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ABSTHACT 

This work develops a backfill design procedure aimed to 

facilitate the optimization of an available mine material in order 

to meet target objectiw"s in a particular mining role. This 

required the compilation and analysis of data on fill usage, 

established design procedures, physical and geomechanical 

properties, testing techniques and procedures, as weIl as 

behavioural modelling "nethods. 

A backfill classification system is proposed based upon 

size distribution. A series of design equations are presented which 

relate to this system. These equations represent the means by which 

backfill geomechanical behaviour can be related to physical 

properties. This is considered to be fundamental to an effective 

backfill design procedure. Derivation of the equations has been 

based upon analysis of data from a program of laboratory and in situ 

testing conducted in ten operating Canadian mines by the author, 

together with other published work. 

The in situ testing required the development of a 

pressuremeter testing procedure novel to underground mining. The 

theoretical basis for the employment of pressuremeter data has been 

examined and behavioral equations have been developed to de scribe 

the deformation and stress history during a backfill material test. 

In addition two new equations have been developed for the analysis 

of pressuremeter data. The in situ data collected has been 

correlated with laboratory derived geomechanical data for the same 

backfill materials. 
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The qeomechanical properties associated with the proposed 

{ backfill classifications have also been related to their influence 

on backfill behaviour in three mine backfill roles: free standing 

stability during pillar recovery in bulk mininq metbods; dynamic 

interaction with stope walls in rockburst prone qround; and ability 

( 

to reduce stresses in highly stressed rock masses. This work bas 

been based on new and established modelling methods and aims to 

provide insight into the effectiveness of the backfill classes in 

these roles of growing practical significance. 
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ABSTRAIT 

Ce Travail Developpe une procedure de dessin de remblai 1 

ayant pour but de faciliter à une grande echelle d'un materiau de 

mine acceptable dans 1e but de rencontrer des objectifs en vue dans 

un rôle particulier de minage. Ceci requiert la compilation et 

analyse de donnees dl usage de remplissage, des dessins :le procedures 

établies, des proprietes physiques et geomécaniques, testant des 

techniqués et procedures, aussi bien des methodes de modelage. 

Un systeme de classification de remplissage de remblai est 

propose base sur une distribution de grandeur. Une serie 

d'équations de modeles sont presentees relatives a ce systeme. Ces 

équations representent les moyens par les quels le comportement 

geomecanique de remblai peut être relate a des propri.etes physiques. 

Cesi est considere comme fondamental a un remplissage de remblai 

d'une procedure modelee, l' eloignement de ces equations a ete basee 

sur des donnees publiees aussi bien avec les resultats d'un 

programme de laboratoire et de test sur le champs de dix mines 

canadiennes operationnelles. 

Le test sur le lien exiga le developpment d'un pressiometre 

pourteter la procedure nouvelle à un minage de sous-sol. La base 

théorique pour l'usage de pressiometre couvrant les donnees a ete 

examinee et des equations d' equations de sensibilite developpees de 

decrire le deformation et 1 'histoire de contrainte dans contenant de 

test. En plus deux nouvelles equations on ete developees pour 

l'analyse des àonnees du pressiometre. Les donnees sur le site 



{ 

collectionnees on ete corroborées avec des donneés de laboratoire de 

proprietes de force geomécaniques pour les mèmes matériaux de 

comblement de remblai. 

Les proprietes de force geomecanique associées avec le 

parachevement de classes de remblai ont ete aussi reliées a leur 

influence sur le comportement du remblai dans trois facons de 

minage: la stabil i te d'une tenue 1 ibre pendant le recouvrement du 

pilier couvrant en gros de methodes minieres; une interation 

dynamiques avec des murs de chantier d'abattage dans un coup de 

charge rocheuse dans la rocaille: et habileté de reduire les 

contraintes des pilier. 
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1.0 INTRODUCTION 

The first reported uses of backfills for stablization of 

structures date back to 1864 (1) where hydraulic filling was used to 

protect the foundations of a church in the coal regions of 

Pennsylvania. The use of backfill became standard practice world -

wide after World War II. The introduction of the use of Portland 

cement in the mid - sixties to stabilize backfill was the next most 

significant step towards current backfill technology. 

It became apparent in the early 1980' s that the use of 

backfill in Canada would grow significantly, mainly due to the 

occurence of rockbursting, trend towards bulk mining methods and 

increased mining depths. In parallel with the forseen increased 

usage it was apparent that there existed no design criteria for the 

prediction of the geomechanical behaviour of these materials. In 

addition, there was sorne confusion as to which behavioural 

properties were of greatest significance to the role of backfill in 

the various mining environments. 

