 

(4) let C = C0 + F(C0)-D / (F(C0) - 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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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 C W R , for strata control in Australian underground coal 

mining operations. C W R 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) andothers have provided information on the 

properties and utilization of coal mining wastes with or without cement and various 

additives. However, only a few data on the mechanical properties and behaviour of 

C C W R material containing minus 1 0 m m C W R have been published. 

Experimental investigations have been undertaken to study die mechanical 

properties and behaviour of C C W R material. The mechanical properties evaluation 

of C C W R material is an important step in the development and utilization of C W R 

for strata control in Australian underground coal mining operations. In order to 

determine the mechanical properties of C C W R 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 C C W R material has been developed which permits an 

integrated analysis of geotechnical measurements in the development of C C W R 

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 C C W R material specimens are presented in mis 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 experiment 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, 

N S W , 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 C W R 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 C W R by scraping or otherwise removing it from the 

conveyor belt and adding it to the sample. The sampling operations were conducted 



Chapter 4. Experimental Investigations 4 - 3 

— 

i 

£ • 
li 

li 
Li, 
|j 

• 

V 
IJ A 

jn 

"|1J l~i 
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Figure 4.1 Model of West Cliff coal washery. 

Figure 4.2 Collection of C W R 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. 

Sample Type 

80 S N 

500 S N 

160 BS 

190/210 P 

Viscosity • 

@ 100 °C 

(cSt) 

3.35 

10.35 

31.91 

40.68 

Viscosity • 

@40 °C 

(cSt) 

14.03 

88.55 

488.60 

1339.00 

Viscosity 

Index® 

110 

98 

96 

39 

• Tests conducted in accordance with A S T M D445. 

® Tests conducted in accordance with A S T M 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 lOrnrn sieve. The oversize C W R was passed through a small jaw crusher 

and the crushed C W R 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 C W R was then used for making the test 

specimens. The main purpose of processing the C W R was to produce a minus 
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1 0 m m 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 C W R 
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Figure 4.4 Grain shapes of West Cliff C W R . 

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 C W R 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 C C W R 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 rnineralogical compositions of Type A 

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

Chemical 

Si02 

A1203 

Fe203 

CaO 

M g O 

S03 

Loss on ignition 

Free CaO 

Insoluble residue 

Sulphuric Anhydrite 

Compositions 

22.2% 

4.8% 

4.2% 

64.9% 

1.1% 

2.9% 

1.2% 

1.1% 

0.0% 

2.9% 

Mineralodcal comr>ositions 

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. 

CaC12 = 110.98 

Assay 85.0% min. 

Maximum limits of impurities. 

Sulphate S 0 4 = 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 accurately the mass percentage of the set 

accelerator used in the mix formulation. The specification of Merck Art 2382 

calcium chloride-2-hydrat krist is detailed below. 

CaC12.2H20 

PH 

So4 

N 

Pb 

Fe 

Mg 

Sr 

Ba 

K 

min 99.5% 

4.5-6.5 

max 0.005% 

max 0.005% 

max 0.0005% 

max 0.0003% 

max 0.005% 

max 0.05% 

max 0.003% 

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 VI in 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, II, 

HI and IV have been reported in details (Hii and Aziz, 1986). 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. 

Series I experiments were on unconfined compressive strength tests of 

CCWR material specimens with both lengths and diameters of 102.5mm. Series n, 

III and IV experiments were on indirect 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 effect 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, in and IV experiments were undertaken to develop a 

new yield function which can predict the strength and yield characteristics of 

C C W R material in a satisfactory manner. The proposed logarithmic yield function 

may be used to simulate the load deformation behaviour of C C W R material. Results 

generated from these three experiments can also provide valuable geotechnical data 

of C C W R material which are much needed for the design of C C W R pack 

structures. 

Series V experiments were conducted to study the effect of water content 

on the drying shrinkage of C C W R material specimens. The objective of this study 

was to quantify the effect of water content, if any, on the drying shrinkage of 

C C W R material. 

Series VI experiments, which were initiated after series I through V had 

been completed, were conducted to study the effect of geometry on the strength and 

elasticity of C C W R 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 

I (Specimens with both 

lengths and diameters 

of 102.5mm). 

Indirect tensile strength Force and 

II tests. (The discs were displacement 42 

5 6 m m in diameters and 

2 9 m m thick). 

Triaxial tests. Force and 

DI (Specimens with lengths displacement 44 

and diameters of 113mm 

and 56mm). 

Unconfined compressive Force, axial and 

strength tests. lateral displacements. 

IV (Specimens with lengths 30 

and diameters of 113mm 

and 5 6 m m respectively). 

Drying Shrinkage tests. 

V (Prisms 7 5 m m x 7 5 m m Length. 24 

x approximately 285mm 

long). 

Unconfined compression Force, axial and 

strength tests. lateral displacement 

(Specimens with a height 

VI of 150mm and diameters 19 

of 55.5mm, 75.5mm, 

102.8mm, 149.5mm, 

206mm, 242mm and 314.5mm) 



Chapter 4. Experimental Investigations 4 - 13a 

cx 

s i &>: 
y -a 
•5" & 

S S 
est U £. 

2 « •3 

£ £ < 
•a 

W T) .s 

Q ^ U 

* i J 
P C/3 2 
U 

ts 
o 

2 Q s 

>N 00 

s s 

Q 

bO 

bo 

bo 

C 
o 

a 
6 
o 
U a 
a 

S 
U 

bo 

Q .cs s2 

CN 

r-

tf 
vO 

r-

tf 
Tt" 

in 

o oo 

(N 
m 

in 
00 
ON 

oo o 
Ov 

VO 
CS 

r-
tf 

in 

o 
cs' 

vo 
Ot 
VO 

ON 

o 
cs 

o 
ON 
VO 

r-

CO 

u 

q 
r-H 

^ H 

1-H 

q 
in 
r-H 

CS 
T-H 

q 
i-H 

oo 
l-H 

q 
vd 
T-H 

q 
cs 

"1 
vd 

q 
cn 

q 
d 
cs 

Ov 

d 

q 
T-H 

vq 
t-H 

q 
cs 

oo 
cn 
\o 
m 

in 
vq 

tf 

o 
d 
r-
(N 

t~H 

cn 

in 

q 
cn 

cn 

oo 
r—t 

tf 
d 
<N 
(N 

VO 
Ov 
cn 
cs 

r-; 
in 
cn 
T-H 

p-
ON 

tn 

tn 
t-; 
Ov 

Ov 

i — i 

vq 
r-H 

cn 
> — t 

o 

cs 
»-H 

tn 
oo 
vo 

VO 

d 
00 

u 
VO 

3 

VO 
CS 
m 
<s 

CS 

ON 
CS 

ON 

cn 
tf 

in 
oo 
tf 
<s 

cn 
cs 
Ov 
CS 

vo 
in 

m 
CS 

o 
© 

m 
r-

o 
in 

o 
in 

o 
vn 

oo 
oo 
in 
o 

5 
cs 
VO 

in 
cs 
in 
tf 

o 
cn 
r-
cn 

m 
00 
(N 
cs 

VO 
o 
r-
Ov 

cn 
00 
cs 
00 

co 

tf-
in 
Tt 

00 
t-
(N 
in 

o 
o 
o 
o 
VO 
VO 
OO 
iX 
1 

1—1 

cn 

oo 
<s" 

Ov 
O 

r-
cn 
tf 
O 
o 
o 
in 
tf 

VO 
00 
00 

1 

vo 

cn 
P~; 
cn 

p-

a 
in 
tf o 
o 
o 

5 
vo 
00 
oo 

1 

Ov 

ON 
cn" 

o 
O 
o 
NO 

tf-ON 
O N 

r» 
r~ 
• t f 

VO 

oo 
oo 
T-H 

cs 

1—1 

oo 
tf" 

Ov 
VO 
in 
tf 

o 
o 
o 
oo 
tf 

NO 
00 
00 
1 

m 
cs 

00 

tf" 

r-
T-H 

r-
r-
tf 
o 
o 
o 
o 
<n 

00 

d 
T—1 
1 

00 

VO 
cs 
cs' 

e'­
en 
Ov 
VO 
• t f 

o 
o 
o 
00 
tf c-

1 

o 

tf 
1—( 

cs VO 



Chapter 4. Experimental Investigations 4 - 13b 

Hi 

O <D w 

>-< Vs 
ii -S2 ^ 

a a -a SM 

8 

T3 
U 

T3 .5 

—i O 

O T3 on 

s ? | 
5 «« 2 

U 3 rf 

§ 

bO 

2 ° s bO 

s s 

u 

o 
cs 

"tf 
cs' 

r-
oo 
CN 

Ov 
<N 
in 

ON 
cs' 
NO 

oq 
in 

cs 

cn 
tf 
m 

q 
d 
ON 

cn 
cs 

o 
cs 

o 

r-

cn 
in 

cs 
cn 
vo 

cs 
vd 
cs 

m 
oo 

cs 
cs 

vO 

»n 
vd 

cs 

00 
(TS 
cs 

00 
tf-" 
cn 
cs 

vq 
cn 
vo 
tf 

U 

q 
d 

Ov 

ON 

oo 

VO 

d 
vo 

vO 
00 

r-
• t f 

CN 

u 

in 

cs 
<N 

cn 

q 
ON 

cn 

cn 
in 

cs 
m 

o 

in 

q 
d 
ON 

in 

oo 

in 

co 

in 
cs 
ON 

«n 

<n 
tf 
cs 

vq 
cs 

m 
vd 

tf 
cn 
cs 

o 

cn 
cn" 

cn 
vd 

Ov 
cs 
cs 

in 
cs 
ON 

«n 
VO 

tf 
CS 

<N 

q 
tn 

r-
OO 
Ov 
tf 
CS 

m 
cn 
vo 

00 
00 

,-. \o 

tf 
in 
cs 

o 
o 

o 
o 

in 
cs 

in 
cs 

m 
r-

m 
t— 

>n 
tf 

r-
cs 
00 
r— 

cs 
cs 
cs 
vo 

cs 
tf 
00 
cn 

vo 
t— 
00 
cn 

vo 
c-
— H 

*-* 

tn 
oo 

o 
cn 
cs 

VO 
c— 
00 
00 
tf 

o 
o 
o 
o 
in 

t~-
oo 

1 

o 
1 

cs 

00 

cn 

cs' 

r— 
in 
ON 
OO 
tf: 

o 
o 
o 
o 
in 

t~-
00 

d l-H 

OO 
cs 

ON 

cn 
ON 

tf 

t-
Ov 
r-
"tf 
>n 

o 
o 
in 
c-~ 
m 

r-
00 
i-H 

t-H 

o\ 

o 

cs 
cn 
cn" 

in 
in 
in 
cn 
tf 

O 
o 
o 
*£> 
tf 

r-
00 
•—1 

1—1 

cn 

t-H 

t-H 

in 
in 

00 
oo 
m 
r-
tf 

o 
o 
o 
o 
in 

r~ 
oo 
r—1 

i-H 
1 

in 

cs 

o 
NO 
tf 

i—I 

o 
oo 
r» 
• t f 

o 
o 
o 
o 
in 

r-
oo 
t-H 

I-H 

4 cs 
cn 

O 
f-
CS 

O 
o 
o 
o 
cs 

T-H 

r-
T-H 

m 
cs 

00 
oo 

t Ov 
r1-
cs 

* 
tf 

PH 

e 
in 

D 
m 
& 

C 
<D 

6 
"Cv 
CL) 

P . 
X 
ii 73 > o 

o 
in 
ii 
4-1 

o 
e 
ii 

u 

on 

•c 
in 

O 

n, 
* 



Chapter 4. Experimental Investigations 4 - 1 4 

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 measurement system 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) a reaction loading frame, 

(ii) an electronic control console, 
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(iii) a hydraulic power pack, 

(iv) a LVDT strain measurement rig and/or strain gauges, and 

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

Upper] 
Grip 

Lower 
Grip 

Grip 
Manifold 

Actuator 

Load 

Specimen 

Servo 
Valve 

Electric 
Box 

LVDT 
Transducer 

Figure 4.6 The servo controlled stiff testing machine. 

4.3.2 Instron 8033 testing machine 

A n 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 500KN 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. 

UP 
DEMAND 

HYDRAULIC 

SUPPLY 

SUMMING 
JUNCTION 

ERROR- >-cH 
ERROR 
AMHJFIER 

ERROR 
AMPLIFIER 

SIGNAL 
CONDITIONER 
EXCTTATION 
POSITION 
FEEDBACK 

CONTROL CONSOLE 

SERVO 
VALVE 

OSCILLOSCOPE 
X-Y 

PLOTTER 

ACTUATOR 

PISTON 

LVDT 
posmoN 
TRANSDUCER 

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. 



Chapter 4. Experimental Investigations 4 - 1 7 

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: 

(i) the HP 9826 microcomputer, 

(ii) 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). 

STRAINS MEASUREMENT INSTRUMENTS 

.• i 

LVDT1 

LVDT4 

LVDT2 

LVDT5 

DATA ACQUISITION 

LVDT3 

LVDT6 

PRINTOUT/ 
STORAGE 

J PROGRAMS 

DISC 

HP-IE 
< i 

INTERFACE 

I ~ 

SIGNAL CONDITIONAL 
BOX 

PROCESSED 
DATA 

COMPUTER 

COMPUTER 
PROCESSING 

Figure 4.8 The interface of L V D T and H P 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 
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signals. Generally, the transducer produces a change in either resistance, output 

voltage, or output current which is proportional to a physical change within the 

system being monitored. The H P 9826 microcomputer is the controller of the 

whole system. The H P 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 L V D T 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 L V D T strain measurement 

rig. The H P 3054A automatic data acquisition and control system was used in 

conjunction with the L V D T strain measurement rig constructed using six L V D T 

transducers (three in the axial and three in the lateral direction). All L V D T 

transducers were calibrated to determine their linear displacement constants. These 

constants were included in the L V D T program to enable direct rrucrostrain values to 

be obtained in the output. This L V D T 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 L V D T program written 

in H P BASIC, is used to control the 3437A voltmeter to take readings in steps. 

Each L V D T 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 L V D T 

program. 
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Yes 

| Area and volume] 
k. calculations J 

I Print 
initial 
values 

I Calculate 
stress, strain, young's 
modulus, poisson's 
ratio and stiffness 

I / Print stress, N. 

^/strain, Young's modulusK 
N. Poisson's ratio and > / 

N. stiffness / 

( End ) 

Figure 4.9 Flow chart for the LVDT program. 
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The recorded voltage signals are transferred to the H P 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 

C C W R materials. The C C W R material specimens were instrumented with four 

foil-type (Showa Nll-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. 0.0015mm/sec), and at the same time the load 

and strains were monitored. A strain program which is also written in H P BASIC 

controls the 3497A voltmeter to record readings 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 

H P 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. H P BASIC can also handle interrupts 

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

STRAINS M E A S U R E M E N T INSTRUMENTS 

«* "> 

STRAIN 
GAUGE 1 

C •> 

STRAIN 
GAUGE3 

DATA ACQUISITION 

STRAIN 
GAUGE2 

STRAIN 
GAUGE4 

PRINTOUT/ 
STORAGE 

PROGRAMS 

DISK 

INTERFACE 

HP-IE 
< •> 

3054A 

PROCESSED 
DATA 

COMPUTER 

COMPUTER 
PROCESSING 

Figure 4.10 The interface of strain gauges and H P data 

acquisition and control system. 

4.3.4 Device dependence of strain measurements of CCWR material 

specimens 

Strain gauges and L V D T 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 

L V D T 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 3 m m 

thick transparent perspex with an internal diameter of 5 0 m m and length of 1.81m, 

and can be adjusted to any angle up to 55°. 

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 8 m m thick 

steel for stability. 

The bottom end of the perspex tube was machined flat so that a flat block 

of perspex could be manually 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. A s well as being efficient, it also has simplicity and cost 

advantages. 
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8mm THICK STEEL CHANNEL 

Figure 4.11 Schematic of the flow-tube experimental 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 C C W R 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. 

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

(ii) The mixing drum was charged with moist CWR and part of 

the mixing water. Then it was left operating for two minutes. 

(iii) 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 

segregation. 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 'ICAL Syntron 

Packer, Model VP65B', operating at a frequency of 50 H z 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 I C A L 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 pouring and vibrating, CCWR material specimens 

were cured in plastic bags to prevent dehydration. After 24 hours from pouring, 
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C C W R 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 + Mv 
Bulk Density = ^ 

where, Ms = Grain mass. 

Mv = Mass of Void. 

V = Volume of grain + volume of void. 

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

CCWR material mixes. 

Batch 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Cement content 

15.6% 

12.5% 

10.0% 

7.5% 

5.0% 

15.0% 

15.0% 

10.0% 

10.0% 

• 12.5% 

12.5% 

7.5% 

7.5% 

Water content 

14.7% 

13.0% 

13.8% 

12.6% 

12.0% 

12.0% 

21.0% 

19.1% 

12.0% 

16.5% 

19.1% 

19.0% 

16.5% 

Remarks 

Slightly wet 

Slightly dry 

Good consistency 

Good consistency 

Slightly dry 

Very dry 

Very wet 

Very wet 

Very dry 

Good consistency 

Very wet 

Very wet 

Good consistency 

4.4.9 Determination of the grain mass M s of C C W R 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 °C (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 = -y-

where, M s and V had been described in sub-section 4.4.8. 
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In this study, the porosity and grain density of C C W R 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 

C C W R specimens were determined using volumetric method and done in 

accordance with I S R M suggested methods. The results from the measurement of 

these physical properties were also used to characterized the properties and the 

behaviour of C C W R 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 C C W R specimens obtained 

from this research can become a very useful and important parameter at the time of 

field installation and testing of future C C W R 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 C C W R 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 L V D T 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 L V D T S 

were adjusted to record similar initial deflections as were three lateral deflection 

L V D T S . Figure 4.19 shows the L V D T strain measurement rig. The initial electrical 

outputs were incorporated in the L V D T 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 regular 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: 

F 

where 0"c 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 (mm 2 ). 
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Figure 4.18 C C W R material specimen mounted in the L V D T strain measurement 

rig during the unconfined compressive strength test. 

Figure 4.19 L V D T strain measurement rig. 
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Progressive and ultimate compressive strength were computed using the 

L V D T programme. Secant Young's modulus and Poisson's ratio of the specimen 

were also computed in this manner. Complete load deformation curves for all 

C C W R material specimens were obtained and these curves have been given in Hii 

and Aziz (1987a, 1987b). Results of compressive strength tests of C C W R 

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 I S R M suggested methods. The indirect tensile test rig is shown in 

Figure 4.20. The tensile strength 0"t of the specimen was calculated by the 

following formula: 

0.636 P 
C t = -D7-

where at 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. 



Chapter 4. Experimental Investigations 4 - 37 

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 III 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. 



Chapter 4. Experimental Investigations 4 - 3 8 

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 <j> parameters of the 

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

Figure 4.21 Triaxial cell applied to the L V D T strain rig. 

4.4.13 Experimental technique for flow tests of C W R 

In this study, test results from consistency measurements and flow tests 

were used to characterize the flow properties of C W R with different nominal water 

contents. A simple flow-tube technique was employed to quantify the flowability of 

C W R . This involved the flow of a fixed quantity of C W R through the flow-tube. 

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

flowability of C W R is then expressed as: 

F = FF"1 x 100 

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

4.4.14 Testing procedures for flow tests of CCWR material 

The initial flow tests were conducted to determine the slopes of the flow-

tube for the test runs. The selected slopes of the flow-tube were 38.5°, 45° and 

50°. The procedure employed in the flow tests of various oil samples was carried 

out in the order set out below: 

(i) The flow-tube was set at the desired angle, starting at 38.5°-

(ii) The temperature of the oil sample and atmosphere was taken 

prior to each run. 

(iii) 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 without spillage. This ensured that the 

same volume of fluid was used for each run. 

(iv) The bottom gate was then opened and timing simultaneously 

started. All timing was done using a hundredth (1/100 th) of 

a second A M F American Split-Taylor stopwatch. 

(v) 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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(vi) The time taken was recorded and the procedure repeated a 

further four times (a total of five runs). 

(vii) After five runs at 38.5°, the angle setting of the flow-tube 

was increased to 45° for five more runs using the same 

procedure, and finally to 50°. The flow-tube was then 

cleaned and dried ready for the next series of tests. 

Test runs were conducted on CWR with nominal water contents of 2%, 

5%, 10%, 15%, 2 0 % , 2 5 % , 2 5 % and 30%. The procedure for the flow tests of 

C W R was identical to that of the oil samples except for some additional steps as 

described below: 

(i) CWR of a known water content was weighed out and hence 

the amount of water required to be added could be 

calculated. 

(ii) The temperature of the atmosphere and water to be added 

was recorded. 

(iii) The batch size was over-batched by 1 0 % to ensure excess of 

material for the flow tests. The inside of the mixer was 

moistened. The mixing drum was charged with moist C W R 

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. 

(iv) At the completion of mixing, slump test was performed in 

accordance with A S 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 C W R 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 C W R for strata reinforcement in underground coal 

mining operations. Because the information on the mechanical properties of 

C C W R 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 C C W R material. 

A set of standard quantities and conditions used in the preparations and 

testings of C C W R material specimens 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 C C W R 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 C C W R material because many problems are being experienced in obtaining a 

consistent mix owing to the variation in products from the coal washery. T w o 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 C C W R 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 C C W R material. This 

study is also a research effort on the development of C C W R material with calcium 

chloride admixture to optimise particular physical properties with nominal water 

contents ranging from 1 2 % to 2 1 % . 