The geomechanical data available at the outset of this 

proj ect predominantly related ta the uniaxial compressive strength 

of Portland cement-stabilized fills. There was a sparsity of data on 

the mechanical behaviour of these materials, particularly for 

uncemented fine grained backfills and rockfill materials. In 

addition, the interdependance between the physical and geomechanical 

properties of such backfill materials was not clearly understood. 
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The existing data was not only limi ted to the uniaxial 

compressive strength of cemented fine grained backfills but also 

comprised laboratory test data only. A sparsity of in situ 

geomechanical characteristics of mine backfills existed. In addition 

it was not clear which in situ techniques were appropriate to 

determine such properties. 

Recognition of this situation led to the submission of a 

proposaI which aimed to help alleviate these severe constraints to 

mine design in 1983, to Centre de Recherche Minerale, Quebec. The 

research was launched at McGill University with the cooperation of 

the Noranda Research Center. The proposal focused on the 

development of backfill design criteria based on work including: the 

determination of backfill usage and properties from a mine survey 

and research review, laboratory and field testing; and te a lesser 

degree the evaluation of the effectiveness of backfills in various 

mine environments. 

A backfill survey was initiated, by the author, in the 

summer of 1985 to verify the current and anticipated usage of 

backfill in Quebec mines. A similar survey was carried out 

cooperatively the following summer for the ontario mining industry 

by the ontario Ministry of Labour. The resul ts of both surveys are 

reported in Chapter 4. In surnmary, it was found that 78% of Quebec 

mines presently use or plan to use backfill in their operations, 

with a similar trend observed in ontario. The high degree of 

current and future backfill usage indicates the growing importance 

of this material in today's mining operations and further justified 
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.... ,. the extent of the ensuing studies . 

The primary objective of this thesis is to develop design 

criteria based on backfill function and material physical 

characteristics. A series of design equations have been developed, 

Chapter 9, which are intended to be universal in application. They 

aim to allow simulation of modifications of mine backfill systems 

in terms of their effect on physical backfill properties. The 

effect of these modifications can further be extended ta the 

geomechanical properties by the developed equations A further 

benefit of such an approach is the ability to predict backfill 

reponse with a limited availability of labaratory or field trials 

data. In this way backfill can be designed from basic principles 

rather than by trial and error. 

Basic to the development of design criteria was the 

necessity to establish the geomechanical properties of backfills 

presently in use and test their effectiveness for different backfill 

support functions. This was considered as an important contribution 

since mines are increasingly employing backfill for support. Mines, 

howevf'!r are only now beginning to consider geornechanical backfi Il 

requirements and thus the applicability and selection methods for 

behavioural modelling techniques have tended not to have 

thoroughly verified by field data. 

been 

In order to meet the objectives outline above a backfill 

database was developed. Through the course of this research 
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project it has been found that backfills can be classified in four 

operational groups: fine grained or rock backfills, either of which 

can be cemented or uncemented. It was considered to be within the 

scope of this thesis to determine the operational geotechnical 

properties of each of the se materials with the exception of cemented 

rockfills. This resul ted from a lack of published data, and 

available testing locations for cemented rockfill material. The 

design equations developed are based on physical backfill 

characteristics and are an extension of a laboratory investigation, 

which focused on the relevent material properties defined. These 

design equations are further intended to be combined with field 

pressuremeter data to enable more accurate prediction of field 

properties by laboratory data. 

The basic structure of this thesis thus goes from the 

general to the specifie and is illustrated in Figure 1, commencing 

with a general review of present backfill classification and a 

review of important physical properties for design purposes. This 

is followed by the presentation of backfill design criteria aimed 

at backfill optimization. The laboratory and field testing 

procedures adopted are then outlined, followed by the presentation 

of the test data in the subsequent three chaptt~rs. The data relates 

to field and laboratory geomechanical properties as weIl as physical 

characteristics. The effectiveness of the properties derived is 

then tested against the functions related to three important mine 

settings in Chapter 10. 
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A review of backfill usage and classification has been 

{ presented in Chapter 2, and a grading classification system has been 

developed. The benefit of this system of classification is its 

ability to uniformly and distinctly classify any backfill material, 

a process which to date has involved subjectivity without 

standardized criteria. 

( 

Having defined and categorized the available backfill 

material, a set of operational target properties must be met via 

sorne backfill design method. The present methods of backfill design 

have been characterized as methods of tradi tional usage based on 

past experience and/or trial and error. It was thus required to 

develop a backfi II design system aiming to optimize design and 

account for the perceived role of the backfill and the interaction 

between physical and geomechanical properties. A backfill design 

system which fulfills the above criteria has been developed and 

outlined, Chapter 3. The design criteria presented focuses first on 

the determination of required backfill properties dependant on 

function. This further required that a number of modelling methods 

be evaluated or developed. 