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 A S 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 C C W R 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 II, III and TV 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 I S R M Suggested Methods. Based on the results of these tests, 

a logarithmic yield function is proposed for predicting the strength and yield 

characteristics of C C W R 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 F O R T R A N , has 

been developed to facilitate data processing of test results and a listing of the 

fundamental F O R T R A N code is given in Appendix I. The study has indicated that 

the proposed logarithmic yield function can predict the strength and yield 

characteristics of C C W R 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 C W R (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 C W R 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 C W R . 
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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 C W R . 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 

1 0 m m West Cliff C W R . The results and discussion of the flow and slump tests of 

C W R 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 C C W R material models. 

The study focuses on the effect of the width/height ratio on the strength of the 

material. The main purpose of this study is to ascertain the effect of end constraints 

on the strength of C C W R material models. 

CCWR material models (scale 1:15) with a height of 150mm and 

diameters of 50mm, 75mm, 100mm, 150mm, 200mm, 2 5 0 m m and 300mm were 

tested, simulating underground monolithic pack support with different widths in a 

coal seam of uniform height. After they were cast, the C C W R 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 C C W R material models under the test condition. 

The experimental data of the mechanical properties and behaviour of 

C C W R 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 C W R 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 C W R was re-

combined and processed as described earlier. Thirdly, the processed minus 10mm 

C W R 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 C W R , 

about 8 0 % of the processed C W R 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 AII1.1 through AJI1.4 (in Appendix ALU). Sieve analyses were 

also conducted by Lama (Richmond et al, 1985) using wet screening and the results 

are conveniently given in Tables ALI1.5 through ALII.14. 

According to Lama (Richmond 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 problems 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 C W R shifted A B 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 C W R generated some 0.1 per cent of the 

coarse silt fraction. 
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Table 5.1 The grain size distribution of C W R before processing. 

Total Weight 

(%) 

87.5 

12.5 

Weight Percentage 

(%) 

42.0 

30.0 

15.0 

6.0 

4.5 

2.0 

General Remarks 

Coarse gravel fraction 

and cobbles. 

Medium gravel 

fraction. 

Fine gravel fraction. 

Coarse sand fraction. 

Medium sand fraction. 

Fine sand fraction. 

Table 5.2 The grain size distribution of the processed C W R . 

Total Weight 

(%) 

80.0 

19.92 

Weight Percentage 

(%) 

35.0 

45.0 

15.0 

3.75 

1.17 

General Remarks 

Lower medium gravel 

fraction. 

Fine gravel fraction. 

Coarse sand fraction 

Medium sand fraction 

Fine sand fraction 

0.08 0.08 Coarse silt fraction 
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The shape of West Cliff C W R 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 C W R before processing. 
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Figure 5.2 The grain size distribution curve of C W R after processing. 

5.2 RESULTS FROM X-RAY DIFFRACTION ANALYSES AND 

DISCUSSION 

The results of x-ray diffraction analyses of West Cliff CWR are given in 

Table 5.3. Silicon oxide, aluminium oxide and iron oxide compounds are the three 

major compounds found in West Cliff CWR. They are on average 60.0% of silicon 

oxide, 21.0% aluminium oxide and 5.0% iron oxide which constitute some 86.0% 

of the total composition of West Cliff CWR. 

The results indicate that West Cliff C W R may be classified as a siliceous 

or pozzolanic material. It is very obvious by comparing Tables 5.3 and 5.4 that the 

chemical composition of West Cliff CWR are very similar to that of the fine 
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discards of the United Kingdom. However, it is also apparent that West Cliff CWR 

(60.0% Si02) contains a comparatively higher percentage of silicon oxide than that 

of the fine discards of the United Kingdom (maximum 46.0% Si02). It is indicative 

that West Cliff C W R which contains silicon oxide, aluminium oxide, calcium oxide 

and magnesium oxide exhibits pozzolanic characteristics. 

Chemical composition analyses of coal preparation wastes conducted in 

the U S S R have indicated that coal preparation wastes generated from different 

coalfields exhibit a significant variation in their chemical compositions. Chemical 

compositions of coal preparation wastes from four main coalfields of the Soviet 

Union are presented in Table 5.5. It is obvious from Table 5.5 that the chemical 

composition of coal preparation wastes differs markedly from one location to the 

next and even within the limit of any particular coalfields. According to Ruban and 

Shpirt (1987) for each individual coal washery plant the variation in chemical 

composition between samples collected on any particular day is rather small. It can 

be noted from Table 5.3 that the variation in chemical composition between samples 

of West Cliff C W R is also small. 

The most important clay mineral constituents of West Cliff CWR are 50% 

to 6 0 % of kaolinite, 3 5 % to 4 0 % of illite and 5 % to 1 0 % of montmorillonite 

(montmorillonite is of course the well known troublesome clay). The major 

minerals found in West Cliff C W R include well crystallized quartz, degraded 

muscovite and calcite. 

The following metals also exist in West Cliff CWR: 

Sample D - 130 ppm of rubidium, 222 ppm of strontium, 276 ppm of 

zirconium, 17 p p m of niobium, 17 p p m of lead, 23 p p m of 
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thorium, 35 ppm of yttrium, 37 ppm of nickel, 63 ppm of 

copper, 52 ppm of zinc and 35 ppm of gallium. 

Sample E - 148 ppm of rubidium, 182 ppm of strontium, 289 ppm of 

zirconium, 17 ppm of niobium, 18 ppm of lead, 21 ppm of 

thorium, 32 ppm of yttrium, 43 ppm of nickel, 70 ppm of 

copper, 86 ppm of zinc and 36 ppm of gallium. 

Table 5.3 Chemical compositions of West Cliff CWR. 

SAMPLE A B C D E F G 

Silicon as Si02 

Aluminium as AI2O3 

Iron as Fe203 

Potassium as K 2 O 

Calcium as CaO 

Magnesium as M g O 

Titanium as Ti02 

Manganese as M n O 

Phosphorus as P2O5 

Sodium as Na20 

67.17 

24.54 

4.19 

2.93 

1.09 

0.76 

1.01 

0.10 

0.05 

-

64.69 

22.65 

6.51 

3.08 

1.74 

0.92 

1.05 

0.14 

0.26 

-

65.81 

22.70 

5.68 

3.09 

1.45 

1.24 

1.07 

0.10 

0.19 

-

65.93 

22.43 

5.75 

2.97 

1.98 

1.34 

1.02 

0.12 

0.28 

-

67.62 

23.87 

3.56 

3.23 

1.28 

1.26 

1.02 

0.06 

0.15 

-

43.3 

14.7 

'3.7 

1.9 

2.2 

1.0 

0.67 

0.06 

0.13 

0.1 

43.2 

14.9 

3.9 

1.9 

2.3 

1.1 

0.67 

0.07 

0.14 

0.08 

Ignition loss 21.9 25.3 25.3 - - 32.1 31.7 

Total 101.9 101.0 101.3 101.8 102.0 99.9 100.0 

Note that all values given in Table 5.3 are expressed in percentage. 
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Table 5.4 Average major geomechanical compounds in fine discards (UK). 

(after Taylor, 1984) 

Si02 

AI2O3 

Fe203 

MnO 

MgO 

CaO 

Na20 

K2O 

Ti02 

S 

P 2 0 5 

Minimum 

10.74 

5.45 

2.14 

N.D. 

0.05 

0.19 

0.10 

0.74 

0.46 

0.44 

0.03 

Maximum 

46.19 

29.91 

8.70 

N.D. 

. 2.38 

7.21 

0.82 

4.40 

1.06 

7.85 

0.18 

N.D. denotes not determined. 

All values presented in Table 5.4 are expressed in percentage. 
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Table 5.5 Chemical composition of coal preparation wastes for 

four main coalfields of the Soviet Union. 

(after Ruban and Shpirt, 1987) 

Coalfields (method of preparation) 

Content Donbass Kuzbass Karaganda Pechora Ekibastuz 

% grav. float, grav. float. grav. float. grav. grav.® 

Si02 50-62 51-58 57-78 50-67 53-63 54-56 61-65 53-64 

AI2O3 17-31 18-32 14-26 14-31 23-35 23-28 20-24 27-39 

Fe203 3-16 4-12 2-10 2-9 4-7 6-13 6-8 0.2-5 

CaO 0.3-5 2-4 1-7 1-10 1-6 1-5 1-2 0.4-2 

M g O 0.8-2 1-2 0.3-3 0.7-3 0.3-1 1-2 2-4 0.4-1 

®Wastes of open cut mining operations and coal preparation pilot plant. 

5.3 MECHANICAL PROPERTIES EVALUATION OF CCWR 

MATERIAL 

In this study an attempt has been made to present a brief analysis of the 

current state of work dealing with experimental studies of deformation properties of 

C C W R material as affected by uniaxial compression and confining pressure. A n 

examination is also made of the C C W R material characteristics in relation to strata 

behaviour. 
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5.3.1 Unconfined compressive strength test results 

The complete load deformation curves for all CCWR specimens have been 

reported in Hii and Aziz (1987a, 1987b). Photographs for each specimen taken 

before and after the compressive strength testing have also been shown in Hii and 

Aziz (1987a, 1987b). The calculated compressive strength test results, specimen 

experimental data are presented in Appendix AIM. The results of compressive 

strength testing are summarised in Tables 5.6(a) and 5.6(b). 

The results of the uniaxial compressive strength tests in relation to the 

curing time of the specimens of different mix formulations (mixes 1 to 5) are 

presented in Figure 5.3. Mixes 2 to 5 exhibit good early strength followed by rapid 

strength development from 1.5 to 5 hours. Figure 5.4 graphically illustrates this 

property. The increase in maximum compressive strength for Mixes 2 to 5 during 

the initial 24 hours curing time is shown in Figure 5.5. This increase is quite 

pronounced. 

It should be noted that specimens of mix 1 could not be tested under 24 

hours curing time. This is due to the fact that specimens could not be demoulded 

before this time because of the high fluidity caused by the relatively high water 

content of 14.7%. Increases in the compressive strength from 1 to 7 days curing 

time are still quite rapid although the rate is slightly lower than described for up to 

24 hours curing time. Thereafter, the increase in strength is not significant for mixes 

3 to 5. This could be explained by the high water to cement ratios of 1.76,2.0 and 

3.0 for mixes 3,4 and 5 consecutively. Mix 1 displays a moderate strength increase 

from 7 to 90 days curing time while mix 2 displays a high strength increase. 
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Figure 5.3 Plots of the measured strength against curing time for mixes 1 to 5. 
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Figure 5.4 Stress-curing time curves of various mixes of CCWR specimens for up 

to 5 hours curing time. 
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Figure 5.5 Stress-curing time curves of mixes 2 to 5 of CCWR specimens for up to 

24 hours curing time. 

The form of the curve is a function of a very complicated cement chemistry 

of the material. The load deformation relationships of the specimens of mixes 1 and 

2 which have been shown in Appendices A and B (Hii and Aziz, 1987a) indicate 

that the specimens with a curing time of up to 90 days display a plastic form. At the 

curing of 1 day and after, the rate of increase in strength is more rapid and leads to a 

more significant peak strength. At the time the peak strength is reached there is a 

sharp drop in strength and this is a characteristic of a relatively brittle material. 

The results indicate that the specimens of mix 2 exhibit stiffer and more 

brittle characteristics than those of mix 1. The higher strength development pattern 

of mix 2 than that of mix 1 can be explained by examining Table 4.4(a). It can be 
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seen from Table 4.4(a) (in Section 4.2, Chapter 4) that the water to cement ratios 

are very similar being 1.1 for mix 1 and 1.2 for mix 2; the higher fluidity of mix 1 

on pouring coupled with the slightly lower water to cement ratio may have resulted 

in this behaviour. Also, the higher mass percentage of calcium chloride admixture 

(2.55% in mix 1 and 3.0% in mix 2) used in mix 2 and a longer duration of 

vibration (5 seconds for mix 1 and 20 seconds for mix 2) could contribute to its 

higher maximum strengths. Error in the preparation of mix 2 resulting in a higher 

cement percentage than desired could also explain these anomalies, although this is 

quite unlikely to occur. 

The post failure modulus and residual strength results of CCWR 

specimens for mixes 1 to 5 are presented in Appendix AII5. The results indicate that 

the specimens exhibit low residual strengths. 

5.3.2 Triaxial strength test results 

Results of triaxial strength tests carried out on different mix compositions 

are presented in Tables 5.7 through 5.11. The results of the triaxial strength tests 

are summarised in Table 5.12. The stress-strain relationships of mixes of CCWR 

specimens under different confining stresses are presented in Figures 5.6 through 

5.10. The results show that the plastic behaviour of the material under confining 

pressure is not only dominant for specimens with short curing time (7 days), but is 

also evident for specimens with longer curing times. This is not like the brittle mode 

of failure experienced for specimens under uniaxial compressive tests. Therefore the 

effect of confining stress is the major contributory factor for such a change in failure 

mode. 
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Table 5.7 Results of triaxial tests for C C W R material specimens 

(mixes one through three). 

Mix Specimen Confining Strength Wet density Water content 

Pressure 

(MPa) (MPa) (t/m3) (%) 

1 

2 

3 

Al 

A2 

A7 

A4 

A5 

A6 

A3 

B5 

B6 

B7 

B4 

B3 

B2 

Bl 

Cl 

C5 

C4 

C2 

0 

0 

0 

1.39 

3.75 

5.56 

6.95 

0 

0 

0 

2.09 

4.17 

5.56 

6.95 

0 

0 

1.39 

2.09 

8.699 

8.680 

9.796 

16.238 

20.668 

24.589 

28.728 

13.122 

13.379 

12.768 

22.729 

28.624 

32.831 

35.833 

4.295 

4.190 

11.364 

13.567 

1.900 

1.880 

1.911 

1.873 

1.914 

1.868 

1.920 

1.999 

2.001 

2.008 

2.039 

2.203 

2.044 

1.994 

1.949 

1.918 

1.893 

1.941 

11.27 

11.33 

10.60 

9.10 

9.20 

10.00 

10.60 

8.17 

8.07 

8.26 

7.87 

7.90 

7.90 

7.90 

10.46 

10.44 

9.26 

10.30 



Chapter 5. Experimental Results and Discussion 5 - 1 7 

Table 5.8 Results of triaxial tests for C C W R material specimens 

(mixes four and five). 

Mix Specimen Confining Strength Wet density Water content 

Pressure 

(MPa) (MPa) (t/nP) (%) 

4 

5 

D5 

D6 

D3 

DI 

D2 

E5 

E6 

El 

E4 

E2 

E3 

0 

0 

0.10 

0.20 

0.40 

0 

0 

0.17 

0.35 

0.52 

0.86 

3.515 

3.034 

3.095 

5.135 

5.640 

1.902 

1.897 

3.078 

4.083 

5.196 

6.666 

2.050 

1.898 

1.921 

1.909 

1.923 

1.729 

1.984 

1.992 

1.950 

1.970 

1.958 

8.22 

8.95 

— 

7.50 

9.50 

8.27 

9.26 

8.96 

9.13 

9.08 

9.18 
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Table 5.9 Results of triaxial tests for C C W R material specimens 

(mixes seven and eight). 

Mix 

7 

8 

Specimen 

GI 

G2 

G3 

G4 

G5 

G6 

G7 

G8 

HI 

H2 

H3 

H4 

H5 

H6 

H7 

H8 

Confining 

Pressure 

(MPa) 

0 

0 

0 

0.137 

0.274 

0.411 

0.548 

0.689 

0 

0 

0 

0.137 

0.274 

0.411 

0.548 

0.689 

Strength 

(MPa) 

2.995 

3.289 

3.126 

4.060 

4.022 

4.720 

5.522 

5.717 

1.728 

1.786 

1.612 

2.421 

3.241 

3.504 

4.276 

5.047 

Water content 

(%) 

20.33 

19.89 

20.72 

19.24 

20.11 

21.31 

19.50 

21.72 

16.42 

16.87 

16.71 

17.64 

16.67 

18.05 

17.90 

17.27 
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Table 5.10 Results of triaxial tests for CCWR material specimens 

(mixes ten and eleven). 

Mix Specimen Confining Strength Water content 

Pressure 

(MPa) (MPa) (%) 

Jl 

J2 

J3 

J4 

J5 

J6 

J7 

J8 

0 

0 

0 

0.137 

0.274 

0.411 

0.548 

0.689 

5.303 

5.522 

5.359 

4.779 

5.765 

6.496 

7.511 

8.404 

12.58 

11.75 

12.04 

13.36 

12.39 

12.72 

13.19 

13.25 

Kl 

K2 

K3 

K4 

K5 

K6 

K7 

K8 

0 

0 

0 

0.137 

0.274 

0.411 

0.548 

0.689 

3.295 

3.185 

3.307 

3.472 

4.423 

5.067 

5.231 

5.729 

14.21 

14.43 

15.21 

15.95 

16.35 

15.38 

15.87 

16.32 
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Table 5.11 Results of triaxial tests for C C W R material specimens 

(mixes twelve and thirteen). 

Mix 

12 

13 

Specimen 

Ll 

L2 

L3 

L4 

L5 

L6 

L7 

L8 

Ml 

M2 

M3 

M4 

M5 

Confining 

Pressure 

(MPa) 

0 

0 

0 

0.137 

0.274 

0.411 

0.548 

0.689 

0 

0 

0 

0.274 

0.689 

Strength 

(MPa) 

0.974 

1.000 

0.971 

1.538 

2.116 

2.603 

3.133 

3.695 

1.848 

1.976 

1.790 

3.886 

5.704 

Water content 

(%) 

17.28 

17.24 

16.36 

16.31 

16.53 

16.79 

16.71 

16.51 

11.91 

12.59 

12.17 

12.56 

12.67 
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Table 5.12 Summary of triaxial test results for C C W R specimens. 

Material Cohesive Unconfined Tensile 

Mix friction strength compressive strength 

angle 

(o) (MPa) (MPa) (MPa) 

15.0%C-21.0%W 28 0.625 3.123 0.608 

15.6%C-14.7%W 14 1.400 9.058 

12.5%C-19.1%W 22 0.740 3,262 0.629 

12.5%C-16.5%W 20 1.100 5.395 0.840 

12.5%C-13.0%W 16 2.600 13.090 

I0.0%C-19.1%W 30 0.420 1.709 0.394 

10.0%C-16.5%W 29 0.400 1.871 0.403 

7.5%C-19.1%W 32 0.225 0.982 0.170 

7.5%C-16.5%W 29 0.400 1.871 0.403 

7.5%C-12.6%W 36 0,600 3.275 0.422 

5.0%C-13.0%W 41 0.350 1.900 0.191 
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STRESS STRAIN CLRVES:TRIAXIAL TEST 

30.00 

26.00 -
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STRAIN («10t-3) . 
D3SD-1S.6«(Cft=1.39tPA). A 1S.6K-2C tf3=3.475MPW 015.6»-3< Cf3=5.56MPA) X15.6*--J 

Figure 5.6 Triaxial strength test results for CCWR specimens at different confining 

pressure (15.6% cement, mix 1). 

STRESS STRAIN CURVES: TRIAXIAL TEST 
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A29D-12.5*(tf3=2.085HPA) 029D-12.5*(d3=4.17MPA) X290-12.5*tf3=5.56rt>A) +29D-4 

Figure 5.7 Triaxial strength test results for C C W R specimens at different confining 

pressure (12.5% cement, mix 2). 
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STRESS STRAIN CURVES: TRIAXIAL TEST 

2.00 

0.00 lir 
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.80 

STRAIN (•let-3) . 
D AGE:280-10*( 03=2.085TPA) A AGE: 280-10s( 03=1.39MPA). 

Figure 5.8 Triaxial strength test results for CCWR specimens at different confining 

pressure (10.0% cement, mix 3). 

STRESS STRAIN CURVES: TRIAXIAL TEST 
6.00 

5.00-

4.00 

< 
fc 

0.00 _ 
0.00 4.00 8.00 12.03 16.00 20.00 24.08 

STRAIN C»10T-3) . 
DAG£:29D-7.5*C<J3=0.2rPA) . A AGE: 290- 7.5*< 63=0.1 HPA) OAGE:29O-7.S*{d3=0.4ri! 

Figure 5.9 Triaxial strength test results for CCWR specimens at different confining 

pressure (7.5% cement, mix 4). 
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STRESS STRAIN CURVES:TRIAXIAL TEST 
7.00-p 

6.00-

5.00 -

3 4.00-
a. 

<fS 
1/1 

w -̂  
£ 3.00-
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2.00-
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0.00 £ 
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.0e 40.00 

STRAIN C*10-f-33 . 
a28O-6»Cd3-0.172MPA) . A2BD-S<«( Cfc3«0.617MPA) . 02SD-Si*( d3-0.862MPA) . X280-E*< a 

Figure 5.10 Triaxial strength test results for CCWR specimens at different 

confining pressure (5.0% cement, mix 5). 

Under triaxial stress conditions the post-failure stress-strain curves 

(Figures 5.6 through 5.10) show that the test specimens behave in a brittle-ductile 

manner. The residual strength values constitute a high proportion of the peak 

strength values. In field application, the CCWR pack will initially be confined by 

the forms. As the pack is loaded it may expand laterally and confinement will be 

offered by adjacent packs. This means that a higher degree of resistance to closure 

will still be offered by the packs. 

Figures 5.11 through 5.21 show the peak strength Mohr's envelopes for 

different mix compositions. Figures 5.22 and 5.23 show the peak strength envelope 

of CCWR specimens. Mixes 3 to 5 display an expected increase in the friction angle 

<|> and a decrease in the cohesive strength C for a subsequent decrease in the mix 

cement percentage. Mix 1 exhibits a lower cohesive strength than mix 2 and this 

explains the lower strength development pattern of mix 1 than mix 2 as described in 

Section 5.3.1. 



Chapter 5. Experimental Results and Discussion 5 - 2 5 

m 

in 
<N 
VO 
© 

ll 

O 

• 
a 

m <N 
TH 

?n 

li 
u 

o 
GO 

n 
-e-

.3 

s 
q 
1-H 

CN 
i 

U 
o 
IO 
y-t 

,o 
<4H 
Cfl 

& 
»~H 

> 
c 
OJ S-H 
T C 

o 

W) 

c 

s 
4J 
OH 

IT) 

(MW) SS3H1S HV3HS 



Chapter 5. Experimental Results and Discussion 5 - 26 

x 
B 

r-
-t 
H 
I 

u 
q 
in l-H 

a 
m 
ii 
CX 
ci 
li 
> 

c 
Oi 
in 
"«H 

o bfl 
C 
fa 

•a 
o 

>o 

3 
bJQ 
• *-< 
P H 

II 

u 

S3 
ft* 

S 
ON 

II 
u. 

D 

o 
rf 

II 

-e-

C3 

C/3 
til 

H 
C/3 

tf 

o 
Zt 

(MPV) SSStflS HV3HS 



Chapter 5. Experimental Results and Discussion 5-21 

a 

cx 

rr 

U 

PH 

S <N 
VO 
»N 
fn 
ll 

u 
0 

o 
rN 
(N 
II 

-e-

.a 
s 
T—t 

ON 
. — I 

I 

u 
<N 

l-H 

a 
in 
ii 

CX 
> 
c 

o 

bO 

e 
D 
fa 
m 
<D 
OH 

cn 
T-H 

lO 

e 
3 
bfi 

»1-H 

PH 

C3 
PH 

03 
•W 
tf 

H 
xsi 

J 

tf 

o 

(MJ\D SSa^XS HV3HS 



Chapter 5. Experimental Results and Discussion 5 - 2 8 

x 

VO 

vd 
.-H 
1 

u 
>o 
CN 

cS 
in 
ii 
CX 

o 
> 
3 
U 
in 
"l-H 

TC 

o 
bJO 
3 
ii 

h 
•a 
OH 

rl-

• 
ffl 

iH 
• 

i—1 

CJ 
PH 

Ui 
ON 
O 

>/) 
o 
o cs 

r CN 

U 
b 

PH 

C/3 

w 
tf 

H 
C/3 
< 

tf 

o 

kO 

e 
3 
bfl 
PH 

(BdiAl) SS3HXS tfVSHS 



Chapter 5. Experimental Results and Discussion 5 - 2 9 

q 
cn 
r-H 
I 

u 
io 
CN 
(H 

a 
m 
V 
CX 
O 
> 
3 
ii 
LH 

X 

bO 
3 
<D 

h 
m 
M 
d 
ii 
OH 

lO v 
1-H 

3 
bO 
PH 

ca 
o. 

vo 
CN 

II 

U 

PH 

1—1 

tn 
iH 

II 
u 

o 
vo 

II 
-e-

to 

CN 
ro 

CO 
OJ 

"3" 

O 
Ov! 

VO 
t - l 

CN 

/""N 

C3 
PH 

s v—' 
C/3 
C/3 
« 
tf 
H 
cc 
J 
^ 

s tf 

o £ 

_ CO 

= • * 

(*dW) SS3H1S HV3HS 



Chapter 5. Experimental Results and Discussion 5 - 3 0 

ca 
o. 

s 
© 
CM 
rt 
• 

© II 

u 

• 
ca UH 

OS 
© 
f-
iH 

II 

u 

b 

o 
© 

ll 

•e-

r-H 

ON 
rH 

u 
o 
d ii 

C/5 

<D 
OH 

O 

13 
> 
c 
O 
l-H 

o 

bJQ 
3 
iU 

OH 

VO 

>o 
o 
LH 

3 
bfl 
PH 

• Ln 

- <* 

- m 

• CNI 

os 
PH 

g 
C/3 
C/3 

W 
tf 

H 
C/3 

tf 

o 
z 

(BdPV) SS3HXS HV3HS 



Chapter 5. Experimental Results and Discussion 5 - 31 

x 
•I-H 

6 

vd 
r-H 
I 

u 
us 
o 
d 
LH 

«s 
in 

V 
CX 

o 
13 
> 
c 
<D 
m 
~U 
O 
bfl 
3 
CJ 

fa 
M 
c3 
(D 
OH 

lO 
OJ 
l-H 

3 
ba 
• rH 

PH 

ca 
a. 

90 
© 
II 

u 

ea 
P< 

rr 
(N 
rr 
ll 

b 

o 
00 <N 
II 
-©-

Odw) ssaais avails 



Chapter 5. Experimental Results and Discussion 5 - 3 2 

ca 
o-
<5 
Ui 
«N 
«N 
• © 
II 

V 

ca 
PH 

S <N 
GO 
C> 
© 

II 
o 
b 

o 
CN 

m 

•l-H 

S 

ON 
T-H 
I 

u 
VO 

a 
in 
ii 

CX 
O 
13 
> 
3 
OJ 
VH 

o 

bO 
3 
l-H 

OH 

OO 

VO 
OJ 
l-H 

3 
ba 
• rH 

PH 

LT» 
rh 

o 
rh 

Ln 
cvi 

o 
CSI 

Ln 
"r-

o 

,^-v 

<3 
PH 

s 
C/3 
C/3 
W 
tf 

H 
C/3 

J 
< 

s tf 

o z 

in 

o 

(*d.W) SS3HXS HV3HS 



Chapter 5. Experimental Results and Discussion 5 - 3 3 

ca ea 
k-H PH 

© 
© 
rr 

oo o 
• ON 

U 
b 

x 
«rH 

E 

>o 
vd 
T—I 

! 

u 
vo 
l-H 

a 
in 

4J 
OH 

O 
1 — I 

> 
3 
OJ l - i 

o 

bO 
3 
<D 
fa 
GO 

M 
<sj 

<D 
OH 

ON VO 

g 
3 
bO 

• I-H 

PH 

PH 

CC 
CC 

w 
tf 

H 
cc 

tf 

O 
Z 

OttHL) SS3HXS HV3HS 



Chapter 5. Experimental Results and Discussion 5 - 3 4 

x 

B 

VO 
CN 

i 

U 

vo 

l-H 

a 
m 
ii 

CX 
O 
13 
> 
c 
OJ 

TH 

-3 

bfl 
3 
UJ 
U 

M 
cd 
ii 

OH 

O 
CN 
"O 
u 
t-l 

3 
ba 
.^ 
PH 

ca 
o, 

vo 
© 

ca 
PH 

CN 

b 

o 
VO 

cn 

03 
PH 

s 
CC 
CC 

w 
tf 

H 
cc 
tf 

O 

z 

(MW) SS3HXS HV3HS 



Chapter 5. Experimental Results and Discussion 5 - 3 5 

ca 
a 

Ui 

© 

ll 

U 

ca 
PH 

ON 

00 
iH 

II 

b 

o 

ri­

ll 

•e-

X 

1 
q 
cn 
T-H 
I 

u 
q 
»o 
tn 
ii 
CX 

13 
> 
3 
<D 
oo 
"VH 

-3 

o 
be 
3 
<o 
fa 
oo 
cd 
<D 
OH 
T-H 

CN 
IO 
O 
3 
bfl 
•?H 

PH 

03 
PH 

CC 
CC 

w 
tf 

H 
cc 

tf 

O 
Z 

(*aw) ssaaxs avaHS 



Chapter 5. Experimental Results and Discussion 5 - 3 6 

40.00 

0.00 

• 
MIX1 
MIX 2 
MIX 3 
MIX 4 
MIX 5 

U.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 

CONFINING STRESS (MPa) 

Figure 5.22 Peak strength envelope of C C W R specimens for mixes 1 to 5. 
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Figure 5.23 Peak strength envelope of CCWR specimens for mixes 7, 8,10, 11, 

12 and 13. 
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5.3.3 Brazilian test results 

Brazilian test results of different mix compositions are given in Tables 

5.13 through to 5.16. The tensile strength of C C W R specimens reflects that of the 

compressive strength. A s would be expected the C C W R material is weaker in 

tension than in compression. A rule of thumb is that the tensile strength of the 

material is usually one tenth of its compressive strength. 

The tensile properties of CCWR specimens are therefore slighdy better 

than might be expected. After 28 days curing time the tensile strengths for mixes 3 

and 4 are approximately 15.0% and 13.0% of the compressive strength 

respectively. In practice, a large portion of a pack will be in compression, 

particularly the centre which will be confined by the outer material. The 

performance of the material therefore will not be significantiy affected by its tensile 

property. 

5.3.4 Sonic velocity values measured during curing 

Sonic velocity values are presented in Tables AII2.1 through to AII2.13 

(in Appendix AII2). All velocities show a marked increase from 1 day curing time 

to 90 days curing time. This indicates stiffness increases in the specimens. 

Calculated values of stiffness, Young's modulus and Poisson's ratio for the tested 

specimens support this proposal. 

The results show a slight but consistent increase with increased cement 

content. The results also indicate that the degree of compaction of the specimen may 

influence its sonic velocity value. W h e n comparing specimens of mixes 1 and 2 (5 

seconds vibration for mix 1 and 20 seconds vibration for mix 2), specimens of mix 

2 exhibit higher velocity values. 
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Table 5.13 Results of Brazilian tests for C C W R material specimens 

(mixes three through five). 

Mix 

3 

Specimen 

CB1 

CB2 

CB3 

CB4 

CB5 

Tensile strength 

(MPa) 

0.697 

0.575 

0.669 

0.441 

0.760 

Wet density 

(t/m3) 

1.934 

1.963 

1.951 

1.949 

1.940 

Water content 

(%) 

9.54 

11.34 

10.91 

11.40 

— 

Mean tensile strength = 0.628 M P a 

DB1 

DB2 

DB3 

DB4 

0.446 

0.365 

0.440 

0.436 

1.907 

1.942 

1.944 

1.992 

10.93 

10.83 

9.79 

10.60 

Mean tensile strength = 0.422 M P a 

5 

EB1 

EB2 

EB3 

0.154 

0.188 

0.232 

1.972 

1.990 

1.960 

10.59 

10.40 

10.12 

Mean tensile strength = 0.191 M P a 
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Table 5.14 Results of Brazilian tests for C C W R material specimens 

(mixes seven and eight). 

Mix Specimen Diameter Thickness Sonic Tensile Water 

velocity strength content 

(mm) (mm) (m/s) (MPa) (%) 

GI 

G2 

G3 

G4 

G5 

55.90 

55.90 

55.90 

56.00 

55.90 

30.25 

29.00 

28.00 

31.00 

29.00 

2608 

2544 

2593 

2672 

2661 

0.522 

0.523 

0.463 

0.728 

0.804 

23.38 

23.69 

22.50 

19.00 

17.93 

Mean tensile strength = 0.608 MPa, on.\ = 0.149, o n = 0.133 

HI 

H2 

H3 

H4 

H5 

55.50 

55.50 

55.50 

56.00 

56.00 

28.90 

29.50 

28.00 

28.20 

27.40 

2369 

2458 

2414 

2564 

2383 

0.377 

0.369 

0.450 . 

0.403 

0.373 

17.69 

18.55 

17.25 

17.52 

16.86 

Mean tensile strength = 0.394 MPa, Gn_i = 0.034, o n = 0.030 
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Table 5.15 Results of Brazilian tests for C C W R material specimens 

(mixes ten and eleven). 

Mix Specimen Diameter Thickness Sonic Tensile Water 

velocity strength content 

(mm) (mm) (m/s) (MPa) (%) 

Jl 

J2 

J3 

J4 

J5 

56.00 

55.60 

55.50 

55.60 

55.60 

29.80 

30.40 

30.00 

28.50 

29.50 

2785 

2764 

2727 

2879 

2682 

0.896 

0.847 

0.859 . 

0.743 

0.853 

14.17 

13.09 

15.19 

13.05 

13.27 

Mean tensile strength = 0.840 MPa, on-l = 0.057, a n = 0.051 

Kl 

K2 

K3 

K4 

K5 

55.60 

55.80 

55.80 

55.60 

55.60 

29.50 

31.00 

29.90 

29.00 

29.40 

2634 

2870 

2769 

2685 

2748 

0.620 

0.643 

0.648 

0.671 

0.564 

17.72 

15.69 

17.12 

17.92 

15.56 

Mean tensile strength = 0.629 MPa, rjn-i = 0.041, a n = 0.036 
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Table 5.16 Results of Brazilian tests for C C W R material specimens 

(mixes 12 and 13). 

Mix Specimen Diameter Thickness Sonic Tensile Water 

velocity strength content 

(mm) (mm) (m/s) (MPa) (%) 

Ll 

L2 

L3 

L4 

L5 

55.50 

55.50 

55.50 

55.00 

55.50 

28.50 

29.00 

30.00 

27.50 

29.00 

2244 

1921 

1961 

2148 

1895 

0.181 

0.178 

0.153 

0.158 

0.178 

15.73 

15.31 

18.78 

17.65 

17.43 

Mean tensile strength = 0.170 MPa, on.i =0.013, o n = 0.012 

Ml 

M 2 

M3 

M 4 

M5 

55.70 

55.50 

56.00 

56.00 

55.50 

30.50 

28.50 

28.00 

28.95 

29.72 

2421 

2244 

2353 

2298 

2436 

0.374 

0.362 

0.371 

0.415 

0.494 

12.25 

13.32 

13.27 . 

12.50 

12.15 

Mean tensile strength = 0.403 MPa, <Jn_i = 0.055, o n = 0.049 
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Sonic velocity and curing time relationships of C C W R specimens are 

illustrated in Figures AII6.1 and AJJ6.2. Scatter plots of sonic velocity against 

unconfined compressive strength of C C W R specimens for different mix 

formulations are illustrated in Figures AH6.3 and AII6.4. As expected the sonic 

velocity value of the specimen increases with a corresponding increase in its 

strength. This trend is consistent for all C C W R mixes. The sonic velocity and 

strength relationships of each mix is given in Appendix AII6. The results generated 

in this study may be used to predict the in-situ strength of C C W R material. 

5.3.5 Moist weight values measured during curing 

Specimen moist weight values are presented in Tables AII3.1 through to 

AII3.13 (in Appendix AII3). These values were recorded to indicate the degree of 

dehydration of the individual specimen. The values presented show a general 

decreasing trend. 

5.3.6 Observations and analyses of CCWR specimen behaviour 

5.3.6.1 Physical properties of CCWR specimens 

The relative density of coal washery refuse solids was found to be 2.31 

and this value is slightly lower than that obtained by Thomas (2.54) (Thomas, 

1986). The physical properties of representative C C W R specimens are summarised 

in Table 5.17. The results indicate that mix 1 has a relatively higher porosity 

(26.0% for mix 1 and 18.6% for mix 2) and void ratio (0.35 for mix 1 and 0.23% 

for mix 2) than mix 2. This can further explain the higher maximum strengths of 

mix 2 than mix 1 as described in Section 5.3.1. 
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Table 5.17 Physical properties of C C W R specimens for different mixes. 

Mix Porosity Void Specific Pwei Pdry Ps 

Ratio Gravity (1/m3) (t/m3) (t/m3) 

15%C-12%W 11.516 0.114 2.054 2.049 1.941 2.193 

15.6%C-14.7%W 25.990 0.351 1.930 1.928 1.681 2.272 

15%C-21%W 24.728 0.247 1.960 1.955 1.709 2.271 

12.5%C-13%W 18.580 0.228 2.033 2.031 1.853 2.276 

12.5%C-16.5%W 20.303 0.202 2.013 2.007 1.807 2.268 

12.5%C-19.1%W 23.030 0.229 1.952 1.947 1.729 2.246 

10%C-12%W 14.494 0.145 2,083 2.077 1.935 2.264 

10%C-13.8%W 23.990 0.316 1.966 1.963 1.733 2.280 

10%C-19%W 25.898 0.259 1.961 1.956 1.698 2.291 

7.5%C-12.6%W 23.600 0.309 1.979 1.977 .1.752 2.293 

7.5%C-16.5%W 24.995 0.248 2.011 2.006 1.757 2.343 

7.5%C-19%W 28.311 0.282 1.976 1.971 1.690 2.358 

5%C-12%W 21.480 0.274 1.972 1.969 1.776 2.261 
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5.3.6.2 Specimen failure modes 

Failure due to unconfined compressive testing of CCWR specimens can be 

described in two phases: 

(1) Small axial cracks appeared just before the maximum 

compressive strength was reached (see Figure 5.24). These 

cracks indicated tensile cleavage. 

(2) As strain increased these cracks widened and large slabs of the 

specimen surface broke away leaving a typical hour glass failure 

shape (see Figure 5.25). This indicated a concentration of shear 

stress along some diagonal plane within the material and this 

caused it to fail in shear. 

Another failure mode observed is the shear cone with splitting above (see 

Figure 5.26). 

5.3.7 Discussion of results 

The results presented in Sections 5.3.1 through 5.3.6 and the associated 

analyses are discussed in this Section. Comparisons between five C C W R mixes 

will be made in relation to pack strength requirements. A n examination is also made 

of the C C W R material characteristics in relation to strata behaviour. 
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Figure 5.24 Small axial cracks appeared just before the maximum compressive 

strength was reached - indicating tensile cleavage failure. 

Figure 5.25 A typical hour glass failure shape. 
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Figure 5.26 Shear cone with splitting above. 

5.3.7.1 Mechanical properties of CCWR specimens 

Mix 1 (15.6% cement) 

The high fluidity of mix 1 on pouring did not permit early strength testing 

of the specimens (1 hour and 2 hours). The results for 1 day curing time specimens 

reveal a strength value of 2.589 M P a which is nearly two times the strength 

requirement described in Section 2.6 in Chapter 2. 

Specimen strengths of 5.774 MPa after 7 days curing, 6.620 MPa after 90 

days curing indicate very favourable pack properties. Young's modulus values of 

0.386 GPa after 1 day increasing to 1.658 GPa after 90 days indicate satisfactory 
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stiffness property of the material. For bulk transport of pack material a value of 

1.95 t/m3 may be used for design purposes. 

The mode of failure of specimens in compression is as described in 

Section 5.3.6.2. The failure behaviour of the specimens indicates the cohesive 

strength of 1.4 M P a is satisfactory. 

Mix 2 (12.5% cement) 

The ultimate compressive strengths of mix 2 specimens are higher than 

those of mix 1. The strength of 0.082 M P a after 1.5 hours is suitable for 

deshuttering purposes while the strength of 1.021 M P a after 4.25 hours is about 

two times the value recommended in the United Kingdom. This mix formulation 

gives a high strength of 16.599 M P a after 90 days. A Young's modulus of 2.847 

GPa after 90 days gives a satisfactory elastic modulus property of the material. 

The mix has a superior cohesive strength of 2.6 MPa (1.86 times the 

cohesive strength of mix 1) and this reflects its high strength development pattern. 

The mode of failure behaviour of specimens is typical shear cone with splitting 

above. The failure behaviour of the specimens indicates the mix composition has a 

comparatively good cohesive property. 

Mix 3 (10.0% cement) 

The compressive strength test results show that the early strengths of the 

specimens of mix 3 are relatively low. This could extend deshuttering time in 

practice. However, the material can be self-supporting if pumped into strong pack 

bags or forms. The strength values after 1 day curing are favourable with the design 
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criteria in the United Kingdom but the final strength of only 5.631 M P a after 90 day 

curing would appear to be insufficient for Australian pack requirements. 

The mode of failure consists of a general crumbling by the development of 

multiple cracks at mid-height of the specimens. The failure surfaces of the 

specimens appeared to be powdery indicating a low cohesive property of the 

material. 

Mix 4 (7.5% cement) and Mix 5 (5.0% cement) 

Mixes 4 and 5 exhibit relatively low compressive strengths. The 

compressive strength values are lower than those required for the pack design. The 

final maximum strengths of 4.625 MPa for mix 4 and 3.388 MPa for mix.5 after 90 

days curing are much lower than needed for effective strata control. 

The mode of failure for both mixes manifests as slabs crumbling and 

breaking away from the walls of the specimens. Again, the failure surfaces of the 

specimens appeared to be powdery. This reflects the low cohesive strengths of the 

materials (0.6 MPa for mix 4 and 0.35 for mix 5). 

5.3.7.2 CCWR pack characteristics in relation to strata behaviour 

An attempt is made to understand the implications of the mechanical 

properties of CCWR material in the underground environment. The longwall strata 

behaviour and the generation of pack load has been described in some details in 

Section 3.1.5. However, an accurate assessment of the initial and ultimate strength 

requirements of the pack in the underground environment would be complex. 

Nevertheless, the initial strengths of 0.082 MPa in 1.5 hours, 0.151 MPa in 2.0 

hours, 0.267 MPa in 2.5 hours, 1.251 MPa in 4.5 hours, 5.138 MPa in 24 hours 
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and the long term strength of 16.599 MPa in 90 days for mix 2 indicate that the 

mechanical properties of C C W R material are close to those required. It is indicative 

that this material can offer a good early resistance, however, its strength should 

continue to develop in spite of accommodating the irresistible movement of the 

strata and possibly a degree of failure. 

If the major displacement of the strata takes place within the first few days 

of installation of C C W R pack, it m a y remain substantially unfailed. Contrary to 

this, the pack may fail considerably, however, the initial confinement of the pack by 

the retaining bags or forms and later by other packs can ensure a good residual 

strength for the pack. However, at this present period of research accurate 

prediction of the effect on strata behaviour, in general, by use of the pack material 

properties can not be quantified. 