Once the target properties have been determined the 

available material is te be designed to meet these requirements via 

a series of interrelated design equatiens. The development of the se 

equations required the formation of a database founded on published 

data, laboratory studies and field pressurerneter correlations. The 

various field testing equipment available for aquiring field data 

has been described in Chapter 5 and the ratienale for finally 
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selecting the pressuremeter has been outl ined. 'l'he use of the 

Pencel pressuremeter required the development of an innovative 

instrument insertion equipment and techniques appropriate to the 

underground environment. Arising from the field pressuremeter 

testing was the realization that the present equations describing 

the stress and strain distributions generated by the expansion of 

the probe within an infinite elastic undrained soil are not 

applicable to such mono-cellular probes. New equations have thus 

been developed which account for the elliptical deformation geometry 

of mono-cellular probes, Appendix 4 and Chapter 5. 

The in situ backfill work has been substantiated by a 

laboratory testing program described in Chapter 6 and includes the 

tests required for the determination of both physical and 

geomechanical backfill properties. A series of tilt box tests were 

carried out for uncemented rockfill materials. These tilt box tests 

were first proposed by Barton (5), although such work had not been 

previously related to mine backfills. A procedure for the tH t box 

test was developed and described in Chapter 6. 

After thus reviewing the various testing and a analysis 

techniques the thesis then reports on the test data . The physical 

characteristics of the tested mine backfills, Chapter 7, exhibited 

a wide range of grain mineralogy, grading and shape characteristics. 

The materials tested have been classified according to the tt'xtural 

classification system proposed in Chapter 2. It was found that the 

materials tested encompassed six of the nine available 

classifications. 
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Chapter 7, thus provides the required physical 

characterisitcs of mine backfills. Chapter 8 reports the in si tu 

geornechanical praperties of the tested mine backfills. The 

sensitivity and precision of the pressuremeter prabe was also 

assessed. Data repeatability was faund ta be in the arder of ±12% 

which was consi1ered ta be satisfactory. A number of empirical 

correlations have been used ta extend the usefullness af the Pencel 

pressuremeter and two new relations have been developed. 

Creation of a backfill properties database was undertaken 

via an extensive series of laboratory tests and published data 

survey. The published data has been described in Chapter 6 and used 

to develop backfill design equations for uniaxial compressive 

strength and axial stiffness of cemented fine-grained materials 

based on water : cement ratio. Similarly, design equations for 

shear stiffness, angle of internaI friction and cohesion have been 

dev~loped based on physical properties of uncemented fine grained 

rnaterials. These equations stem from a laboratory direct shear 

testing program. The angle of internaI friction af uncemented 

rockfills has aIse been rélated to porosi ty in the forro of typical 

angle of internaI friction - normal stress curves for varying 

porosities in Chapter 9. The laboratory data for uncemented fine-

grained backfills has been extrapolated to field conditions by using 

the pressuremeter data described in Chapter 8. strong correlation 

was found te exist between laboratory and field derived angles of 

internaI friction. The laboratery derived cohesion has been 

indicated te be a good index for predicting the lirni t pressure in 
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the field. similary, strong correlations have been achieved between 

laboratory shear stiffness and field measured deformation modulus. 

The objective of developing backfill design equations for 

uncemented fine-grained, cemented fine-grained and uncemented 

rockfills had thus been addressed. An evaluation of the ability of 

these materials ta act as support uni ts under different field 

conditions was then under taken as the basis of the final section of 

the thesis. Chapter 10, thus investigates the support capabilities 

of the established classes of backfill materials. 
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2.0 BACKFILL T"PES AND USES 

Over the years, the use of backfill has bec:ome widespread 

in underground mines. It has been integrated into numerous mining 

methods including cut and fill, blasthole stoping, room and pillar. 

Hydraulic backfills comprise classified mill tailings, pit 

sands and combinations of the two. Alternately, rockfills consist 

of coarsely graded aggregate and varying degrees of fines. In 

addition, there are several speciality backfills, such as frozen 

backfill, of less widespread usage. This chapter aims to develop a 

backfill classification system for the wide range of backfill types 

in use, in order to enable consistent classification of backfill 

materials. The physical properties associated with each backfill 

class exert control over the in si tu mechanical properties of the 

backfill. section 2.2, thus, aims ta clarify some of the 

interrelationships between specifie physical properties and 

mechan~cal behaviour. 

2.1 Backfill Classifications 

Backfills can be classified into two broad categories, 

cemented or uncemented. Regardless of the presence of cementing 

agents a backfill can be further classified in terms of its grading 

characteristics. Hydraulic fills are composed of fine grained 

materials. In the case of rockfills, however, the material's final 

grading can vary substantially according ta the source of material 

and the method of placement . Thus each combination of material 
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source and placement method can yield a different backfill type. A 

unified and consistent backfill classification system has yet to be 

established. It is thus the objective of the remainder of this 

section to review the existing soil classification systems and 

propose a new system covering the entire range of mine backfill 

materials from fine grained hydraulic fills to coarse rockfills with 

little fines. 

Table 2.1 is a compilation of the existing six soil grading 

systems (2) and includes the proposed backfill classification 

scheme. It was noted that the existing classification systems were 

aimed ta precisely define given ranges of material grading. For 

instance the MIT system defines precisely the grading 

characteristics of materials in the range of .1 to 1 mm. This type 

of system is adaptable to fine grained materials such as hydraulic 

backfills but would not be appropriate for coarse grained rockfills, 

as i.t poorly defines particle gradings above 2.0 mm. This is also 

true for the USDA and ISSS systems. On the other hand the remaining 

three systems attempt to focus on the coarser grained materials and 

would be appropriate for characterizing concrete aggregates. Each 

of the remaining systems, AASHTO, ASTM and uses, fail te adequately 

represent the fine grained hydraulic backfills, however, with grain 

sizes in the range of 2 mm to <.001 mm, and further fail to 

characterize the coarse grained rockfill with particle sizes much 

greater than 76.2 mm. Thus the preposed classification system 

provides the benefi ts of the MIT system as weIl as improved 

definition of coarse material grades by adding a "boulder" 

classification, whilst better defining "gravel" sized material. 
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----------------------------------------------------------------------
PARTICLE SIZE (mm) 

----------------------------------------------------------------------
AGENCY BOULDERS GRAVEL VERY COARSE MEDIUM FINE VERY SILT CLAY 

COARSE SAND SAND SAND FINE 
SAND SAND 

---------------------~------------------------------------------------

AASHTO 76.2 2.0 .42 .075 <.002 
to to to to 
2.0 .42 .075 .002 

ASTM 76.2 2.0 .42 .074 <.005 
to to to to 
2.0 .42 .074 .005 

uses COBBLES > 76.2 4.76 2.0 .42 <.074 
eOARSE: 76.2 to 19.05 to to to 
FINE: 19.05 to 4.76 2.0 .42 .074 

US DA >2.0 2.0 1.0 .5 .25 .1 .05 <.002 
to to to to to to 
1.0 .5 .25 .1 .05 .002 

MIT >2.0 2.0 .6 .2 .06 <.002 
to to to to 
.6 .2 .06 .002 

ISSS >2.0 2.0 .2 .02 <.002 
to to to 
.2 .02 .002 

MCGILL >114.3 
COBBLES:114.3 to 44.67 4.76 2.0 .42 <.05 
eOARSE: 44.67 to 14.13 to to to 
FINE: 14.13 to 4.76 2.0 .42 .05 

----------------------------------------------------------------------
AASHTO - Amer. Ass. of State Highway and Trans. Off. Desig.:M146-70 
ASTM - American Society for Testing and Materials - Desig.: 0422-63 
USCS - U.S. Army Corps of Engineers 
USDA - U.S. Dept. of Agriculture 
MIT - Massachusetts Institute of Technology 
I5SS - International Society of Soil Science 
MCGILL - Proposed Backfill Classification System. 

TABLE 2.1 Backfill and Soil Grading Classification Systems 
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Having defined ranges of particle sizes by terms such as 

"fine sand", the combinations and proportioning of particle size 

classifications for a given material can be used to texturally 

classify the material as a whole. Figure 2.1 represents a proposed 

texturaI classification chart for mine backfills. For the purposes 

of this classification chart material which is finer than fine sand 

or coarser than gravel is classified as "fine sand" and "gravel" 

respectively. Furthermore the coarse and medium sand materials are 

grouped in a single classification category of "coarse sand ll • 

Having said this a material containing 40% gravel, 30t coarse sand 

and 30% fine sand would be classified as a weIl graded rockfill. 

Thus the combination of Table 2.1 and Figure 2.1 should ensure that 

backfills will be classified in a uniform manner henceforth and will 

further ensure that a significant, presice meaning will be attached 

to each backfill classification. This is in contra st to the loose 

definition and interpretations of the term rockfill, for instance, 

where a wide range of material gradings are aIl termed rockfill. 

Furthermore, this classification removes the present subjective 

nature of backfill classification. 

2.1.1 Fine Grained Backfills 

The term "Hydraulic Backfill" is often used synonymously 

with the term "Sandfill", however this practice is misleading. The 

terms originate from the hydraulic transportation of backfill, at 60 

to 70 % pulp density, to the underground workings. However, within 

the terms of reference of this thesis sandfill refers to a wide 

range material gradings which are independant of method of 

13 
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transportation. It has further been found that materials which are 

transported hydraulically tend to have a texturaI classification of 

"fine s3.ndfil1", with the occasional material classifying as "coarse 

- fine sandfill". 

The materials used for hydraulic backfills typically include 

classified mill tailing and / or surficial sands. The use of 

surficial sands is employed if the tailings material is chemically 

inappropriate for use as backfill or if the quantity or quality of 

mill tailings are inadequate. 