5.4 EFFECT OF WATER CONTENT ON THE MECHANICAL 

PROPERTIES OF CCWR MATERIAL 

The results of unconfined compressive strength tests are summarized in 

Tables 5.18 and 5.19. The effect of water content on the unconfined compressive 

strength of C C W R material is illustrated in Figures 5.27 through 5.30. Generally, 

unconfined compressive strength decreases as water content of C C W R material 

decreases, its slump value also increases and this is shown in Tables 5.18 and 

5.19. The results indicate that the strength of C C W R material of any mix 

proportion can be severely affected by the degree of consistency of the mix. The 

practical implications of this singular aspect is that the consistency of the mix be 

such that C C W R material can be transported and placed sufficiently easily without 

segregation. 
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WATER CONTENT (%) 

Figure 5.27 Effect of nominal water content on the strength of CCWR specimens 

at different curing time (15% OPC). 
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Figure 5.28 Effect of nominal water content on the strength of C C W R specimens at 

different curing time (12.5% OPC). 
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Figure 5.29 Effect of nominal water content on the strength of CCWR specimens at 

different curing time (10% OPC). 
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Figure 5.30 Effect of nominal water content on the strength of CCWR specimens at 

different curing time (7.5% OPC). 
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Wet mixes which contained high nominal water contents of 19.0% and 

21.0% were proven to be very prone to segregation. Partial mechanical separation 

of the coarse and fine constituents of the mixes were also noted. Bleeding also 

occurred, which resulted in the mix water rising to the surface of the freshly poured 

test specimens. Consequently, both segregation and bleeding can lead to non-

homogeneous CCWR concrete. However, although the strength of dry mixes with 

nominal water contents of 12.0%, 12.6% and 13.0% appeared to be sufficiently 

high, they would require more mixing water for sufficient workability and 

cohesion. The importance of water content, therefore, with regard to its effect on 

the strength and workability of the CCWR material is emphasised. 

5.4.1 Effect of water content on the drying shrinkage of CCWR 

material 

The drying shrinkage of each specimen, and the average drying shrinkage, 

at each drying period, namely after air drying of 2, 3, 4, 8 and 16 weeks, 

expressed to the nearest 10 microstrain are presented in Tables 5.20 through 5.27. 

Drying shrinkage of CCWR material varies from 684 microstrain for 12.5% 

Portland cement mix (with moisture content of 19.1% dry basis) at two weeks to 

2740 microstrain for 7.5% Portland cement mix (with moisture content of 19.0% 

dry basis) at 16 weeks. Figure 5.31 illustrates the effect of water content on the 

drying shrinkage of CCWR specimens. 

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 drying shrinkage of 

CCWR material as it reduces the volume of the restraining CWR. However, results 

indicate that drying shrinkage is insignificant in all mixes. Generally, small 

shrinkage means small microcracking and small crack connectivity, therefore, 

lower permeability and moisture absorption are expected. 
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Table 5.20 Drying shrinkage values for 1 5 . 0 % C - 1 2 . 0 % W specimens. 

1 Curing time 

1 (week) 

j 2 

i 3 

j 4 

j 8 

16 
i 

Drying shrinkage values (mm) 

Specimen 

1 

0.362 

0.478 

0.530 

0.517 

0.524 

2 

0.362 

0.474 

0.530 

0.516 

0.523 

3 

0.348 

0.464 

0.517 

0.504 

0.511 

s 

0.357 

0.472 

0.526 

0.512 

0.519 

a 
n-1 

0.008 

0.007 

0.008 

0.007 

0.007 

Average : 

drying j 

shrinkage j 

(microstrain)j 

1390 

1890 I 

2100 j 

2050 | 

I 2080 1 
! 1 

Note: Gauge length = 250mm. 

Table 5.21 Drying shrinkage values for 1 5 . 0 % C - 2 1 . 0 % W specimens. 

I Curing time J 

(week) 

| 2 

1 3 

j 4 

i 8 i 1 
i 

16 

Drying shrinkage values (mm) 

Specimen 

1 

0.343 ' 

0.602 

0.714 

0.714 

0.714 

2 

0.336 

0.579 

0.689 

0.694 

0.688 

3 ! 

0.321 

0.566 

0.683 

0.691 

0.688 

s 

0.334 

0.583 

0.695 

0.701 

0.697 

a 
n-1 

0.O11 

0.018 

0.016 

0.O15 

0.015 

Average j 

drying j 

shrinkage j 

(microstrain)j 

1330 J 

2330 j 

2780 j 

2800 

I 1 i 
! 2800 

1 
Note: Gauge length = 250mm. 
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Table 5.22 Drying shrinkage values for 12.5%C-16.5%W specimens. 

Curing time 

(week) 

16 

Drying shrinkage values (mm) 

Specimen 

0.242 0.236 0.233 

0.443 0.437 0.433 

0.534 0.529 0.523 

0.607 0.607 0.605 

0.615 0.617 0.616 

n-1 

0.237 0.005 

0.438 0.005 

0.529 0.006 

0.606 0.001 

0.616 0.001 

Average 

drying 

shrinkage 

(microstrain) 

948 

1750 

2120 

2420 

2460 

Note: Gauge length = 250mm. 

Table 5.23 Drying shrinkage values for 12.5%C-19.1%W specimens. 

1 

1 
1 

1 1 

1 
1 

J Curing time 
1 (week) 

1 
i 

1 
i 

j 2 
j 

i 3 
j 

i 4 
1 1 

8 

16 

1 

0.171 

0.316 

0.465 

0.575 

0.626 

Drying shrinkage 

Specimen 

2 

0.167 

0.306 

0.441 

0.545 

0.591 

3 

0.176 

0.322 

0.468 

0.584 

0.638 

values (mm) 

-1 
s 

0.171 

0.315 

0.458 

0.568 

0.618 

a 
n-1 

0.005 

0.008 

0.015 

0.020 

0.024 

Average j 

drying J 

shrinkage j 

(microstrain) j 

684 

1260 j 

1830 | 

2270 

2470 j 

Note: Gauge length = 250mm. 
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Table 5.24 Drying shrinkage values for 10.0%C-12.0%W specimens. 

Curing 
1 (week) 

time 

j 2 

3 

j 4 

8 

16 
! 

Drying shrinkage values (mm) 

Specimen 

1 

0.256 

0.303 

0.384 

0.471 

1 0.511 

2 

0.249 

0.295 

0.374 

J. 

0.64l' 

0.700' 

3 

0.257 

0.303 

0.387 

0.465 

0.517 

s 

0.254 

0.300 

0.378 

0.468 

i 0.514 
1 

a 
n-1 

0.004 

0.005 

0.007 

0.004 

0.004 

Average 

drying j 

shrinkage : 

(microstrain) J 

1020 j 

1200 j 

1510 j 

1870 

2056 | 
i 

Note: Gauge length = 250mm. 

* Drying shrinkage value abnormally high and not included in the average. 

Table 5.25 Drying shrinkage values for 10.0%C-19.1%W specimens. 

[Curing time [ 
(week) 

! 2 

3 

4 

""8~""' 

i ^ 

Drying shrinkage values (mm) 

Specimen 

1 

0.229 

0.459 

0.429 

•""07517" 

0.559 

2 

0.218 

0.449 

0.421 

""0T50 T 

0.548 

3 

0.235 

0.479 

0.446 

"0.535 

0.580 

s 

0.227 

0.462 

0.432 

0.520 

0.562 

a 1 
n-1 

0.008 

0.015 

0.013 

0.014 

0.016 

Average j 

drying j 

shrinkage j 

(microstrain)j 

910 j 

1850 i 

1730 

2080 

J 
2250 ; 

i 

Note: Gauge length = 250mm. 
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Table 5.26 Drying shrinkage values for 7.5%C-16.5%W specimens. 

jCuring time 

i (week) 

2 

3 

i 4 

8 

1 

0.248 

0.487 

0.574 

0.586 

Drying shrinkage 

Specimen 

2 

0.265 

0.511 

0.599 

0.601 

3 

0.252 

0.487 

0.576 

0.583 

values (mm) 

__
 
_
 
_
 

_J
__

 
_.
 

CO
 
1 

! 0-255 

j 0.495 

J 0.583 

j 0.590 

a 
' n-1 

0.009 

0.014 

0.014 

0.010 

Average ! 

drying j 

shrinkage | 

(microstrain)j 

1020 J 

1980 ; 

2330 | 

2360 | 

Note: Gauge length = 250mm. 

Table 5.27 Drying shrinkage values for 7.5%C-19.0%W specimens. 

Curing time 

(week) 

16 

Drying shrinkage values (mm) 

Specimen 

0.276 0.250 0.234 

0.623 0.572 0.563 

0.681 0.622 0.630 

0.717 0.659 0.673 

0.717 0.664 0.673 

n-1 

4-
0.253 0.021 

0.586 0.033 

0.644 0.032 

0.683 0.030 

0.685 0.028 

Average 

drying 

shrinkage 

(microstrain) 

1010 

2340 

2580 

2730 

—I 
2740 

Note: Gauge length = 250mm. 
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Figure 5.31 The effect of water content on the drying shrinkage of 

CCWR specimens. 

5.5 A NEW YIELD FUNCTION FOR CCWR MATERIAL 

A variety of laboratory tests such as indirect tensile tests, triaxial strength 

tests and unconfined compressive strength tests of CCWR specimens have been 

carried out. Results of these routine material strength tests have been tabulated in 

Tables 5.7 through 5.16. Table 5.28 shows the stress components at failure of 

various CCWR materials generated by using the logarithmic yield function 

program. 
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Table 5.28 Comparisons of predicted and measured values for 

various C C W R materials. 

Mix 

1 

2 

3 

4 

5 

Minor Stress 

o~3 

(MPa) 

0.00 

1.39 

3.75 

5.56 

6.95 

0.00 

2.09 

4.17 

5.56 

6.95 

-0.68 

0.00 

1.39 

2.09 

-0.44 

0.00 

0.10 

0.20 

0.40 

-0.19 

0.00 

0.17 

0.35 

0.52 

0.86 

Measured Values 

o"im 

(MPa) 

9.06 

16.24 

20.67 

24.59 

28.73 

13.09 

22.73 

28.62 

32.83 

35.83 

0.00 

4.24 

11.36 

13.57 

0.00 

3.28 

3.10 

5.14 

5.64 

0.00 

1.90 

3.08 

4.08 

5.20 

6.67 

Predicted Values 

<*lp 

(MPa) 

10.36 

14.37 

20.73 

25.26 

28.55 

14.16 

21.44 

28.24 

32.55 

36.71 

-0.06 

4.40 

11.11 

13.72 

0.02 

3.08 

3.76 

4.45 

5.81 

0.50 

1.72 

2.79 

3.91 

4.96 

7.04 

Error 

<*ie 

(MPa) 

-1.30 

1.86 

-1.06 

-0.67 

0.17 

-1.07 

1.29 

0.39 

0.28 

-0.87 

0.06 

-0.16 

0.26 

-0.16 

-0.02 

0.20 

-0.67 

0.69 

-0.17 

-0.50 

0.18 

0.29 

0.17 

0.23 

-0.38 



Chapter 5. Experimental Results and Discussion 5 - 6 1 

Based on the data tabulated in Table 5.28, the empirical logarithmic yield 

functions were determined as: 

0"! = -226.88 + 73.83 ln (24.8 + 03), for mix 1; 

Oi = -358.54 + 109.24 In (30.32 + a3), for mix 2; 

Gl = -15.64 + 17.91 In (3.06 + o3), for mix 3; 

0"! = -857.33 + 241.76 ln (35.12 + a3), for mix 4; and 

Oi = -381.01 + 127.46 ln (20.14 + 03), for mix 5; 

Figures 5.32 to 5.34 illustrate plots of the predicted results generated from 

the proposed yield functions and the experimental results. It is noted that the 

predicted triaxial strength values are very close to those measured by simple triaxial 

tests. 

Results generated from this study have shown that the proposed yield 

function can predict the strength and yield characteristics of the C C W R material in a 

satisfactory manner. 
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Figure 5.34 Measured and predicted triaxial strengths of CCWR mix 4. 

5.6 EFFECT OF WATER CONTENT ON THE FLOW 

PROPERTIES OF CWR 

5.6.1 Slump test results 

The relationship between water content and slump values is given in Table 

5.29. The effect of water content on the slump values of CWR is presented in 

Figure 5.35. It is apparent that variation in water content of CWR results in variable 

slumps. CWR with a nominal water content of 2.0% exhibits a high shear slump 

value of 130.0mm. This is an indication of the lack of cohesion in the material. At 

5.0% water content, a zero slump was measured indicating a material of stiff 

consistency. As water content was increased from 5.0% to 15.0%, a relatively 

small increase in the slump value was observed. 
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Table 5.29 Slump test results of C W R . 

Water 

Content 

C/O 

1.9 

a. 2.0 
b. 2.0 

3.0 

a. S.O 
b. 5.0 
c. S.O 

7.5 
a.10.0 

b.10.0 „ 
c.10.0 
a.13.0 

b.15.0 
a.20.0 

b.20.0 
c.20.0 
a.25.0 

b.25.0 
a. 30.0 

b.30.0 

Slump 

Values 

Cmm) 

50 
130 
135 

0 
0 
0 

0 
10 

15 
10 

15 

20 
145 

170 
185 
150 

210 
233 

200 

Teiap.of 

Water 

O O 

17.0 
17.0 
17.0 

17.0 

17.0 
17.0 
17.0 

17.0 
17.0 

17.0 
17.0 

17.0 

17.0 

16.5 

17.0 
17.0 

17.0 

17.0 
17.0 

17.0 

Temp.of 

Atmosphere 

O C > 

18.0 
18.0 
18.0 

18.0 

18.0 
18.0 
18.0 

18.0 
18.0 

18.0 
- 18.0 

18.0 

18.0 

18.0 

18.0 
18.0 

18.0 

18.0 

18.0 

18.0 

Remarks 

Shear slump yas 
observed, a. dry mv x. 
Shear slump yas 
observed, a. dry mix. 
Shear slump yas 
observed. a dry mv x No slump value can 
be measured as the 
mix, stuck, to the 
val I of slump cone. 
A very stiff, mix 
vas observed. 
A very stiff, mix 
vas observed. 
Again a very stiff 
mtx vas observed. 
Again a very stiff 
mtx vas observed. True slymp_vas. , 
observed. Particles 
pf the mix appeared 
to be .coaled vt t h 
vat er. 
True slump vas 
obs er ved. 
Again, true slump 
vas observed. 

True slump.vas . 
observed. A mix oi 
good consistence. 
True slump vas 
obser ved. Shear slumo^yas. 
observed. The mv x 
vas, saturated 
vi t h vater. 
Shear slump vas 
obs er ved. 
Shear slump vas 
obs er ved. 

Collapsed slump 
vas observed. 
Evidence of some 
Iree vat er . 
Collapsed slump vas 
obs er ved. 
Laterally collapsed 
slump vas observed. 
The mix yas. pyer-
savuraled w t h 
vat er. 

Laterally collapsed 
slump vas observed. 
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Figure 5.35 Effect of water content on the slump values of CWR. 

It is important to note that in the rather dry range no variation can be 

detected between materials of different workability. From 15.0% to 20.0% water 

content the slump is more sensitive to variations in workability. However, for CWR 

with water content in the range between 20.0% and 30.0%, widely different values 

of slump were obtained for different samples with the same water content. 

It is noted that from 5.0% to 30.0% water content the slump value of 

CWR shows a near linear relationship to water content. As water content of CWR 

increases, its slump value also increases, but not proportionately. This does agree 

with the finding of Lerche and Renetzeder (1984). 
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5.6.2 Flow test results 

For the first series of flow tests, in which CWR was used, the average 

values of flowability for each slope (38.5° , 45.0° and 50.0°) are plotted against 

water content in Figures AII7.1 through AH7.3 (in Appendix AII7), respectively, 

indicating the effect of water content on the flowability of C W R . A comparison of 

the flowability of C W R for all mixes at different slopes is shown in Figure 5.36. 

The individual flow factor (FF) measurement of flow tests are shown in Tables 

AII7.1 through AII7.7. 

For brevity the individual flow factor (FF) measurement of flow tests of 

different oil samples is not presented in this thesis. However, the kinematic 

viscosity-flow factor graphs for different oil samples are plotted in Figures AH7.4 

through AII7.6. 

Flow tests of different oil samples were conducted with a view to 

calibrating the flow-tube. The technique employed is to pass each oil sample with a 

known kinematic viscosity (cST) through measurement of time. The practical 

significant of this lies in the fact that, provided that accurate time measurement of 

the discharge is maintained, flow factors of oil samples and C W R with different 

nominal water content will be direcdy comparable. 

5.6.3 Discussion of flow test results 

The effect of water content on the flowability of CWR is shown in Figure 

5.37. Test results show that C W R with a low water content of 2.0% have high 

flowability and this is reflected by an equally high slump value of 130.0mm. C W R 

was observed to develop into a very stiff material as the water content was increased 

to 5.0% (slump value = 0). Consequently, there was a notable decrease in the 
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flowability of C W R at test slopes of 45° and 50°, and an even more significant 

decrease observed at 38.5°. In practice, C W R with a water content of 5 % will 

require a certain amount of energy to initiate the flow, but once its shear strength is 

exceeded it will flow with minimal energy, and this is a characteristic of a so called 

Bingham fluid. 

At 10% water content, CWR exhibits good flowability. There was a 

marked decrease in the flowability of C W R as its water content was increased to 

15.0%. This appeared to be a very cohesive material with a low slump of 15.0mm, 

exhibiting minimum flowability. The importance of the 15.0% water content in 

relation to the flow properties of C W R is emphasized. 

The increase in flowability for CWR with water content from 15.0% to 

30.0% is quite pronounced and this is reflected by a corresponding overall increase 

in slump values. Furthermore, the flowability value within this range of water 

content shows a linear relationship to both water content and slump value. The 

comparisons of C W R with different water contents with regard to flowability and 

slump value should indicate the overall typical effect of water content on its flow 

properties. 

Atkins et al. (1987) reported that the degree of saturation (water content) is 

one of the most important factors governing the pumpability or flowability of C W R , 

as the variation in water content influences the quantity of the material to be 

pumped. They further stressed that solids concentration and void ratio also 

influenced the pumpability of C W R , the most important factors being particle size 

of the solids, water content and solid concentrations. The author's findings are in 

complete agreement with these statements. It is important to note that chemical 

composition of C W R , and in particular the presence of relatively cohesive 
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compounds like clay minerals, is of decisive importance to its flow characteristics. 

These findings agree with those of Lerche and Renetzeder (1984). 
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Figure 5.36 A Comparison of the flowability of C W R for all mixes 

at different slopes. 
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Figure 5.37 Effect of water content on the flowability of CWR. 

5.7 EFFECT OF GEOMETRY ON THE PROPERTIES AND 

BEHAVIOUR OF CCWR MATERIAL MODELS 

Results of unconfined compressive strength tests for series VI experiments 

are presented in Tables 5.30 through 5.33. Table 5.34 shows the summary of 

results of series VI experiments. Figures 5.38 through 5.42 show the effect of 

geometry on the properties and behaviour of CCWR material models. The results 

indicate that the geometry has a significant effect on both the mechanical properties 

and load deformation behaviour of CCWR material models. 
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5.7.1 Effect of geometry on the strength of C C W R material models 

Figure 5.38 shows the effect of geometry on the unconfined compressive 

strength of CCWR material models. It can be noted from Figure 5.38 that generally 

the unconfined compressive strength of the model decreases with the increase in the 

height to diameter (H/D) ratio. The increase in model diameters from 55.5mm 

through to 206.0mm results in a small increase in the strength of the model. 

However, the increase in model diameters from 206.0mm through to 242.0mm 

gives a marked increase in the strength of the model. 
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Figure 5.38 Effect of geometry on the unconfined compressive strength of 

CCWR material models. 
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5.7.2 Effect of geometry on the axial modulus of C C W R material 

models 

Figure 5.39 illustrates the effect of geometry on the axial modulus of 

CCWR material models. The increase from 0.47 through to 1.44 in height to 

diameter ratios of models gives a significant increase in the axial modulus of the 

models. A further increase (from 1.44 through to 2.93) in the height to diameter 

ratio of the model results in a decrease in the axial modulus of the model. The 

optimum geometry for maximum axial modulus is the model with a height to 

diameter ratio of 1.44. 

a 
PH 

CJ 
CO 

Q 
O 

< 

< 

10.0 

8.5 

7.0 

5.5 

4.0 

2.5 

1.0 

• 

• 

E 

f 

: 

1 

— Q 

^^ 

" 

1 

r̂ *" *^—o 

i 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

H/D RATIO 

Figure 5.39 Effect of geometry on the axial modulus of C C W R material models. 
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5.7.3 Effect of geometry on the Poisson's ratio of C C W R material 

models 

The effect of geometry on the Poisson's ratio of CCWR material models is 

illustrated in Figure 5.40. It is obvious from Figure 5.40 that the increase from 0.47 

through to 1.44 in height to diameter ratios of models give a marked increase in the 

Poisson's ratio of the models. The Poisson's ratio of the models with height to 

diameter ratios of 1.44 through to 2.93 remains relatively constant 

< 

co 

Z 
o 
co 
co 
r-i 

o 
ft 

0.4 

0.3 

0.2 

0.1 

0.0 

• 

-

• 

1 

r 

_ 1 1 • i * 

• 

• 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

H/D RATIO 

Figure 5.40 Effect of geometry on the Poisson's ratio of C C W R material models. 

5.7.4 Effect of geometry on the stiffness of CCWR material models 

The effect of geometry on the stiffness of C C W R material models is 

illustrated in Figure 5.41. Generally, the stiffness of C C W R material model 

decreases with the increase in its height to diameter ratio. 
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Figure 5.41 Effect of geometry on the stiffness of C C W R material models. 