Hydraulic backfill is used in either cemented or uncemented 

form and accounts for over 65% of aIl backfill types used in both 

Quebec and ontario. Typically, weakly cemented « 6% portland 

cement) or uncemented hydraulic fills are used for bulk filling 

while hydraulic fills cemented at > 6% cement are used for stope 

floors to prevent loss of ore after lasting through floor 

penetration. Furthermore, sorne speciali ty fills such as high 

density backfills, described latter, couid aiso be classified as 

hydraulic backfiiis. 

2.1.2 Rockfills 

The term rockfiii is used universally to describe 

development waste, pit gravels, or combinations pit gravels,sands, 

tailings and development waste. Thus, the term rockfiii is used to 

classify a wide range of material gradings and as such does not give 

specifie definition for the individual gradings which may occur. It 
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was a further objective of the texturaI classification chart 

described in Figure 2.1 to subdivide the term rockfill further into 

three classifications, namely "weIl graded rockfills", "coarse 

gravelly rockfills" and "coarse rockfill". In addition, the "blocky 

coarse" and "blocky fine" sandfills are filling materials on the 

boundary between "rockfills" and rrhydraulic fills". The texturaI 

classification for rockfill materials should be applied principally 

to in situ backfiiis as the transportation method from the 

production site to the materials' final placement can change the 

grading characteristics substantially (3). 

Besides the texturaI classification of a rockfill material, 

its final in situ structure is governed by the method of placement, 

which will define the degree of segregation, as weIl as the method 

of cementation, if in fact the material is cemented. Several 

methods of placement are often used and include discharging material 

from one or several points, with the material dropping from 5 to 10 

metres in cut and fill or Avoca mining. Alternately, it is dropped 

from 60 and 90 metres in delayed backfilling scenarios for blasthole 

stoping. A cementing slurry may be added in combination with 

hydraulic tailings, surficial sands or in a water / cement slurry. 

Furthermore, it may be transported from surface or mixed underground 

and can travel within the same fill raise as the rockfill aggregate 

or in a separate slurry raise. It can be seen that each combination 

can yield a different fill matrix. For instance if a tailings / 

cement slurry is used in conjunction with a rockfill aggregate and 

is transported within the same fill raises, then the final rockfill 

matrix will tend to be weIl rnixed. The voids, created by the rock 
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aggregate, will he filled or partially fillied with a tailings / 

cement slurry, depending on the ratio of rock aggregate to cementing 

slurry. In addition if the same rock aggregate : cementing slurry 

were used as in the previous example wi th the slurry being 

transported separately and added ta the inplace rockfill aggregate 

hy percolating the slurry into the matrix then a substantially 

different in place backfill would result. This backfilling system 

would be limited by the depth to which the slurry could percolate. 

Thus the final fill matrix would he characterized hy cemented and 

uncemented layers with filled or partially filled voids. In either 

of the ahove cases if a water / cement slurry is used in place of a 

tailings / cement combination then the voids will not be filled and 

the rock aggregate will he cemented at the rock ta rock contacts 

only • 

In summary, this section has demonstrated the wide range of 

material gradings which are classified as rockfills, along with the 

the complex and wide range of final fill matrices which can be 

achieved according to method of placement and addition of cementing 

slurry. The complexities of particle size range and lack of prior 

interest in geomechanical properties account for the fa ct that 

limited data is available on the strength and stiffness 

characteristics of such materials. The most extensive studies have 

been associated with the construction of rockfill dams, (4), (5), 

(6), (7), (8). 
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2.1.3 High Density Backfills 

High Density Backfills are essentially hydraulic backfills 

with some transportation or placement variation which renders the 

final fill matrix into a denser state. Backfills can be densified 

in several ways (9), principally by the Head, Vibratory, Cement and 

Double Placed Methods. 

The concept of the Head method is to introduce backfill from 

the bottom of the stope rather than the top. This allows the 

filling material to be placed under a constant pressure head, thus 

providing increased compaction of the fine grained material. 

The Vibratory method consists of conventional fill placement 

followed by vibration through the use of concrete vibrators, see 

section 3.3.7. The objective is to reduce the void ratio in the 

vibration stage thus increasing the backfill stiffness and strength. 

The Cement method has received much attention in the 

Canadian mining industry. Water contents whi~h are normally used to 

transport hydraulic fills are normally in excess of that required to 

hydrate the small quantities of cement which may be present in mine 

backfills. Densification by the Cement method is by reduction of 

water within the fill matrix. Two approaches have been used to this 

end. The first is to transport the backfill at high pulp density, 

in the order of 70 to 80%. This presents the advantage of handling 

smaller quantities of water. However, flow plugs and equipment wear 

may become a problem. A further disadvantage is the additional cost 
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of plastisizers, nesessary in order to aid flow and reduce friction 

losses. The second method makes use of tailspinners (10) to dewater 

the backfill tailings prior to final placement. This system 

eliminates the problems associated with high density transport, 

however larger volumes of water must be handled. Furthermore the 

output rates for the tailspinners, in the range of 10 to 15 tonnes 

per hour may be insufficent to me et backfill requirements and 

scheduling (11). The Cement method as a whole is also characterized 

by an increase of fines in the fill matrix and lower percolation 

rates. A primary concern with high density backfills is thus the 

high retained moisture contents, in the order of 20%, and the 

potential of pore pressure buildup and subsequent liquefaction 

potential. 

Lastly, the concept of "Double Placed Backfills" is a two 

step operation and involves a final fill matrix which can be 

texturally characterized as a "weIl graded rockfill". The coarse 

material is first placed and then a cementing slurry is introduced 

in such a way that the voids created by the coarse aggregate are 

completely filled by the slurry materiai. This may reguire the use 

of pressurized slurries and is thus the most expensive of high 

density, high modulus fiiis described. However, it has been shown 

that the use of this fill type can reduce maximum pillar stresses by 

as much as 27% (127). 
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2.1.4 Self Cementing Backfills 

Self cementing backfills in terms of grading can be either 

fine grained or rockfill type. This classification is based on the 

materials' ability to cement itself. Two common types are used in 

Canadian mining practice; pyrrhotite and sulfate - rich backfills. 

In each of these an oxidation reaction occurs after placement, 

cementing the fill into a solid maSSe The use, benefits and 

problems associated with self cementing fills has been reported by 

Patton (12), Lukaszewski (13), Swain (14) and Bayah (15). Self 

cementing fills offer the benefit of reduced cement costs for 

stabilization, however their usage can create heating and oxygen 

depletion problem which need to be recognized. 

2.1.5 Evaporite Backfills 

Evaporite backfills are used in salt and potash mines 

throughout Canada. Les Mine Seleine, a salt mine i~ Quebec, uses 

1100 tonnes/ day of mill waste as underground backfill. A similar 

situation exists with Potash corporation of Saskatchewan where salt 

waste is used as backfill material. The principle behind these 

backfill types is that upon placement, in a moist state, the salt 

first precipitates out of solution and then crystalizes into a 

competent mass (16). The advantage of this backfill type is that it 

is self cementing, however, it is important that additional water 

not be added upon solidification as this would cause the backfill to 

dissolve with disastrous consequences. 
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2.1. 6 Frozen Backfills 

The term frozen backfills applies ta backfills which use ice 

as a cementing agent or as the actual backfill material. Two 

backfill structures are normally used. The first makes use of a 

bulkfilling material such as pelletized tailings or crushed shale 

which is then cemented by the addition of water. In the second 

instance, water is injected into the underground voids and is then 

frozen ( 17) , (18) . Typically, the ice is sprayed into the 

underground openings by use of snow making machines. This type of 

backfilling adds no dilution ta mineable ore and is applicable to 

mining operations in both permafrost and sub-arctic regions. 

2.2 Physical Property Influence On Geomechanical Behaviour 

The interaction between physical and mechanical backfill 

properties is not clearly understood to the extent of providing a 

clear basis for backfill design. However, it is the case that the 

physical parameters govern the geomechanical and operational 

properties of mine backfills. The physical backfill properties which 

are of greatest importance ta geomechanical behaviour comprise 

degree of cementation, grain size distribution, void ratio, particle 

shape, moisture content, particle density and segregation. 

The optimization of physical parameters for geotechnical 

purposes can adversely affect the operational characteristics of 

backfill. For instance, a reduction in void ratio to achieve 
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increased stiffness may cause an unacceptable reduction in the rate 

( of percolation. It is thus the intent of this section to define 

each of the physical parameters of interest and expand upon their 

influence on the operational and mechanical properties. 

2.2.1 void Ratio 

void ratio is defined as the ratio of the volume of voids to 

volume of solids. It thus describes the volume available for 

compression of the backfill material or alternately for the 

migration of water. It is thus a key design parameter and the 

influence of other parameters to void rat io will have a direct 

bearing on both geomechanical properties and percolation rate. The 

influence of grain size distribution and particle shape on void 

( ratio will be examined later. An increase in void ratio will have a 

positive effect on percolation rate but will have adverse 

repercussions on strength and stiffness characteristics. Void ratios 

for hydraulic backfills have been noted in the range of .25 to .35 

while rockfills exhibit void ratios in the range of .5 to .7. For 

the purposes of this thesis, i t was found convenient to calcluate 

void ratio from the material dry density and the specifie gravit y of 

solids. The void ratio is related to these two properties by the 

following equation: 

• • • •• 2.1 

,1 .. 
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where: e = void ratio 

Gs = specifie gravit y of solids 

~= unit weight of water 

~ = dry unit weight of backfill 

Furthermore, the term porosi ty is often used in place of 

void ratio. Porosity is related to void ratio by the equation: 

n = _e_ • • • •• 2.2 
1+e 

where: n = porosity 

Porosity represents the proportion of voids in a given volume of 

material. 