5.7.5 Discussion of test results 

Generally, the measured strength of the model increases with the increase 

in its diameter. It is indicative that the model with a lower height to diameter ratio 

exhibits a corresponding greater end constraint effect. Due to the end constraint 

phenomenon, confining pressures were created around the core of CCWR material 

models and this increased the strength of the models. The findings from the study 

are in good agreement with that reported by Vutukuri et al. (1974). 

Figures 5.42 through 5.48 illustrate the observed shapes of C C W R 

material models at complete failures and clearly show the effect of geometry on the 
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load deformation behaviour of C C W R material models. Complete collapse failures 

which were observed for models with high height to diameter ratios of 1.44, 1.95 

and 2.93 can be described in two phases: 

(i) tensional cracks appeared as the maximum compressive 

strength was reached (brittle shear failure pattern); and 

(ii) as the strain increased these cracks widened and large slabs 

of the model surface broke away leaving a typical hour 

glass failure shape, and a concentration of shear stress 

along some diagonal plane within the model was observed 

(this caused the model to fail in shear). 

Another failure mode observed, for models with height to diameter ratios 

of 0.47, 0.61 and 0.72, is the shear cone with splitting above (see Figures 5.49 

through 5.51). For models with height to diameter ratios of 0.47 and 0.61, distinct 

fractured regions or yielded zones were observed at surfaces of models but no 

collapse occurred. It is clear that these yielded zones offer some degree of 

confinement to inner cores of models. This confinement phenomenon contributes to 

the higher strength of the model. 

It is particularly interesting to note that there is a marked increase in the 

strength of C C W R material models with diameter to height ratios of 0.61. This 

increase in the strength of C C W R material models becomes comparatively small for 

models with even lower height to diameter ratios than 0.61. The practical 

significance of this singular aspect is that, in C C W R pack design for roof support 

in a real mine situation, the width to height ratio of the pack can neither be too low 

nor too high and there exists an optimal width to height ratio of the pack. 
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For roof support in a real mine situation, if the width to height ratio of 

C C W R pack is lower than 1.6, there is a danger of inadequate roof support which 

can lead to complete failure of the pack support and the roof. O n the other hand, if 

the width to height ratio of C C W R pack is too high, resulting in a very stiff pack 

which can cause floor heave and roadway closure problem, this may involve 

unacceptable cost penalties. Of course, a more detailed study on this aspect is a vast 

subject on its own, therefore, more comprehensive investigations on the end 

constraint effect on insitu C C W R pack and triaxial strength properties of C C W R 

materials are essential. Some studies on these aspects have been carried out by the 

author. The results of these findings have been reported separately in W u et al. 

(1989), Hii et al. (1990a) and Zhang and Hii (1990a, 1990b). 

Figure 5.42 C C W R models with distinct shear plane at complete failures 

(diameter=55.5mm). 
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Figure 5.43 C C W R models at complete failures (diameter=75.5mm). 

Figure 5.44 C C W R models at complete failures (diameter=102.8mm). 
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Figure 5.45 C C W R models at complete failures (diameter=149.5mm). 

Figure 5.46 C C W R models at complete failures (diameter=206mm). 
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Figure 5.47 C C W R models at complete failures (diameter=242mm). 

Figure 5.48 C C W R models at complete failures (diameter=314.5mm). 



Chapter 5. Experimental Results and Discussion 5 - 8 4 

Z 

o 
p 

fi 

^ g • - • 

»^^j| 

^ h/d = 0.47 ^ ^ ^ 

•Ha(|^*h d = 0.6ll 

.^V Oh/d~T(L72j 

ELEVATION A 

< 
> 
Ed 
J 
Ed 
O 

z 
Ed 

Figure 5.49 Various C C W R models at complete failures (Elevation A). 
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Figure 5.50 Various C C W R models at complete failures (End elevation B). 
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Figure 5.51 Various C C W R models at complete failures (End elevation C). 
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CHAPTER 6 

ALTERNATIVE METHOD OF IMPROVING GATEROAD 

STABILITY USING YIELD PILLAR TECHNIQUE 

6.0 INTRODUCTION 

In the previous Chapters emphasis has been placed on the development and 

use of artificial roof supports such as pump packs, Monier 'Big Bag' chocks and 

wooden chocks for strata control in underground coal mines. According to 

Hebblewhite (1988), whilst there should be no major constraints apart from the cost 

constraint (capital cost for installing the pump packing system) to construct center 

packwalls in roadways away from the goaf abutment, there are serious limitations 

imposed by the physical properties of flyash and cement based packwalls and 

failures of the packwalls under the influence of the goaf abutment are inevitable. 

The results of this study have shown that CCWR material can be used as a 

support material, although further work needs to be conducted to investigate the 

pumpability of this material. While the reinforced Monier 'Big Bag' chocks 

compared favourably with the wooden chocks the steel mesh reinforcement of the 

'Big Bag' chocks can be very costly and even then serious shortcomings such as 

floor heave and roadway closure still exist. A n alternative method of improving 

gateroad stability using yield pillar technique was therefore investigated. 

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 
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examples substantiates the feasibility of the technique and indicates that yield pillars 

are potentially capable of eliminating roof falls and floor heave in adjacent entries 

and crosscuts, and pillar bumps. A procedure using finite element method has been 

established for the design of yield pillar under various geological conditions (Hii 

and W u , 1989). 

It is well known that the concept of yielding pillar can be successfully used 

in solving ground control problems (Serata, 1982, Mark et al, 1988, N e w m a n , 

1988, Hii and W u , 1989, Tsang et al, 1989). The procedure developed in this 

study may also be used as a tool for pack design. Recall that both the yielding pillar 

and artificial yielding pillar (pump pack) are designed to yield and absorb vertical 

closure without bulging and weakening the pillar. The concept utilizes the self 

support capacity and ultimately the strain hardening and softening characteristics of 

the surrounding rocks to create a stress relief environment. The application of the 

stress control method in yielding pillar design is presented in this Chapter. It is 

emphasized that the findings from the study are applicable to pump pack design. 

Another objective of this study is to stimulate further investigation into 

yielding pillars which are increasingly gaining acceptance as a technique for 

improving ground control in underground coal mines. It is clear that much 

additional work will be required before a complete understanding of the yield pillar 

phenomenon is achieved, hence suggestions for continued work are highlighted. 

6.1 REVIEW OF PAST WORK 

The mining industry over the last two decades, has seen a major increase in 

the usage of computers in most phases of its operations. Computer literacy has 

become an important requirement in the mining profession. In recent years, most 

mines have been operating in deeper and more difficult conditions than before, 
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resulting in low productivity and extremely difficult working conditions with high 

roof and side stresses. In order to alleviate these problems, the yield pillar technique 

has been developed and used successfully in overseas mines, deep mines in the 

U.S.A. and Canada in particular (Serata, 1982, Serata et al, 1986,1987, Shephard, 

1986, Ruston, 1986, Mark et al, 1988, Tsang et al, 1989). Peng's group at West 

Virginia University, Morgantown, West Virginia, U.S.A., has recently been 

conducting a case study on the application of the yield pillar under strong roof and 

strong floor condition. The comprehensive research with the yield pillar experiment 

in 315 Panel to establish the ideal pillar size has led to the successful application of 

this technology to the maingate of Longwall 12 at West Cliff Colliery (Anon. 

1989). 

Such applied research is not always possible in the current state of the 

industry, considering the high costs involved in the experiment and the often 

marginal economic nature of underground mining operations. Therefore, attempts 

to establish the ideal pillar sizes for the introduction of yield pillars under different 

virgin stress field conditions have given rise to the use of a computerised mine 

structural analysis which has the potential capacity to calculate the distribution of 

overburden stresses caused by mining and the resulting loadings on any given 

portion of the underground mine. In recent years, computer modelling has been 

increasingly recognized as an important asset in the design and analysis of 

underground rock structures (Hebblewhite, 1982, Beckett and Madrid, 1986, 

Kripakov, 1987, Zhou and Zhang, 1989, Schmidt and W u , 1989, Hii and W u , 

1989). The computational power of today's computers together with sophisticated 

software have enabled the application of the computer modelling technique to 

provide an approximate solution to complicated rock mechanics problems not 

readily solved by other means. Generally, safety and productivity may be increased 

and the costs reduced if an analysis is performed. 
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6.1.1 Stress Control Methods 

The function of strata control in underground mines is to improve roadway 

stability. Two prominent forms of strata control are the active roadway support and 

the roadway strata control utilising stress control methods. 

Common types of active roadway supports comprise rock bolting (roof 

bolting and cable bolting), cementitious and resin injection, steel and timber prop 

support, steel arching, steel meshing, timber chock support, monolithic 

cementitious support (Australian big bag chock) and steel-fibre-reinforced concrete 

cribbing (block and donut cribbing). The main function of these supports is to 

increase the strength of the pressure arch acting above the opening. 

Over the last two decades, yield pillars have been used to produce and 

control the redistribution of stresses around mine openings (Serata, 1982, Serata et 

al, 1986, 1987, Newman, 1988, Tsang et al, 1989, Hii and Wu, 1989). The yield 

pillar technique is the principal tool of stress control methods, and the control 

required to achieve a desired stress condition as mentioned by Serata (1982) is 

highly site-specific, varying with geological conditions, material properties, initial 

stress fields, ground water conditions, discontinuity planes and other geological 

anomalies. Serata (1982) has grouped the current field practice into the following 

six categories of stress control techniques: 

(i) Stress Relief Technique; 

(ii) Parallel Room Technique; 

(iii) Time-Control Technique; 

(iv) Compounded Time-Control Technique; 

(v) Multiple-Level Technique; and 

(vi) Large Room Technique. 
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Detailed descriptions of all the six stress control techniques have been reported in 

Serata (1982). 

The stress control technology which has found extensive use in salt and 

potash mines has been expanded to a wide variety of underground mine openings in 

various weak grounds including coal mines through more than two decades of field 

experience. In Australia, pillar systems utilising yield pillar technology is now 

finding application in underground coal mines but only on an extremely limited 

scale. The main reasons for the limited application have been the lack of general 

appreciation of the rock mechanics principles involved in yielding pillar technology 

and the mining legislation which controls the size of the pillars in underground coal 

mines (Marshall and Lama, 1986). However, this technology is becoming widely 

used in deep underground mines for stabilizing openings in weak and complex 

grounds. 

Recently three stress control methods such as pillar extraction on the 

advance, stress relief headings and yield pillar technique have been used in 

Australian underground coal mines. It has been demonstrated in practice that these 

stress control techniques can reduce the extent of lateral stress acting within the 

pressure arch by decreasing the lateral constraint in the roof strata. 

6.2 Theoretical Considerations of Stress Control Design 

Openings in underground coal mines excavated by room and pillar method 

experience the highest concentration of shear stress which is potentially destructive, 

and according to Serata et al. (1986) this is due to the formation of a stress envelope 

around each individual opening as shown in Figure 6.1. This high concentration of 

shear stress may cause roof and floor failures if the strength of the surrounding 
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rocks is lower than the shear stress. Stress control method can be used to relocate 

these destructive stress envelopes away from the individual room boundaries and 

this may be achieved by grouping the room closely as also illustrated in Figure 6.1. 

However, this must, be done by first excavating the two side rooms follow by the 

middle room (Serata et al, 1986) 

CONVENTIONAL ROOM-AND-PILLAR ENTRY 

Figure 6.1. Principle of stress control method which is illustrated by three-

room "stress-controlled" entry and this is formed by grouping 

three isolated conventional rooms very close together, and 

hence transforming three primary destructive stress envelopes 

into a single secondary protective stress envelope. 

(after Serata etal, 1986) 
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Since the protective stress envelope is formed as a direct and natural 

reaction to both the overburden and lateral tectonic stresses it takes the entire burden 

of those stresses, and as mentioned by Serata et al. (1986) the yielding pillars which 

accommodates the deformation do not actually fail as they are protected and stress 

relieved by the formation of the so called protective stress envelope. An important 

feature of this stress control technique is that the immediate roof and floor which are 

located inside the protective stress envelope are also stress relieved, and they form a 

natural protective lining for the final protective stress envelope. 

As mentioned earlier, the design of a stress controlled entry in an 

underground coal mine can be highly site-specific and two major factors are to be 

considered for any given coal seam. Firstly, there is the operation factor such as the 

desired number of rooms to be grouped into a single entry and the desired width of 

individual rooms within the entry. Secondly, the so called "live" geomechanical 

factor which is both time dependent and site specific, and this comprises the virgin 

stress fields and the material properties of coal and the surrounding rocks (Serata et 

al, 1986). 

It is important to note that in a steady state, the rate of hardening is 

balanced by that of softening and therefore the strength enhancement due to 

hardening is essentially nil (Hambley, 1989). However, the stress relief due to the 

development of a pressure arch as mentioned above does undeniably occur, hence, 

the idea of protecting openings using the concept of a pressure arch is valid. 
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6.3 EFFECT OF VIRGIN STRESS FIELDS ON THE 

FEASIBILITY STUDY OF YIELD PILLAR TECHNIQUE 

In general, a yield pillar is designed to yield or crush in a controlled 

fashion throughout its width and to provide locally resilient support in the mine 

excavation while operating in a plastic mode, at a factor of safety less than unity. 

Contrary to the traditional concept of pillar design, in yield pillar design a relatively 

small pillar is designed to yield as soon as it is being developed, and its original 

load is transferred to the adjacent pillars (Tsang et al, 1989). 

In Australia, yield pillars have been used in West Cliff Colliery, NSW, and 

it has been demonstrated that they can improve entry stability and control floor 

heave problems (Anon. 1989). However, the existing yield pillar design is mostly 

based on trials and errors, and the mechanisms and limitations of yield pillar 

technique are still not well understood. 

It is well known that the duration of yielding of coal and rocks before 

collapse depends on the initial loading condition material properties, and as long as 

the rate of yielding is in the safe range, the overall stability condition for the entry-

pillar system may be maintained for the required service life time. The design of 

yield pillars therefore must take into account the overall stability of the surrounding 

geology and the orientation and direction of stress. For safe mining operations, a 

yield pillar must satisfy two basic requirements (Tsang et al, 1989): firstly, it 

should yield totally after development so that its load can be transferred, and 

secondly, it should sustain and maintain good working conditions in the adjacent 

entries for the intended service life period. 

If the yield pillar satisfies both the abovementioned requirements it is 

defined as a stable or functional yield pillar, however, if it only satisfies the first 
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requirement it is considered to be an unstable or unfunctionable yield pillar. It 

should be noted that a yield pillar is less stable than a stiff pillar but by considering 

the overall stability condition, a yield pillar may provide the best results and also it 

may be the only alternative design for certain geological conditions. 

In this study, the mechanisms of yield pillar were discussed. This Section 

presents an application of the finite element method to investigate the feasibility of 

using the yield pillar technique under different virgin stress field conditions in 

Australian underground mining operations. A given portion of an underground 

mine in the Southern Coalfields, NSW, Australia is specified as a grid and the 

program then calculates the two dimensional ground stresses and deformations 

resulting from the formation of both the yield pillar and the conventional pillar. 

6.3.1 Method of analysis 

The finite element method is employed for the computation of stresses in 

pillars under various virgin stress fields. The factor of safety of the pillar is 

evaluated according to the ratio of the computed stress and the strength of rocks. 

6.3.2 Computation of stresses in pillars 

Stresses in pillars are computed by using an excavation model (Brown and 

Booker, 1984, Schmidt, Wu and Lu, 1989), in which the loading or the unloading 

history of stresses during the formation of pillars can be simulated. Figure 6.2 

shows the formation of Pillar A, that is, by excavating Roadways 1 and 2. Stresses 

in Pillar A are computed as: 

°A=OAO+AOA 
(6.1) 
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where 

a A is the redistributed stress in the pillar, 

GA0 is the virgin stress determined by in-situ stress measurement; and 

AoA is the increment of stress in the pillar due to the excavation of roadways 1 and 

2 and it can be computed by the finite element procedure, the details of which 

is presented in the following. 

coal yield pillar A coal 

roadway B B | roadway 

width = 8.5m 

H 

Figure 6.2 Formation of Pillar A. 

The finite element formulae used for the computation of pillar stress can be 

obtained from the virtual work principle. Consider a domain Cl with a boundary T 

the virtual work equation governing the behaviour of the domain can be expressed 

in an incremental form as: 

I Se A a d n = 6 u T A b v d Q + 8u TApdT 
JQ

 Jn jr 

(6.2) 
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where 

8u and 8e are the virtual displacements and the corressponding strain in domain Q; 

Aby denotes the increment of body force; and 

Ap denotes the increment of boundary traction. 

To solve eq.(6.2) numerically, the domain Q is discretized into a number 

of elements Q.e connected at the nodes. Consequently, the boundary T is also 

divided into a number of boundary element Te. In each element, the displacement 

field is approximated by: 

{Au} = [N] {Aa} (6.3) 

where 

[N] is the matrix of specified shape functions; and 

{Aa} is the vector of nodal displacement increments. 

From eq.(6.3) both the strain and stress increments can be expressed in 

terms of nodal displacement increment {Aa} as: 

{Ae} = [B] {Aa} (6-4) 

{Ao} = [D]ep [B] {Aa} or {Ao} = [D] [B] {Aa} + {Ac0} (6.5) 

where 

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

[B] is the derivative matrix of [N]; 
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{A<J0} is the initial stress increment. 

The substitution of eqs. (6.3), (6.4) and (6.5) into eq. (6.2) produces: 

{Aa} I [B]T[D][B]dQ{Aa} = {Aa> f[N]T{Abv} d Q - { A a }
T [ [B]T{Aox}dQ 

+ {Aa}j [B]T{Ap}dT (6.6) 

Due to the arbitrary, {Aa}T in eq. (6.6) can be deleted. And then by 

abbreviating the notation, there results: 

[K] {Aa} = [AFV] - [AFJ + [AFJ (6.7) 

with 

[K]=l [B]T[D][B]dD 

[AFV] = [N]T{Abv}d<3 

[AFJ == | [B]T{Ao0} d Q 

[AFJ - ) [N]T{Ap}dQ 

where 

[K] is the stiffness matrix; 
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[AFV] is the nodal force due to the increment of the body force; 

[AF0] denotes the iterative term of the nodal force; and 

[AFt] denotes the boundary traction, which, in the current computation model is the 

stress relaxation at the excavation boundary due to the excavation of 

Roadways 1 and 2. 

Eq. (6.7) is a nonlinear equation because [AF0] depends on Ao0, and Aa0, 

in turn, depends on o. Therefore an iterative procedure is used for the computation. 

Figure 6.3 shows the flow chart of the computation procedures. 
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Figure 6.3 Flow chart of the iterative scheme. 
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6.3.3 Determination of the factor of safety 

Once the stress in any point of the pillar is obtained, the factor of safety at 

that point can be evaluated as the ratio of the strength and the stress, that is, 

o"s (ox) 
S F = s 3 

°i (6.3) 

where SF is the safety factor; as (o3) is the strength of the rock, which is the 

function of a3; Oi denotes the major principal stress; and a 3 denotes the minor 

principal stress. 

6.3.4 Scheme of analysis 

Two illustrative examples are designed to investigate the feasibility of 

using yield pillar under different virgin stress fields. 

Illustrative example 1 considers the stability of a yield pillar under various 

virgin stress fields. The width of the pillar adopted is 8.5m, and the finite element 

mesh generated is shown in Figure 6.4. 

Illustrative example 2 considers the stability of a conventional pillar under 

the same virgin stress field as in example 1. The width of the pillar is taken as 30m. 

In both examples, five cases of virgin stress field are considered, and this 

is tabulated in Table 6.1. Table 6.2 shows the properties of rocks used in the 

analysis of the illustrative examples. 
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Figure 6.4 Finite element mesh for yield pillar scheme. 
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Table 6.1 Virgin stress fields. 

Case 

Horizontal stress 
aoh (MPa) 

Vertical stress 
oov (MPa) 

Ratio k 
aoh / °ov 

1 

-5 

-10 

0.5 

2 

-10 

-10 

1 

3 

-15 

-10 

1.5 

4 

-20 

-10 

2.0 

5 

-25 

-10 

2.5 
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Table 6.2 Properties of rocks. 

Parameters 

Coal 

Rockl 

Rock 2 

Young's 
modulus 

(MPa) 

1000 

2000 

3000 

Poisson's 
ratio 

0.3 

0.25 

0.25 

Cohesive 
strength 

(MPa) 

0.4 

1.5 

3.0 

Angle of 
friction 

(°) 

35 

37 

37 

Tensile 
strength 

(MPa) 

0.01 

0.1 

0.2 

Residual 
cohesive 
strength 

(MPa) 

0.15 

0.6 

1.2 

Residual 
angle of 
fiiction 

(°) 

28 

30 

30 

6.4 RESULTS AND DISCUSSION 

Figures 6.5 and 6.6 show the principal stress distribution for both the yield 

pillar and the conventional pillar under Case 5. It is indicative that the horizontal 

stress relaxation occurs in the entire yield pillar. In the conventional pillar, 

however, the horizontal stress relaxation only occurs in the two sides of the pillar. 

The computed maximum stress at the centre of the conventional pillar is the 

horizontal stress, and no significant horizontal stress relaxation takes place. 