2.2.2 Grain Size Distribution 

The grain size distribution is used to represent the 

particle size composition of a granular material. Typically the 

size distribution is represented graphically, however, this form of 

representation is limited for design procedures. In order to 

quantify the distribution characteristics a number of indices have 

been used which attempt ta sumwarize the graphical representation. 

The most widely used index is the coefficent of uniformity, Cu' 

which is defined in equation 2.3. The second is the coefficent~of 

curvature, Cc' defined by equation 2.4. It has been noted that a 

weIl graded material is represented by a coefficient of uniformity 

of between 4 and 6, and a coefficient of curvature of between 1 and 

3, (19). 
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where: 

= 

U10 = 10% passing size 

U30 = 30% passing size 

U60 = 60% passing size 

••••. 2. 3 

••• Il .2.4 

The effect of grading on the geomechanical properties of 

backfill depends on its influence on void ratio. It is generally 

expected that a weIl graded material will yield a lower void ratio 

than a poorly graded one under the same conditions of consolidation 

and compaction. Furthermore, Talbot (20), proposed an optimum 

gradi!1g curve for granu}ar materials, equation 2.5, which ensures 

that maximum compaction and minimum void ratio can !:te achieved. 

where: peu) = % finer than size U 

Um = maximum particle size 

• • • •• 2.5 

I can be showm, from equation 2.5, that the coefficent of 

uniformity and coefficent of curvature for the optimum grading curve 

are 2.45 and 1.22 respectively. 
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2.2.3 Particle Shape 

Particle shape, along with material grading, has an effect 

on the achievable void ratio in a granular material. The particle 

shape can be represented by the coeffiecent of sphericity, the 

aspect ratio or the particle shape factor. The sphericity 

coefficent, Ss' is defined as, 

Ss = intermediate grain size / maximum grain size 

while the aspect ratio, Ar' is defined as, 

Ar = maximum grain size / minimum grain size 

and can be estimated by the reciprocal of the coefficient of 

spherici ty . Lastly, the particle shape factor, Sf' is defined by 

the more comprehensive equation, 

[ Perimeter1 2 
Area x 4 

Yong (22) contends that the angle of internaI friction, tp , 

for a granular material is made up of two components; the basic 

friction angle 1 lP
b 

' and the interlocking friction angle, qJ. , , . 
Furthermore, the interaction, under normal stress, at the particlc 

to, particle interface dictate that particles with aspect ratios 

close to 1 (spherical) would offer less resistance to shearing 

forces, as they offer less favorable interlocking potential. 

25 



( 

2.2.4 Moisture Content 

The effects of moi sture on the geomechanical properties of 

backfill are twofold. Firstly, the effects of moisture and pore 

pressure in a structured backfill lattice have been demonstrated by 

Seed (23) to be potentially the cause of liquefaction. Secondly it 

has been suggested by Talbot (20) that a critical moisture content 

exists for granular material, whereby an increase or decrease in 

moisture content would cause a corresponding increase in veid ratio 

and thus a decrease in stiffness and strength. This moisture 

content is denoted as the "optimum Moisture content" and generally 

increases with the overall fineness of the material in question. An 

index of this moi sture content can be determined in the laboratory 

by the Proctor Test. 

The two trends noted above; that of decreased strength with 

increased moisture and the suggestion of an Optimum Moisture 

Content, at first seem contradictory. However, upon further 

examination it is evident that the two observations are made at 

different stages of the construction and assemblage of the 

structural fill lattice. In the first instance, Seed (23) is 

concerned wi~h an existing structure and therefore the introduction 

or presence of water will disrupt and thus weaken the structure 

through the build-up of pore pressures. On the other hand, Talbot 

(20) is interested in the formation of a granular structure, that 

is, the optimal packing of a material with a given material grading. 

Thus, i t would be desirable to have an optimum moisture content 

d~ring the inital stages of backfill placement to ensure optimum 
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packing, followed by a reduction in moisture content once the fill 

structure has been set. 

Weaver (24) has noted that for pulp densities between 60 and 

72%, representing moisture contents between 40 and 28% respectively, 

a notable increase in uniaxial compressive strength was evident. 

The data further illustrates a trend in strength which has not 

reached its peak at 72% pulp density. This would imply that the 

optimum moisture content has not been reached at an operational pulp 

density of 72%. The experience of increased strength high density 

backfills is consistent with this conclusion. 