Figure 6.7 illustrates the distribution of horizontal and vertical stresses 

along the cross sections of both the yield pillar and the conventional pillar under 

Case 5. It is evident that a significant relaxation of horizontal stresses occurs 

approximately 4m from the edge of the pillars. The results indicate that the average 

deviator stress of the yield pillar is smaller than that of the conventional pillars. 
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Figure 6.6 Principal stress field in the conventional pillar scheme. 
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Figure 6.8 shows the average safety factor of the cross section of the pillar 

versus the ratio of the vertical virgin stress and the horizontal virgin stress. It is 

clear that, in the case of high horizontal virgin stress fields, k is greater than 1.6, 

the yield pillar is more stable than the conventional pillar even though the width of 

the yield pillar is much smaller. However, in the case of low horizontal virgin stress 

fields, the conventional pillar exhibits comparatively greater stability than the yield 

pillar. 

2.5 

2.0 

I L5 
t*s 

<H-H 

o 
LH 

o 
4—1 

O 

£ xo 

0.5 -

0.0 

conventional pillar 
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/ 

1 2 

Ratio k (a0h/ o~ov) 

Figure 6.8 Safety factor versus k (a0h/ oov) 
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6.5 CONCLUSIONS 

The finite element method may be successfully employed to investigate the 

feasibility of using the yield pillar technique under different virgin stress field 

conditions. It is demonstrated that when k, the ratio of the horizontal virgin stress 

and the vertical virgin stress, is greater than 1.6, the yield pillar technique can be 

successfully used, and a greater pillar stability is achievable. On the other hand, if 

the ratio k is not greater than 1.6, a decrease in the pillar width will give a lower 

safety factor of the pillar. 

It is suggested that there exists an optimal pillar width for a particular ratio 

of k. The pillar design using the optimal pillar width will exhibit the highest safety 

factor of the pillar. 

Further work should include: 

(i) an experimental research to verify the numerical results, and 

(ii) the development of nomographs, from which the optimal 

width of the pillar can be determined for a particular ratio k. 
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CHAPTER 7 

CONCLUSIONS 

From a review of strata control theories and overseas successes in 

achieving effective strata control using monolithic pump packing techniques it can 

be concluded that a study into the introduction of pump packing technology to 

Australian coal mining operations is warranted. 

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 C W R as a packing material is an attractive proposition. 

In the likely event of high tonnage demand for packing material, the 

processed C W R 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. 

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 field trials and studies over the years have established the 

following criteria for pack strengths (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). The strength of 0.1 MPa for deshuttering purposes, and initial 

strengths of 0.4 - 0.5 MPa in 4 hours, and 1-1.4 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. 

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). However, the required pack strength for Australian underground coal 

mines should be quantified from field trials and in-situ monitoring programmes. 

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 can only be 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. 

An attempt has been made to emphasise 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. 

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 
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industry. The pump packing system using C C W R material undoubtedly will have a 

large contribution to make to the Australian mining industry in the foreseeable 

future. 

The experimental investigation has shown that the use of CCWR pack 

material is a major step in the development of a cost-effective pack. The laboratory 

study has greatly improved understanding of the mechanical properties and 

behaviour of the pack material produced. 

Laboratory tests performed on the experimentally formulated CCWR 

specimens of varying mix compositions have shown great promise towards 

monolithic pack material applications. However, results indicate that water content 

and calcium chloride admixture must be very closely controlled to ensure optimum 

pack quality, as confirmed by overseas studies in similar research work (Lerche and 

Renetzeder, 1984, Zadeh et al, 1987). 

It is shown that the relationship between the strength S and curing time t of 

a CCWR material mix can be described by the following equation: 

S=A-exp(-B/f°-5) (3.5) 

The response surface methodology is shown to be valid for the analysis of 

test results presented and it is suggested to be used as a general method in the study 

of the optimum design of CCWR materials. For CCWR materials the unconfined 

compressive strength can be calculated from the compositions of a mix using 

equations (3.14) and (3.15). 
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As expected an increase in the strength of CCWR materials can be attained 

either by decreasing the water content or increasing the quantity of OPC used in the 

mixtures. 

It has been demonstrated that the proposed logarithmic yield function can 

predict the strength and yield characteristics of CCWR materials in a satisfactory 

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

follows: 

a1 = A + Bln(o3-i-C) (3.16) 

The following conclusions can be drawn from the present investigation 

concerning the effect of water content on the mechanical properties of CCWR 

material containing calcium chloride admixture: 

(i) For any length of curing time up to 28 days, the strength of 

CCWR material markedly decreases as the water content 

increases. 

(ii) The decrease in ultimate unconfined compressive strength 

due to an increase in water content for CCWR material test 

specimens at lower curing time spans is quite significant. 

The practical significance of this aspect is that the water 

content must be very closely controlled to ensure high early 

strength of CCWR concrete which is rather essential for 

successful monolithic pack applications. 

(iii) Test results indicate that the drying shrinkage of CCWR 

material is insignificant in all mixes. 
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(iv) The importance of water content with regard to its effect on 

strength, workability and other related mechanical 

properties of CCWR material is emphasised. 

The initial test results of the study have revealed the effect of water content 

on flow properties of CWR. The importance of the effect of water content and other 

related parameters on the flow characteristics of CWR has been emphasised by the 

author and various researchers (Lerche and Renetzeder, 1984; Verkerk, 1986 and 

Atkins et al, 1987). Based on the results of this investigation the following 

statements appear justified: 

(i) CWR with a nominal water content in the region of 15.0% 

exhibits undesirable flow characteristics, and this is 

manifested by its relatively low flowability behaviour. 

(ii) Within the range from 15.0% to 30.0% water content, the 

flowability of CWR shows a linearly increasing 

relationship to both water content and slump value. 

(iii) The presence of very fine grains (less than 0.2mm), 

amounting to about 1.25 weight percentage, appeared to be 

remarkably beneficial under all flow conditions of the 

study. They were observed to form a very thin film at the 

inner wall of the flow-tube. Lerche and Renetzeder (1984) 

have shown similar finding to that described above. 

Because of their practical significance, this would bear 

further confirmation for other flow and pumping conditions 

of interest. 
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The results indicate that geometry has a significant effect on both the 

mechanical properties and load deformation characteristics of CCWR material 

models. The measured strength of the model increases with the increase in its 

diameter. It is indicative that the model with a higher width to height ratio exhibits a 

corresponding greater end constraint effect. Due to the end constraint phenomenon, 

confining pressures were created around the core of CCWR material models and 

this increased the strength of the models. Of course, a more detailed study on this 

aspect is a vast subject on its own, therefore, more investigations on the end 

constraint effect on insitu CCWR pack and triaxial strength properties of CCWR 

materials are essential. 

It is envisaged that the results obtained can serve as a realistic basis for 

numerical analysis of underground pack under variable geological and stress 

conditions. The experimental data of the material models generated from this study 

may also be used as a guide in the pack design in underground coal mining 

operations. 

The finite element method may be successfully employed to investigate the 

feasibility of using the yield pillar technique under different virgin stress field 

conditions. It is demonstrated that when k, the ratio of the horizontal virgin stress 

and the vertical virgin stress, is greater than 1.6, the yield pillar technique can be 

successfully used, and a greater pillar stability is achievable. On the other hand, if 

the ratio k is not greater than 1.6, a decrease in the pillar width will give a lower 

safety factor of the pillar. 

It is suggested that there exists an optimal pillar width for a particular ratio 

of k. The pillar design using the optimal pillar width will exhibit the highest safety 

factor of the pillar. 
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RECOMMENDATIONS FOR FURTHER RESEARCH: 

(i) Permeabilities are among the most important characteristics 

of materials as, for example, ventilation applications. 

Furthermore, permeabilities are, to some degree, a function 

of water/cement ratio and strength. The measurements of 

permeabilities are therefore suggested. 

(ii) Quantitative rheological measurements for pumpability is 

recommended. 

(iii) More tests are required before meaningful flow properties 

of CWR can be quantified. A detailed evaluation of the 

conveying characteristics of CWR in an adequately sized 

test rig, such as the one at the University of Wollongong, is 

suggested. 

(iv) Field data from insitu stress measurements are much 

needed for the calibration and refinement of the finite 

element model. An experimental research to verify the 

numerical results is also recommended. 

(v) Development of nomographs, from which the optimal 

width of the yield pillar can be determined for a particular 

ratio k. 
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Listing of the logarithmic yield function program 

: #LOGARITHMIC YIELD FUNCTION* 
DIMENSION X(50),Y(50),YC(50),DY(50) 
C O M M O N N,A,B,X,Y 
READ(5,*) NPROBL 
D O 1 NP=l,NPROBL 
READ(5,*) N,C0,CE,EPS 
READ(5,*)(Xai),Y(Il),Il=l,N) 
CALL OBTF(C0,F0) 
CALL OBTF(CE,FE) 
IF (F0*FE.LT.0.0) GOTO 2 
WRITE(6,*) NP,NP,C0,F0,CEJFE 
STOP 

2 D=CE-C0 
IF(D.GT.EPS) GOTO 3 
CALL OBTF(CE,FE) 
C=C0+D*F0/(F0-FE) 
CALLOBTF(CF) 
NN=NN+1 
SUMY=0.0 
D 0 4K=1,N 

4 SUMY=SUMY+Y(K) 
YB=SUMY/N 
Q=0.0 
QQ=0.0 
QS=0.0 
D O 5 K=1,N 
YC(K)=A+B*ALOG(X(K)+C) 
D=Y(K)-YC(K) 
DY(K)=D 
Q=Q+ABS(D) 
QQ=QQ+D*D 
QS=QS+(Y(K)-YB)**2 

5 CONTINUE 
R=1.0-QQ/QS 
DYB=Q/N 
WRITE(6,6667) NP 

6667FORMAT(lX,////////,6X,'.**.PROBLEM.',I2,'.**.') 
WRITE(6,10) A,B,C 
•ypTTP̂ /i 19^ TiYTi R F 

12 TORMAT(5X,6HDCGMl=,F8.2,2X,'R=,J'8.4,2X,T=^8.4vO 
666^SAT(65X,-.NO.-,6X,'.C3M.'.7X>-.C1M/,7X.'.C1C/,7X.-X1C1.'J0 

WRTTEC6 11) axa),Y(D,YC(I),DY(I),I=l,N) 

10 romATa^X,'CGMl=l 
11 FORMATbx,I2,lH),4X,F8.2,4X^8.2,4X^8.2,4X,F8.2) 

GOTO 1002 
3 CT=CE 
CE=0.5*(CE+C0) 
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CALLOBTF(CE,FE) 
IF(F0*FE.LT.0.0) GOTO 2 
C0=CE 
F0=FE 
CE=CT 
GOTO 2 

1 CONTINUE 
STOP 
END 

C 
SUBROUTINE OBTF(C,F) 
DIMENSION X(50),Y(50) 
COMMON N,A,B,X,Y 
A11=N 
A12=0 
A22=0 
B1=0 
B2=0 
C1=0 
C2=0 
C3=0 
DO 1 K=1,N 
T1=X(K)+C 
T2=ALOG(Tl) 
A12=A12+T2 
A22=A22+T2*T2 
B1=B1+Y(K) 
B2=B2+Y(K)*T2 
C1=C1+Y(K)/T1 
C2=C2+1.0/T1 
C3=C3+T2/T1 

1 CONTINUE 
T4=1.0/(A11*A22-A12*A12) 
A=(B 1*A22-B2*A12)*T4 
B=(B2*A11-B1*A12)*T4 
F=C1-C2*A-C3*B 
RETURN 
END 



APPENDIX II 

EXPERIMENTAL DATA 



Appendix II A U - 1 

Table AII1.1 Experimental data of sieve analysis one of C W R before processing. 

Total weight of C W R sample = 26344.7 gm. 

Sieve size Weight retained % of weight retained % of weight passing 

(mm) (g) (%) (%) 

+37.5 

+26.5-37.5 

+19.0-26.5 

+13.2-19.0 

+9.5-13.2 

+6.7-9.5 

+4.75-6.7 

+2.36-4.75 

+1.18-2.36 

+0.60-1.18 

+0.30-0.60 

+0.212-0.30 

+0.150-0.212 

+0.075-0.150 

under-sized 

£ = 

5803.1 

3054.9 

2766.0 

3137.5 

2331.5 

1975.1 

1606.4 

1861.6 

1324.0 

863.3 

647.7 

240.9 

214.4 

272.8 

289.8 

= 26389.0 

OL r\f prrn 

21.99 

11.58 

10.58 

11.89 

8.84 

7.48 

6.09 

7.05 

5.02 

3.27 

2.45 

0.91 

0.81 

1.03 

1.01 

I = 100.0% 

26389.0 - 26344.7 
T — • T-. 

78.01 

66.43 

55.95 

43.95 

35.12 

27.64 

21.55 

14.50 

9.48 

6.21 

3.75 

2.84 

2.03 

1.01 

x 100% 

= 0.168% 
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Table AII1.2 Experimental data of sieve analysis two of C W R after processing. 

Total weight of CWR sample = 3766.9 gm. 

Sieve size Weight retained % of weight retained % of weight passing 

(mm) (g) (%) (%) 

+10.0 

+8.0-10.0 

+6.7-8.0 

+4.75-6.7 

+3.35-4.75 

+2.5-3.35 

+2.0-2.5 

+1.7-2.0 

+1.18-1.7 

+0.850-1.18 

+0.600-0.850 

+0.425-0.600 

+0.300-0.425 

+0.212-0.300 

+0.150-0.212 

+0.105-0.150 

+0.075-0.105 

+0.063-0.075 

+0.053-0.063 

under-sized 

0 

740.8 

535.9 

747.3 

413.7 

332.9 

243.5 

138.3 

196.5 

119.2 

89.6 

67.1 

44.5 

32.7 

30.1 

9.4 

12.9 

4.6 

6.4 

1.5 

0 

19.70 

14.23 

19.84 

10.98 

8.84 

6.46 

3.67 

5.22 

"3.16 

2.38 

1.78 

1.18 

0.87 

0.80 

0.25 

0.34 

0.12 

0.17 

0.04 

0 

80.33 

66.10 

46.26 

35.28 

26.44 

19.98 

16.31 

11.09 

7.93 

5.55 

3.77 

2.59 

1.72 

0.92 

0.67 

0.33 

0.21 

0.04 

— 

I = 3766.9 I = 100.03% 

* * 3766.9-3766.9 „inng, 
% of error = 2,1669 

= 0% 
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Table AII1.3(a) Experimental data of sieve analysis three of C W R after processing. 

Total weight of CWR sample = 1814.2 gm. 

Sieve size Weight retained % of weight retained % of weight passing 

(mm) (g) (%) (%) 

+10.0 

+8.0-10.0 

+6.7-8.0 

+4.75-6.7 

+3.35-4.75 

+2.5-3.35 

+2.0-2.5 

+1.7-2.0 

+1.18-1.7 

+0.600-1.18 

+0.425-0.600 

+0.300-0.425 

+0.212-0.300 

+0.125-0.212 

+0.106-0.125 

+0.063-0.106 

+0.038-0.063 

under-sized 

0 

289.1 

189.1 

301.4 

169.5 

148.2 

88.6 

67.4 

103.8 

146.1 

57.4 

53.6 

69.4 

73.92 

23.95 

24.56 

6.86 

0.07 

0 

15.95 

10.43 

16.63 

9.35 

8.17 

4.89 

3.72 

5.73 

8.06 

-3.17 

2.96 

3.83 

4.08 

1.32 

1.36 

0.38 

0.004 

100.00 

84.05 

73.62 

60.00 

47.65 

39.47 

34.59 

30.87 

25.14 

17.09 

13.92 

10.96 

7.14 

3.06 

1.74 

0.38 

0.004 

— 

S = 1812.97 1=100.03% 

„, , 1812.97-1814.2 1fVW 
% of error = i%]A2 X 

= -0.068% 
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Table AJJ1.3(b) Grain size distribution of sieve analysis three of C W R 

after processing. 

Total Weight Weight Percentage 

i) (%) 

General Remarks 

67.75 

31.87 

29.0 

. _ -

38.75 

14.75 

12.50 

4.618 

Lower medium gravel 

fraction. 

Fine gravel fraction. 

Coarse sand fraction 

Medium sand fraction 

Fine sand fraction 

0.38 0.38 Coarse silt fraction 
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Table Alt 1.4 Experimental data of sieve analysis four of C W R after processing. 

Total weight of CWR sample = 2319.5 gm. 

Sieve size Weight retained % of weight retained % of weight passing 

(mm) (g) (%) (%) 

+10.0 

+8.0-10.0 

+6.7-8.0 

+4.75-6.7 

+3.35-4.75 

+2.5-3.35 

+2.0-2.5 

+1.7-2.0 

+1.18-1.7 

+0.600-1.18 

+0.425-0.600 

+0.300-0.425 

+0.212-0.300 

+0.125-0.212 

+0.106-0.125 

+0.063-0.106 

+0.038-0.063 

under-sized 

0 

401.6 

274.1 

379.1 

199.4 

176.8 

128.2 

91.6 

155.7 

199.4 

70.6 

53.4 

44.7 

57.1 

14.7 

24.83 

23.52 

21.59 

0 

17.34 

11.83 

16.37 

8.61 

7.63 

5.53 

3.95 

6.72 

'8.61 

3.05 

2.31 

1.93 

2.47 

0.63 

1.07 

1.02 

0.93 

0 

82.66 

70.83 

54.46 

45.85 

38.22 

32.69 

28.73 

22.01 

13.40 

10.35 

8.05 

6.12 

3.65 

3.02 

1.95 

0.93 
— 

Z = 2316.34 2 > 99.99% 

2316.3-2319.5 1Anc? 
% of error = 2319 5 X 

= -0.14% 
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Table AII1.4(b) Grain size distribution of sieve analysis four of C W R 

after processing. 

Total Weight 

(%) 

71.0 

28.0 

Weight Percentage 

(%) 

32.0 

39.0 

16.5 

7.5 

4.0 

General Remarks 

Lower medium gravel 

fraction. 

Fine gravel fraction. 

Coarse sand fraction 

Medium sand fraction 

Fine sand fraction 

1.0 1.0 Coarse silt fraction 
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Table All 1.5 Experimental data of sieve analysis of West Cliff C W R sample 1. 

(after Richmond et al, 1985) 

Size Weight retained Weight Cumulative Weight 

Oim) (g) % % 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

5600 

2881 

1691 

1204 

501 

399 

304 

101 

146 

52 

1471 

39.0 

20.1 

11.8 

8.4 

3.5 

2.8 

2.1 

0.7 

1.0 

0.4 

10.3 

39.0 

59.1 

70.9 

79.3 

82.8 

85.5 

87.7 

88.4 

89.4 

89.7 

100.0 

14350 100.0 
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Table AII1.6 Experimental data of sieve analysis of West Cliff C W R sample 2. 

(after Richmond et al, 1985) 

Size Weight retained Weight Cumulative Weight 

Om) (g) % % 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

8280 

1455 

820 

507 

319 

170 

178 

232 

118 

146 

875 

63.2 

11.1 

6.3 

3.9 

2.4 

1.3 

1.4 

1.8 

0.9 

1.1 

6.7 

63.2 

74.3 

80.6 

84.4 

86.9 

88.2 

89.5 

91.3 

92.2 

93.3 

100.0 

13100 100.0 



Appendix II All - 9 

Table AII1.7 Experimental data of sieve analysis of West Cliff C W R sample 3. 

(after Richmond et al, 1985) 

Size Weight retained Weight Cumulative Weight 

(Jim) (g) % % 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

9885 

1615 

979 

405 

288 

278 

345 

286 

263 

89 

1167 

63.4 

10.4 

6.3 

2.6 

1.8 

1.8 

2.2 

1.8 

1.7 

. 0.6 

7.5 

63.4 

73.7 

80.0 

82.6 

84.4 

86.2 

88.4 

90.3 

91.9 

92.5 

100.0 

15600 100.0 
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Table All 1.8 Experimental data of sieve analysis of West Cliff C W R sample 4. 

(after Richmond et al, 1985) 

Size Weight retained Weight Cumulative Weight 

(Hm) (g) % % 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

6278 

1826 

1075 

657 

364 

250 

164 

82 

76 

36 

492 

55.6 

. 16.2 

9.5 

5.8 

3.2 

.. 2.2 

1.5 

0.7 

0.7 

0.3 

4.4 

55.6 

71.7 

81.2 

87.0 

90.3 

92.5 

93.9 

94.7 

95.3 

95.6 

100.0 

11300 100.0 
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Table AII1.9 Experimental data of sieve analysis of West Cliff C W R sample 5. 

(after Richmond et al, 1985) 

Size Weight retained Weight Cumulative Weight 

(Jim) (g) % % 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

7378 

1667 

933 

446 

256 

178 

142 

125 

93 

46 

506 

62.7 

14.2 

7.9 

3.8 

2.2 

1.5 

1.2 

1.1 

0.8 

0.4 

4.3 

62.7 

76.8 

84.8 

88.6 

90.7 

92.3 

93.5 

94.5 

95.3 

95.7 

100.0 

11770 100.0 
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Table AJJ1.10 Experimental data of sieve analysis of West Cliff C W R sample 6. 

(after Richmond et al, 1985) 

Size Weight retained Weight Cumulative Weight 

(r^m) (g) % % 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

5917 

1219 

562 

383 

212 

107 

81 

83 

83 

25 

228 

66.5 

13.7 

6.3 

4.3 

2.4 

1.2 

0.9 

0.9 

0.9 

0.3 

2.6 

66.5 

80.2 

86.5 

90.8 

93.2 

94.4 

95.3 

96.2 

97.2 

97.4 

100.0 

8900 100.0 
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Table AH1.11 Experimental data of sieve analysis of West Cliff C W R sample 7. 

(after Richmond et al, 1985) 

Size 

Qim) 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

Weight retained 

(g) 

6370 

1620 

1235 

735 

451 

200 

148 

188 

524 

75 

2094 

Weight 

% 

46.7 

li:9 

9.1 

5.4 

3.3 

1.5 

1.1 

1.4 

3.8 

0.5 

15.4 

Cumulative Weight 

% 

46.7 

58.6 

67.6 

73.0 

76.3 

77.8 

78.9 

80.3 

84.1 

84.6 

100.0 

13640 100.0 
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Table AIJ1.12 Experimental data of sieve analysis of West Cliff C W R sample 8. 

(after Richmond et al, 1985) 

Size Weight retained Weight Cumulative Weight 

(Urn) (g) % % 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

9825 

1369 

770 

480 

287 

144 

118 

90 

69 

43 

570 

71.4 

9.9 

5.6 

3.5 

2.1 

1.0 

0.9 

0.7 

0.5 

0.3 

4.1 

71.4 

81.3 

86.9 

90.4 

92.5 

93.5 

94.4 

95.0 

95.5 

95.9 

100.0 

13765 100.0 
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Table AIJ1.13 Experimental data of sieve analysis of West Cliff C W R sample 9. 

(after Richmond et al, 1985) 

Size Weight retained Weight Cumulative Weight 

(M-m) (g) % % 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

7208 

1884 

1107 

642 

373 

287 

164 

138 

122 

64 

811 

56.3 

14.7 

8.6 

5.0 

2.9 

2.2 

1.3 

1.1 

1.0 

0.5 

6.3 

56.3 

71.0 

79.7 

84.7 

87.6 

89.9 

91.1 

92.2 

93.2 

93.7 

100.0 

12800 100.0 
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Table AII1.14 Experimental data of sieve analysis of West Cliff C W R sample 10. 

(after Richmond et al, 1985) 

Size 

(nm) 

12700 

6350 

3350 

1700 

850 

425 

212 

106 

53 

38 

-38 

Weight retained 

(g) 

11980 

1740 

1062 

829 

401 

278 

168 

189 

183 

79 

1850 

Weight 

% 

63.9 

9.3 

5.7 

4.4 

2.1 

1.5 

0.9 

1.0 

1.0 

0.4 

9.9 

Cumulative Weight 

% 

63.9 

73.1 

78.8 

83.2 

85.4 

86.8 

87.7 

88.7 

89.7 

90.1 . 

100.0 

18759 100.0 
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Table AII4.1 Results of compressive strength testing (15.6%C-14.72%W, mix 1). 

SPECIMEN 

15.6X-1-1 

15.6Z-1-2 

15.6%-l-3 

AVERAGE 

i5.6y-?-i 

15.6y.-7-2 

15.6Z-7-3 

AVERAGE 

15.6^-14-1 

15.6^-14-2 

15.6^-14-3 

AVERAGE 

15.6%-28-i 

15.6%-28-2 

15.6^-28-3 

AVERAGE 

15.6%-6G-1 

15. 6?<-60-2 

15.6%-60-3 

AVERAGE 

15.6%-90-l 

15.6%-90-2 

15.6%-90-3 

AVERAGE 

MAX. LOAD 

CKN) 

20.720 

20.000 

20.000 

20.240 

47.400 

46.800 

48.500 

47.567 

53.000 

55.500 

55.000 

54.500 

57.500 

61.900 

64.800 

61.400 

78.500 

73.600 

75.400 

75.830 

81.000 

69.600* 

86.200 

83.600 

MAX. STRESS 

CMPa) 

2.638 

2.546 

2.583 

2.58P 

5.733 

5.688 

5.901 

5.774 

6.417 

6.750 

6.691 

6.620 

7.f56 

7.546 

7.915 

7.539 

9.607 

9.007 

9.361 

9.325 

9.971 

8.585* 

10.593 

10.282. 

E 

CGPa> 

0.403 

0.369 

0.38,5 

1.750 

0.947 

1.685 

1.461 

1.104 

1.137 

1.051 

1.097 

0.841 

1.067 

1.110 

1.006 

1.916 

1.622 

1.282 

1.607 

1.658 

1.162 

1.658 

V 

0.358 

0.250 

0.304 

0.111 

0.053 

0.077 

0.080 

0.024 

0.027 

0.015 

0.022 

0.025 

0.021 

0.017 

0.021 

0.109 

0.072 

0.110 

0.097 

0.106 

0.015 

0.106 

LOAD RATE 

C mux's) 

0.0015 

0.0015 

0.0015 

0.0018 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0,0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

* Not included in the average. 
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Table AII4.2 Specimen experimental data (15.6%C-14.72%W, mix 1). 

SPECIMEN 

15.6?i-l-l 
15.6X-1-2 
15.6K-1-3 
15.6%-7-l 
15.6%-7-2 
15.6?i-7-3' 
15.6^-14-1 
15.6^-14-2 
15.6^-14-3 
15.6^-28-1 
15.6^-28-2 
15.6%-28-3 
15.6X-60-1 
15.6JS-60-2 
15.6!*-60-3 
15.6^-90-1 
15.6^-90-2 
15.6X-90-3 

Pvel 

Ct/m3} 
1.958 
1.964 
1.969 
1.960 
1.950 
1.926 
1.936 
1.958 
1.940 
1.876 
1.935 
1.908 
1.943 
1.950 
1.968 
1.957 
1.971 
1.935 

Pdry 

1.653 
1.657 
1.662 
1.669 
1.658 
1.638 
1.655 
1.672 
1.651 
1.621 
1.674 
1.647 
1.721 
1.723 
1. 739 
1.667 
1.703 
1.674 

WATER CONTENT 

c-*o 
15.60 
15.60 
15.60 
14.87 
15.00 
14.94 
14.49 
14.63 
14.83 
13.61 
13.50 
13.64 
11.40 
11.63 
11.62 
14.82 
13.59 
13.50 

TEMP. 

C°C ) 

19.5 
19.0 
19.5 
18.0 
17.8 
17.8 
20.0 
20.1 
21.8 

DURATION 

Cmins) 

13.7 
12.8 

' 12.7 
20.0 
16.0 
16.0 
17.0 
16.0 
15.0 
58.0 
62.0 
63.0 
43.3 
50.0 
53.0 
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Table ATI4.3 Results of compressive strength testing (12.5%C-13.0%W, mix 2). 

SPECIMEN 

12.5?i-1.5H 

12.5^-2.OH 

12.5%~2.5H 

12.5%~4.25H 

12.5*-4.5H 

12.5^-1-1 

12.5%-l-2* 

12.5^-1-3 

AVERAGE 

12.5^-7-1 

12.55i-7-2 

12.5?i-7-3 

AVERAGE 

12.5^-14-1 

12.5^-14-2 

12.5^-14-3 

AVERAGE 

12.55i-28-l 

12.5^-28-2 

12.5JJ-28-3 

AVERAGE 

12.5X-60-1 

12.5^-60-2 

12.5^-60-3 

AVERAGE 

12.5>S-90-i 

12.55S-90-2 

12.5*~90~3 

AVERAGE 

MAX. LOAD 

CKN) 

0. 642 

1.188 

2.100 

8.000 

9.920 

41.700 

33.000 

43.000 

42.520 

76.800 

73.900 

68.840 

73.180 

87.500 

86.000 

88.000 

87.167 

89.600 

82.150© 

96.000© 

8P.250 

124.150 

121.450 

125.570 

123.723 

146.600 

139.300 

121.000 

135.#33 

MAX. STRESS 

CMPa) 

0.082 

0.151 

0.267 

1.021 

1.251 

5.054 

4.023 

5.221 

5.138 

9.399 

9.009 

8.169 

8.85P 

10.666 

10.422 

10.748 

10.612 

10.859 

9.975 

11.680 

10.838 

15.046 

14.805 

15.367 

IS.073 

17.940 

17.048 

14.808 

16.3PP 

E 

CGPa> 

0.008 

0.088 

0.905 

0.588 

0.641 

0.863 

0.726 

1.509 

2.716 

1.349 

1.858 

2.129 

2.123 

1.642 

1.P05 

4.524 

6.460 

2.345 

4.443 

2.430 

3.171 

3.017 

2.873 

2.757 

2.948 

2.836 

2.847 

V 

0.193 

0.077 

0.172 

0.004 

0.023 

0.060 

0.032 

0.059 

0.049 

0.023 

0.044 

0.231 

0.085 

0.047 

0.121 

0.173 

0.243 

0.025 

0.147 

0.098 

0.144 

0.055 

O.OPP 

0.070 

0.100 

0.100 

0.0P0 

LOAD RATE 

< mra/s) 

0.0125 

0.0750 

0.0125 

0.0125 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

. 0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

* Not included in the average. 
© Specimen subjected to re-loading. 
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Table AII4.4 Specimen experimental data (12.5%C-13.0%W, mix 2). 

SPECIMEN 

12.5X-1.5H 

12.5^-2.OH 

12. 554-2. 5H 

12.554-4.25H 

12.554-4.5H 

12. 554-1-1 

12.554-1-2 

12.554-1-3 

12.554-7-1 

12.5/4-7-2 

12.554-7-3 

12.554-14-1' 

12.554-14-2 

12.554-14-3 

12.554-28-1 

12.554-28-2 

12.554-28-3 

12.554-60-1 

12.554-60-2 

12.554-60-3 

12.554-90-1 

12.554-90-2 

12.554-90-3 

Pvel 

Ct/in3) 

2.034 

2.032 

2.002 

2.015 

1.995 

2.011 

1.907 

1.991 

2.017 

1.983 

1.994 

2.004 

2.003 

1.997 

1.931 

1.946 

1.981 

1.978 

1.925 

1.918 

1,958 

1.953 

1,956 

PA 
dr y 

Ct/m3) 

1.789 

1.772 

1.800 

1.705 

1.780 

1.817 

1.796 

1.808 

1. 820 

1.819 

1.817 

1.761 

1.767 

1. 808 

1.841 

1.794 

1.775 

1.837 

1.823 

1.822 

HATER CONTENT 

<L*0 

11.22 

11.19 

10.47 

10.61 

10.61 

9.70 

9.77 

9.76 

9.20 

9.20 

9.00 

8.79 

9.20 

8.75 

6.93© 

6.84© 

7.42© 

6.20© 

6.65© 

6.85© 

TEMP. 

(°C) 

15.0 

16.3 

16.3 

18.5 

19.0 

19.0 

18.5 

18.8 

19.3 

22.0 

22.5 

22.5 

26.0 

25.5 

25.5 

DURATION 

Crains) 

16.8 

9.0 

8.3 

9.0 

18.0 

20.0 

14.0 

15.0 

15.3 

14.3 

15.6 

20.0 

16.5 

19.Q 

15.0 

15.0 

14.0 

50.8 

45.2 

55.0 

45.0 

48.0 

50.0 

© Small portion only of specimen used in the determination of 

water content. Hence low resultant value. 
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Table AII4.5 Results of compressive strength testing (10.0%C-13.8%W, mix 3). 

SPECIMEN 

1054-1. 5H 

1054-2. OH 

1054-1-1 

1054-1-2 

1054-1-3 

AVERAGE 

1054-7-1 

1054-7-2 

1054-7-3 

AVERAGE 

1054-14-1 

1054-14-2 

1054-14-3 

AVERAGE 

1054-28-1 

1054-28-2 

1054-28-3 

AVERAGE 

1054-60-1 

1054-60-2 

1054-60-3 

AVERAGE 

1054-90-1 

1054-90-2 

1054-90-3 

AVERAGE 

MAXIMUM 

LOAD 

CKN> 

0.310 

0.330 

14.400 

14.100 

14.000 

14.16T 

27.750 

27.400 

29.400 

28.183 

30.950 

31.750 

32.450 

31.717 

35.400 

35.200 

35.650 

35.417 

35.380 

41.450 

38.350 

38.3P3 

47.060 

45.590 

45.440 

4<5. 030 

MAXIMUM 1 

STRESS 

CMPa> 

0.039 

0.042 

1.833 

1.795 

1.768 

1.7PP 

3.396 

3.353 

3.598 

3.44P 

3.788 

3,886 

3.971 

3.882 

4.344 

4.326 

4.363 

4.344 

4.330 

5.073 

4.693 

4.6PP 

5.752 

5.579 

5.561 

S.tf3i 

MAXIMUM 

STIFFNESS 

CKN/mm) 

0.110 

0.102 

19.699 

19.190 

18.510 

IP.133 

50.664 

30.583 

76.660 

52.636 

87.871 

63.469 

116.958 

8P.433 

89.325 

157.841 

114.858 

120. 6T5 

144.646. 

137.039 

140.843 

109.298 

96.203 

73.251 

PZ. P17 

E 

CGPa> 

0.001 

0.001 

0.252 

0.245 

0.237 

0.245 

0.630 

0.381 

0.740 

0.584 

1.100 

0.700 

1.250 

1.017 

1.053 

1.866 

1.207 

1.37P 

1.433 

1.542 

1.488 

1.247 

1.110 

0.896 

1.084 

V 

0.451 

0.427 

0.210 

0.025 

0.012 

0.01P 

0.018 

0.010 

0.017 

0.015 

0.014 

0.010 

0.042 

0.022 

0.012 

0.070 

0.067 

0.050 

0.087 

0,085 

0.086 

0.037 

0.060 

0.047 

0.048 

LOAD RATE 

Cmm/s) 

0.0125 

0.0125 

0.0015 

0.0050 

0.0050 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0020 

0.0020 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 
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Table AII4.6 Specimen experimental data (10.0%C-13.8%W, mix 3). 

SPECIMEN 

1054-1. 5H 

1054-2. OH 

1054-1-1 

1054-1-2 

1054-1-3 

1054-7-1 

1054-7-2 ̂  

1054-7-3 ' 

1054-14-1 

1054-14-2 

1054-14-3 

1054-28-1 

1054-28-2 

1054-28-3 

1054-60-1 

1054-60-2 

1054-60-3 

1054-90-1 

1054-90-2 

1054-90-3 

Ct/m3) 

1.990 

2.007 

1.961 

1.961 

1.951 

1.971 

1.983 

1.980 

1.977 

1.953 

1.982 

1. 967 

1.975 

1. 992 

1.993 

1.950 

2.001 

1.932 

1.943 

1.908 

pdry 

Ct/m3) 

1.707 

1.712 

1.690 

1.694 

1.686 

1.729 

1.727 

1.721 

1.737 

1.707 

1.734 

1.723 

1.726 

1.734 

1.723 

1.728 

1.723 

1.757 

1.749 

1.726 

WATER CONTENT 

C54> 

14.2 

14.7 

13.8 

13.6 

13.6 

12.3 

12.9 

13.1 

12.12 

12.59 

12.49 

12.43 

12.61 

12.94 

13.54 

11.38 

13.91 

9.07 

10.00 

9.56 

TEMP. 

19.0 

19.5 

19.5 

18.5 

20.0 

20.0 

20.0 

20.0 

20.5 

17.5 

17.8 

17.8 

22.0 

22.0 

25.0 

22.0 

22.0 

21-5 

DURATION 

Cmins) 

11.3 

11.0 

25.0 

10.0 

11.0 

18.0 

20.5 

19.5 

20.0 

18.0 

20.0 

20.0 

14.2 

15.0 

48.0 

50.0 

55.0 

60.0 

55.0 

58.0 
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Table AH4.7 Results of compressive strength testing (7.5%C-12.6%W, mix 4). 

SPECIMEN 

7. 554-1. 5H 

7.554-2. OH 

7.554-4.25H 

7. 554-4. 5H 

7. 554-5. OH 

V.5J4-1-1 
7.554-1-2 

7.554-1-3 

AVERAGE 

V.b'k-7-1 
7.554-7-2 

7.554-7-3 

AVERAGE 

7.554-14-1' 

7.554-14-2 

7.554-14-3 

AYERAGE 

7.554-28-1 

7.554-28-2 

7.554-28-3 

AVERAGE 

7.554-60-1 

7.554-60-2 

7.554-60-3 

AVERAGE 

7.554-90-1 

7.554-90-2 

7.554-90-3 

AVERAGE 

MAXIMUM 

LOAD 

CKN) 

0.300 

0.330 

1.300 

1.460 

1.470 

13.180 
13.250 

13.500 

13.310 

23.600 
22.120 

21.000 

22.240 

24.750 

25.130 

25.400 

25.0P3 

28.600 

28.000 

27.000 

27.870 

31.200 

34.400 

34.370 

33.320 

38.000 

36.500 

39.600 

38.033 

MAXIMUM 

STRESS 

CMPa) 

0.038 

0.042 

0,166 

0.186 

0.187 

1-613 
1.622 

1.652 

1.629 

2.888 
2.681 

2.424 

2.C64 

3.029 

3.045 

3.078 

3.152 

3.500 

3.365 

3.272 

3.37P 

3.941 

4.210 

4.165 

4.105 

4.605 

4.423 

4.846 

4.6-25 

MAXIMUM 

STIFFNESS 

CKN/BUB) 

0.106 

0.098 

0.263 

0.363 

0.404 

13.509 
16.824 

16.181 

15.505 

36.20^ 
27.091 

. 41.722 

35.007 

50.834 

35.784 

56.775 

47.582 

92.396 

30.156 

35.152 

52.568 

104.241 

68.006 

50.399 

74.215 

71.281 

80.572 

63.452 

Ti.. 168 

E 

CGPa} 

0.001 

0.001 

0.003 

0.004 

0.005 

U.168 
0.210 

0.201 

0.1P3 

0.436 

0.302 

0.410 

0.383 

0.629 

0.392 

0.655 

0.55P 

1.124 

0.325 

0.369 

0.606 

1.266 

0.833 

0.541 

0.88O 

0.842 

0.973 

0.788 

0.877 

0,413 

0.576 

0.287 

0.402 

0.281 

0.046 

0.028 

0.045 

O.03P 

0X014 
0.010 

0.022 

0.015 

0.020-

0.020 

0.070 

0.031 

0.054 

0.006 

0.014 

0.024 

0.072 

0.053 

0.016 

0.047 

0.056 

0.044 

0.052 

0.051 

LOAD 

RATE 

Cmm/t?) 

0.0125 

0.0200 

0.0125 

0.0125 

0.0125 

0.0015 
0.0030 

0.0030 

u.UUlo 
0.0030 

0.0030 

0.0015 

0.0030 

0.0030 

0.0020 

0.0020 

0.0020 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 

0.0015 
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Table AII4.8 Specimen experimental data (7.5%C-12.6%W, mix 4). 

SPECIMEN 

7. 554-1. 5H 

7. 554-2. OH 

7.554-4.25H 

7. 554-4. 5H 

7.554-5. OH 

7.554-1-1 

7.554-1-2 

7.554-1-3 

7.554-7-1 y 

7.554-7-2 

7.554-7-3 

7.554-14-1 

7,554-14-2 

7.554-14-3 

7.554-28-1 

7.554-28-2 

7.554-28-3 

7.554-60-1 

7.554-60-2 

7.554-60-3 

7.554-90-1 

7.554-90-2 

7.554-90-3 

Pvel 

Ct/m3} 

2.029 

2.043 

1.990 

2.026 

2.022 

2.000 

2.000 

1.994 

2.003 

1.989 

1. 990 

1.994 

1.964 

1.959 

1.987 

1.979 

1. 968 

1.975 

1.925 

1.951 

1.900 

1.944 

1.917 

Pdry 

•Ct/m3) 

1.737 

1.753 

1.711 

1.738 

1.741 

1.738 

1.735 

1.731 

1.747 

1.732 _ 

1.735 

1.754 

1.733 

1.728 

1.749 

1.749 

1.735 

1.751 

1.748 

1.762 

1.737 

1.800 

1.777 

WATER CONTENT 

CX) 

14.4 

14.2 

14.0 

14.2 

13.9 

13.1 

13.3 

13.2 

12.79 

12.90 

12.80 

12.03 

11.74 

11.81 

12.00 

11.60 

11.80 

11.37 

9.20© 

9.70© 

8.60© 

7.40© 

7.31© 

TEMP 

18.5 

19.0 

19.5 

19.0 

19.5 

18.5 

18.8 

19.0 

19.5 

19.5 

19.5 

20.0 

20.0 

20.0 

20.0 

20-0 

20.3 

18.8 

19.5 

20.1 

16.0 

16.0 

17.3 

DURATION 

(rains) 

11.2 

6.3 

11.0 

11.0 

11.0 

28.0. 

14.3 

15.0 

. 23.0 

14.0 

15.0 

18.0 

13.0 

13.0 

16.0 

20.0 

21.0 

66.0 

88.0 

72.0 

60.0 

63.0 

53.0 

© Small portion only of specimen used in the determination of 
Hater content. Hence low resultant value. 
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Table AII4.9 Results of compressive strength testing (5.0%C-12.0%W, mix 5). 

SPECIMEN 

5. 054-3. OH 

5. 054-4. OH 

5. 054-4. 5H 

5.054-1-1 

5.054-1-2 

5.054-1-3 

AVERAGE 

5.054-7-1 

5.054-7-2 

5.054-7-3 

AVERAGE 

5.054-14-1 

5.054-14-2 

5.054-14-3 

AVERAGE 

5.054-28-1 

5.054-28-2 

5.054-28-3© 

AVERAGE 

5.054-60-1 

5.054-60-2 

5.054-60-3 

AVERAGE 

5.054-yO-l 

5.054-90-2 

5.054-90-3 

AVERAGE 

MAXIMUM 

LOAD 

CKN) 

1.070 

2.000 

1.970 

9.500 

10.000 

10.400 

P. POT 

16.060 

15.500 

14.550 

15.370 

17.300 

15.650 

17.350 

id. 770 

19.100 

20.500 

15.300 

IP.800 

21.150 

19.500 

20.650 

20.433 

2JV.4iU 
28.000 

22.500 

27.705 

MAXIMUM 

STRESS 

CMPa) 

0.136 

0.255 

0.251 

1.149 

1.214 

1.260 

1.208 

1.965 

1.882 

1.781 

1.876 

2.117 

1.904' 

2.103 

2.041 

2.338 

2.509 

1.872 

2-432 

2,588 

2.363 

2.527 

2.4P3 

3.350 
3.426 

2.754 

3.388 

MAXIMUM 

STIFFNESS 

CKN/mm) 

0.642 

1.553 

1.539 

19.976 

15.941 

10.594 

15-504 

15.267 

23.412 

23.623 

20.767 

32.129 

28.649 
22.957 

27.P12 

18.414 

23.837 

16.286 

IP.512 

25.238 

25.777 

28.122 

Z6.37P 

40.734 

39.634 

42.65Z 

E 

CGPa) 

0.007 

0.010 

0.005 

0.199 
0.166 

0.114 
0.16O 

0.190 

0.240 

0.260 

0.230 

0.401 

0.354 

0.282 

0.346 

0.220 

0.273 

0.187 

0.247 

0.315 

0.319 

0.328 

0.321 

0.448 
0.480 

0.468 

0.465 

V 

0.370 

0.407 

0.310 

0.134 

0.106 

0.198 

0.146 

0.174 

0.127 

0.101 

0.134 

0.203 

0.100 

0. 052 

0.118 

0.057 

0.151 

0.175 

0.104 

0.059 

0. 037 

0.210 

0.102 

0.189 
0.201 

0.080 

0.157 

LOAD 

RATE 

< ttwa/sy 

0.0125 

0.0125 

0.0125 

0.0030 

0.0030 

0.0030 

0.0015 

0.0030 

0.0030 

0.0015 

0.0030 

0.0030 

0.0030 

0.0030 

0.0030 

0.0015 

0.0015 

0.0015 

0.001b 
0.0015 
0.0015 

© Not included in the average because values abnormally low. 
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Table ATI4.10 Specimen experimental data (5.0%C-12.0%W, mix 5). 
„ ^ 

SPECIMEN 

5. 054-3. OH 

5. 054-4. OH 

5. 054-4. 5H 

5.054-1-1 

5.054-1-2 

5.054-1-3 

5.054-7-1 

5.054-7-2 

5.054-7-3 

5.054-14-1 X 

5.054-14-2 

5.054-14-3 

5.054-28-1 

5.054-28-2 

5.054-28-3 

5.054-60-1 

5.054-60-2 

5.O54-6J0-3 

5.054-90-1 

5.054-90-2 

5.054-90-3 

Ct/m3) 

2.040 

2.042 

2.048 

1.946 

1.972 

2.007 

1.996 

1.992 

1. 964 

1.993 

1.917 

1.966 

1.993 

1.985 

1.987 

1.962 

1.945 

1.957 

1.907 

1.868 

1.805 

"dry 

Ct/m3) 

1.785 
1.787 

1.790 

1.723 

1.746 

1.775 

1.778 

1. 763 

1.748 

1.788" 

1.710 

1.768 

1.781 

1.792 

1.758 

1.788 

1.739 

1.982 

1.793 

1.780 

1.702 

WATER CONTENT 

C54D 

12.51 

12.51 

12.59 

11.44 

11.47 

11.56 

10.92 

11.51 

11.02 

10.29 

10-80 

10.07 

10.60 

9.71 

11.54 

8.88© 

10.56 

8.97© 

6-00© 

4. 70© 

5.75© 

TEMP 

C C) 

21.0 

20.5 

20.5 

19.5 

19.3 

19.5 

18.5 

18.8 

19.0 

18.8 

19.5 

19.0 

19.0 

18.5 

19.0 

18.5 

19.5 

20.8 

21.0 

22.3 

22.8 

DURATION 

<mins> 

10.2 

9.0 

9.4 

17.0 

16.0 

17.0 

23.0 

15.0 

15.0 

29.0 

15.1 

16.5 

28.0 

30.0 

31.0 

68.0 

58.0 

• 66.0 

88.0 

83.0 

76.0 

© Small portion only of specimen used in the determination of 

water content. Hence low resultant value-
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Table AII5.1 Post failure modulus and residual strength results of 

C C W R specimens (15.6%C-14.72%W, mix 1). 

Specimen 

15.6% - 7 - 1 
2 
3 

15.6% - 14 - 1 
2 
3 

15.6% - 28 - 1 
x 2 

3 

15.6% - 60 - 1 

2 

3 

15.6% - 90 - 1 

2+ 

3 

% of 
U.C.S. 

84%* 
90%* 
93%* 

85%* 
90%* 
84%* 

90%* 
85%* 
73%* 

61% 
35% 
22% " " 
65% 
20% 
60% 
13% 

50% 
22% 
14% 
26% 
26% 

Ef 
(GPa) 

0.244 
0.200 
0.221 

0.206 
0.232 
0.186 

0.195 
0.305 
0.419 

0.338 
0.186 
0.104 
0.346 
0.046 
0.417 
0.045 

0.305 
0.365 
0.077 
0.128 
0.303 

Residual 
Strength 

2.142 

1.836 

1.24 

1.165 

1.703 
1.571 

* Rate of loading was increased after ultimate compressive 
strength has been obtained. 

+ Value anomalously low 
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Table AII5.2 Post failure modulus and residual strength results of 

C C W R specimens (12.5%C-13.0%W, mix 2). 

Specimen 

12.5% - 1 - 1 
2 
3 

12.5% - 7 - 1 
2 
3 

12". 5% - 14 - 1 
2 
3 

12.5% - 28 - 1 
2 
3 

12.5% - 60 - 1 
2 
3 

12.5% - 90 - 1 
2 
3 

% of 
U.C.S. 

84% 
90% 

88% 
85% 
80% 

60% 
58% 
71% 

56% ' ' 
55% 
40% 

10% 
10% 
16% 

8% 
18% 
13% 

Ef 
(MPa) 

205* 
208.4* 

450* 
492* 
464* 

1554.0* 
1934.2* 
687.4* 

1782* 
6839* 
1254* 

137.5 
87.4 
135.0 

66,53 
272.15 
486.94 

Residual 
Strength 
(MPa) 

1.212 
1.341 
1.224 

1.591 
1.657 
1.657 

Rate of loading was increased after ultimate compressive 
strength has been obtained. 
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Table AII5.3 Post failure modulus and residual strength results of 

C C W R specimens (10.0%C-13.8%W, mix 3). 

Specimen 

10% - 7 - 1 
2 
3 

10% - 14 - 1 
2 
3 

10% - 28 - 1 
2 
3 

10% - 60 - 1 
2 
3 

10% - 90 - 1 
2 
3 

% of 
U.C.S. 

89% 
89% 
86% 

88% 
81% 
84% 

70% 
77% 
72% 

35% 
39% 
36% 

42% 
33% 
33% 

Ef 

(MPa) 

79.05* 
77.94* 
95.51* 

115.97* 
116.21 
115.97* 

220.73* 
239.71 
229.49* 

114.57 
149.37 
130.02 

182.49 
169.91 
186.14 

Residual 
Strength 

(MPa) 

0.612 
0.979 
0.612 

0.428 • 
0.428 
0.490 

* Rate of loading was increased after 
ultimate compressive strength has 
been obtained. 
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Table AII5.4 Post failure modulus and residual strength results of 

C C W R specimens (7.5%C-12.6%W, mix 4). 

Specimen 

7.554-1-1 

2 

3 

7.5%-7-l 

7.554-14-1 

2 

3 

7.554-28-1 

** 2 

3 

7,554-60-1 

2 

3 

7.554-90-1 

2 

3 

V, of w.c.s. 

9154® 

9354® 

8954® 

9354® 

73%® 

8154® 

7354® 

7354® 

7654® 

7654® 

4354 

1354 

1554 

2854 

4054 

15% 

CMPaD 

13.55 

14.04 

15.05 

54.81 

84.02 

74.51 

12.88 

78.02 

91.81 

90.05 

80.90 

27.78 

27.00 

84.99 

99.58 

130.75 

Residual 

Strength 

(MPa) 

— 

— 

— 

— 

0.17 

0.19 

0.42 

0.30 

0.31 

® Rate of loading was increased after ultimate compressive 

strength has been obtained. 
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Table AII5.5 Post failure modulus and residual strength results of 

C C W R specimens (5.0%C-12.0%W, mix 5). 

Specimen 

554-14-1 

2 

3 

554-28-1 

2 

3 
.* 

554-60-1 

2 

3 

554-90-1 

2 

3 

54 of U.C.S. 

6954® 

7254® 

7154® 

7554® 

. 7754® 

7654® 

26.54 _ 

3954 

2854 

2654 

2954 

8954 

CMPaO 

57.21 

45.74 

56.32 

50.90 

51.91 

37.90 

24.97 

40.50 

42.59 

54.28 

71.91 

58.86 

Residual 

Strength 

Off»a> 

— 

— 

0-22 

0.15 

0.43 

0.25 

® Rate of loading was increased after ultimate compressive 

strength has been obtained. 
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Figure AII6.6 Sonic velocity-strength graph of C C W R specimens (mix 2). 
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Figure AH6.8 Sonic velocity-strength graph of C C W R specimens (mix 4). 
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Figure AII6.10 Sonic velocity-strength graph of C C W R specimens (mix 6). 
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Figure AII6.11 Sonic velocity-strength graph of CCWR specimens (mix 7). 
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Figure AH6.12 Sonic velocity-strength graph of C C W R specimens (mix 8). 
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Figure AH6.13 Sonic velocity-strength graph of C C W R specimens (mix 9). 
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Figure AII6.14 Sonic velocity-strength graph of C C W R specimens (mix 10). 
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Figure AII6.15 Sonic velocity-strength graph of C C W R specimens (mix 11). 
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Figure AII6.16 Sonic velocity-strength graph of C C W R specimens (mix 12). 
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Figure AII6.17 Sonic velocity-strength graph of C C W R specimens (mix 13). 
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Table AH7.1 Flow test results of C W R . 

Water 

Content 

<%> 

2 

5 

10 

15 

Run 

NO. 

1 

2 

3 

4 

5 , 

X 

Flow Factor 

8 

2.04 

2.72 

2.42 

2.31 

2.17 

Slope of 

Flow-tube 

(•) 

38.5° 

Temp, of 

Atmosphere 

O C ) 

23° 

2.33 o =0.23 o =0.2*5 
n n-1 

*lowaJbilxt.y = 4Z.88 

1 

2 

3 

38.5 o 

25 

NO friow 

1 

2 

3 
4 
5 

X 

1 

2 

3 

4 

5 

X 

2.54 

2.61 

2.44 
2.15 
2.48 

38.5" 
o 

18 

2.44 a =0.16" a =0.18 
n n-1 

Flowa 

9.46 

8.13 

10.31® 

11.22 

8.75 

bility = 40.92 

38.5° 18.5° 

9.S7 an=1.10 an_1=1.23 

Flowability = 10.44 

Remarks 

A. ver y ,dr y 
mv x and 
hence ver y 

r api d f I o v. 

The fIov-

abvlity is 

amoungst 

t he hi ghest 

A. ver y stiff 
mi x as v»l I 
as . a ver y 
cohesivs mix 

obs er ved. 

Rel at i vet y 

r apv d ft ov 

vas observed 

The. tni x, is. 
on the t v mi t 
of s at ur at -
i on. 
® Ft ov I i Ice 

a sol i d pi ug 

Typi cal of 

c allea 

Bi ngham 

fluid. 
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Table AH7.2 Flow test results of C W R . 

Water 
Content 

C50 

, 

20 

20 

25 

25 

Run 
No. 

1 

2 
3 
4 
5 

X 

Flow Factor 

8 

13.38 

10.74 
10.46 
9.40 
11.20 

Slope of 
Flow-tube 
(•) 

38.5 

Temp, of 
Atmosphere 
O O 

23.5 

10.43 a =0.66 a =0.76 
n n-1 

Flowability = 9. 60 
1 
2 
3 
4 
5 

X 

4.95 
4.77 
4.49 
4.69 
3.60 

40.0 18.0 

4.SO o =0.47 o =0.53 
n n-1 

Flowability = 22.22 

1 
2 

3 
4 

X 

1 

2 
3 

4 
5 

X 

2.70 

3.26 

3.30 
2.86 

38.5 24.5 

3.03 a =Q.Z6 a =0.30 
n n-1 

Flowabxixty = 33.00 

1.55 

1.75 
1.59 
1.98 
1.69 

40.0 18.5 

1.71 a =0.15 o =0.17 
n n-1 

Flowabxixty = bB.4i 

Remarks 

The tni x . . 
appear ed t o 
be saturated 
vi t n vat er. 
A l i t t l e . f r e e 
vater existed 
in t he mi x . 

Reaspnabl y 
quicK flov 
vas observed. 

Agai n vi t h a 

little free 

vater. 

Lai er at I y 

cot Iapsed 

slump vas 

observed. 

A r at her , 
saturated mix 
vit h. a , 
considerabi e 
amount of 

free vat er . 

ft ovabi I i t y 

mi x . 

Agai n a 

rat her 

saturated mix 

vi t h const d -

erable amount 

of f r ee vat er 
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Table AH7.3 Flow test results of C W R . 

Water 
Content 

30 

30 

Run 
No. 

1 
2 
3 
4 
5 

X 

Flow Factor 

<5 

1.98 
1.59 

1.81 
1.79 
1.70 

Slope of 

Flow-tube 

o> 

38.5 

Temp, of 
Atmosphere 

O O 

23.0 

1.77 <7n=0.13 OTn-l=0.14 

Flowability- = 56. 50 

1 
2 
3 
4 
5 

X 

1.79 
1.39 
1.47 
1.72 
1.58 

40.0 20.0 

1.59 o =0.15 o =0.177 
n n-1 

Flowability = 62.89 

Remarks 

An e x t r e m e l y 
saturated mix 
vi t h pient y 
oi l r ee vac er 

fe ffgssaed 

ver v rapidly. 
Ther e vas a 
const derabl e 
amount of 
separ at i pp 
bet veen Che 
t aiIi ngs and 
t he vat er. Agai n pi ent y 
or f r ee vat ©r 
vav observed. 
11 . is. t he mi x 
vi t h t he 
highest mass 
per cent ol 
vater content 
and conseq­
uent I y. it is 
at so Che mi x 
vi t h I he 
hi ghes t 
f t ovabiIi t y. 
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Table AH7.4 Flow test results of C W R . 

Water 
Content 
C'/O 

2 

5 

/ 

10 

Run 
No. 

1 
2 

3 
4 
5 

X 

• 

1 
2 
3 
4 
5 

X 

Flow Factor 

s 

1.04 
1.14 
1.15 
1.27 
1.27 

Slope of 
Flow-tube 

C O 

45 

Temp, of 
Atmosphere 

O O 

18.0 

1.17 a =0.09 a =0.10 
n n-1 

Flowability = 85.47 

l.Od 

1.47 
1.36 
1.36 
1.37 

™- ~ 

45 18.0 

1.45 o =0.12 o =0.14 
n Tr - 1 

Flowability = ov.< 
1 
2 
3 
4 
5 

X 

1.62 
1.52 
1.49 
1.50 
1.36 

45 

>6 

18.0 

1.50 a =0.08 o =0.09 
n n-1 

Flowabxlxty = o6.ro 

Remarks 

Thi s is by 

f ar t he besI 

slope for the 

fIov t es t s. A 

consi derably 

qui c k er fIov 
vas e x p e r i e n ­
ced at t hi s 
s t ope, c.f. 
38. 5°. 

A ver y stiff 

mat er i al . 

It ft oved 

quite rapidly 

at this 

s I ope. 

A r api d t l o u -

i ng mat er i al . 

It has a Iov 

siump value 

of . 15 mm. 

http://o6.ro
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Table AH7.5 Flow test results of C W R . 

Water 

Content 
OO 

' 15 

20 

s 

25 

30 

Run 
No. 

1 
2 
3 
4 
5 

X 

1 
2 
3 
4 
5 

X 

Flow Factor 

g 

2.96 
3.54 
2.35 
2.70 
2.30 

Slope of 
Flow-tube 

0 > 

45 

Temp, of 

Atmosphere 
O O 

18.5 

2.77 a =0.45 a =0.51 
r> n - 1 

Flowabxlity =36.10 " 
1.90 
1.95 
2.10 
2.19 
2.12 

45 18.0 

2.05 a =0.11 o =0.53 
n n-1 

FiowabxliLy- = 48.73 
1 
2 
3 
4 
5 

X 

1.36 
1.31 
1.34 
1.34 
1.50 

45 18.5 

1.37 o =0.07 o =0.08 
n n -1 

Flowability ~ 72.99 
1 
2 
3 
4 
5 

X 

1.18 
1.22 
1.33 
1.30 
1.39 

45 18.5 

1.28 a =0.08 a =0.08 
n n-1 

Flowability = 77.88 

Remarks 

Thi s mat er i al 

has I he I o v -

est f I o v -

abiIi t y. 

H o v e v e r , it 

is a. f ai rly 
cons i stent 
mi x . 

A l m o s t has 

t he s am& 

fIovabi t i t y 

vai u e as the 

1 5 % vater 

c ont ent mi x . 

T h e mi x had 

const der abt e 

amount of 

f r ee vat er. A 

rapid f loving 

mi x . 

T h e mi x had 

a high l a t e r ­

al c olIaps e 

s l u m p value 

of 200mm. 

Ver y little 

c o hes i ve 

p r o p e r t y of 

the mat er i al 

vas observed. 
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Table AII7.6 Flow test results of C W R . 

Water 
Content 

C*> 

2 

5 

• 

10 

15 

Run 

No. 

1 
2 
3 

4 
5 

X 

Flow Factor 

<s 

1.20 
1.49 

1.12 
1.10 
1.12 

Slope of 
Flow-tube 

C O 

50 

Temp, of 

Atmosphere 
O O 

18.0 

1.21 o =0.15 o =0.16 
n n-1 

Flowabxlxty = »2.i>5 

1 
2 
3 
4 
5 

X 

1.62 
1.06 
1.15 
1.06 
1.03 

50 18.0 

1.18 o =0.22 o = 0.25 
n n -1 

rlowabiiit,y = 8 4 . 40 

1 
2 
3 

4 
5 

X 

0.99 
1.16 
1.18 

1.12 

1.10 

50 18.0 

i.ii a =0.07 o =0.07 
n n-1 

" " 1-1 oVab I ii ty • = ~VO . o 9 

1 
2 
3 
4 
5 

X 

1.96 
1.65 
1.97 
1.60 
1.71 

50 18.5 

1.78 o =0.16 o =0.18 
n n-1 

Flowability = 56.24 

Remarks 

Ver y little 

cohesi ve 

p r o p e r t y vas 

observed of 

t he mat e r -

i al . 

A ver y stiff 

mat er i al 

vi t h zero 

slump value. 

Thi s .mat err 

hk?% 3eg. 
sI ope. 

The f I o v -

abi lily 

val ue of 

t hi s, mi x is 
si mi I ar t o 
t hat .of the 
pr evious mix 
at I hi s 

angle. 

Thi s mi x has 

a t ypi cal I y 

Iov f I o v -

abiI i t y 

val ue, i nd — 
cat i ng a 
par t i c u l a r l y 
hi gh i nt er — 
nal shear , 
str engt h of 
t he m a l er i al 

vat er 
cont ent . 
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Table AH7.7 Flow test results of C W R . 

Water 
Content 

c>o 

20 

25 

y 

30 

Run 
No. 

1 
2 
3 
4 
5 

X 

1 

2 
3 
4 
5 

X 

1 
2 

3 

4 
5 

X 

Flow Factor 

8 

1.81 
1.68 
1.80 
1.76 
1.66 

Slope of 
Flow-tube 

C O 

50 

Temp. of 
Atmosphere 

O O 

18.0 

1.74 a =0.06 a =0.07 
n n — 1 

Flowabxlxty = bY.41 

1.21 

1.42 
1.17 
1.20 
1.24 

50 18.5 

1.25 a -0.09 a =0.10 
n n-1 

Flowa 

0. 99 
0.95 
1.02 

0.84 
0.82 

bility = 80.13 

50 18.0 

0.92 a =0.08 o =O.09 
n n — 1 

1 Flowabxlxty = 108.23 

Remarks 

A col I aps ed 

sIump vas 

obs er ved. 

FIovabi I i t y 

val up is, 
si mi I ar t o 
t he pr e v -
ious mix. 

A, c o n s i d e r ­
able amount 
of f r ee 

vat er vqs 
obs er vea. 
A hi gh 

fIovabi Ii t y 

is e v i d e n t . 

Ag a i n a lot 

of f r ee 

vat er vas 

obs er ved. 

The 

ma. terial 
I Ioved 

rat her 
qui cRly. 
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Figure AII7.1 Water content-flowability graph of C W R at 38.5° Slope. 
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Figure AH7.2 Water content-flowability graph of C W R at 45.0° Slope. 
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Figure AH7.3 Water content-flowability graph of CWR at 50.0° Slope. 
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Average values of each of the five runs for each 
oil at 38.5° slope were used to plot this graph. 

Figure AH7.4 Graph of kinematic viscosity-flow factor of different 

calibration oils at 38.5° Slope. 
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Average values of each of the five runs for each 
oil at 45° slope were used to plot this graph. 

Figure AIT7.5 Graph of kinematic viscosity-flow factor of different 

calibration oils at 45.0° Slope. 
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Average values of each of the five runs for each 
oil at 50° slope were used to plot this graph. 

Figure AH7.6 Graph of kinematic viscosity-flow factor of different 

calibration oils at 50.0° Slope. 