2.2.5 Macroscopic Fi11 structure 

The discussion in this section has dealt with the 

influence of individual backfill physical characteristics. The 

interrelation of the individual characteristics has been expanded 

upon and the sum effect on the geomechanical properties has been 

presented. Barrett (25) has attempted ta qualitatively describe 

the various fills structures which can result from a combinat ion of 

grading, moisture, particle shape, and method of placement which 

have a direct bearing on the degree on compaction and in rockfills, 

grading. Furthermore, Gonano (26) attempted to clarify Barretts' 

assertions and proposed a "visual classification" chart, presented 

here as Figure 2.2. The chart classifies backfill structures into 

nine categories. The major lines of distinction are for cemented 

~ and uncemented materials, and the ratio of coarse to fine aggregate. 
~ 
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No. 1. Cemented sandfill • aay be l~yered bu~ no rocks present. 

Ho. 2. Rock 'floaters' in a c=e:u:ed sandfill IIIlltri:c - no rad. 
to rock cont:lC~. 

No. 3. Rockfill with rock to rocle. contact wicll inter roc:lc voills 
fully occupied with cemenl:ed sandfill - DO air void.:s. 

No. 4. Roc:ltfill with rock to roc:lc contact wi~h inter rock voids 
panially occ:upied wi th ce:llenud sandfill. 

No. S. Roc:lcfill - unce::lented. No tlnes. 

Ho. 2&. Roclt' floaters' in uncemented IllatrUc - no rock to roc:lc 
contact. 

No.03a. Roc:lcfill with rock to rock ccntact whh inter rock. voids 
filled with uncemented material. 

'fo. 4a. RocltfUI with rock to rock contact with inter rock voids 
partially filled with uncemcnted aa~erial. 

Ho. 6. 

FIGURE 2.2 

Flne rrained uncemented IUterial •• ,. rockfill fines. 

Material structural Classification 
system (After Gonano [26) 
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Figure :~.2, considers the differences in void ratio, density, the 

nature ()f particle contacts, and the pdrticle grading curves for 

these structures. It is clear that both their strength and 

deformational properties would be expected to vary considerably. 

2.2.6 Backfill Segregation 

Segregation can be defined as the occurrence of a number of 

macroscopic structures within a rockfill masse Segregation occurs 

as a result of differential settlement and the formation of 

segregation cones below the point of discharge. Barrett (25) 

reported that banding in cemented fine grained hydraulic backfill is 

most predominant at the ~:;tope edges, with sorne of the bands 

containing little or no cement. This study further concluded 1:hat 

at angles of segregation of 300 or less the net strength of the 

backfill was not effected, and angles greater than 300 decreased the 

backfill strength and stiffness. 

to the large discrepancies in 

Gonano, further suggests that due 

material structure, and thus 

geomechanical properties, of the different segregation layers each 

should be numerically modelled as a seperate material type. One 

ready conclusion from this assertion arises if a free stand ing 

height is required. The factor of safety calculations, under 

conditions of segregation should be based on the least favourable 

combination of material structure, strength and orientation. 
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2.2.7 Effects Of POlymerie Floeeulants 

The use of flocculants in baekfill has grown recently as a l 
~ 

result of the desire to control the migration and distribution of j 
l 

fines within a backfill matrix. The use of cement has increased the j 

quantities of fines and thus amplified the problem. Use of 

flocculants offers the advantages of increased percolation rates, 

rates of sedimentation, retention of fines and contribution to an 

overall more homogeneous backfill structure. The use of flocculants 

also presents two major disadvantages, firstly increased costs and 

secondly the possible inerease in porosity and moisture content with 

consequent decreased strength. However, the increased retention of 

fines would imply a greater retention of cement and thus would 

increase stren~th. Research has not as yet fully resolved these 

(' issues. 

Braes (27), found that a 35 gram/tonne addition of 

flocculant to che mine! backfill effectively reduced the slimes in 

the fill mass and completely removed slimes from the surface of the 

backfill. He further found that no increased strength was noted. 

In a similar study, the author in conjunction with Scoble and Robert 

(28) found that a 13.6 gram/tonne addition of flocculant confirmed 

the findings of Braes, however it was also found that the backfill 

stiffness was increased by 33%. 
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2.2.8 Effects Of cementing Agent Addition 

The primary purpose of cementing agent addition is to 

increase fill strength and stiffness. A number of cementing agents 

are typically used in backfill practice. These include Portland 

cement, fly ash, smelter slag, as weIl as sulphide fill mixes 

referred to in 2.1.4. The most common bonding agent is normal 

Portland cemen~. Thomas (29) illustrated that the cost of Portland 

cement in rich bulk mixes (8%) could constitute up to 50% of the 

mining costs. Thus the growing interest in Portland cement 

substitutes can be easily understood. 

Portland cement contributes to fill strength by the 

formation and drying of a hydrate paste, producing lime as a 

byproduct. The hydrate coats individual particles and thus provides 

a means of interparticle cementation. Alymer (30) concluded that 

the full benefits of Portland cement could not be realized if it 

were used solely as a cementing agent since the lime which is formed 

is not utilized in the cementing process. However, it should be 

noted that the lime will sacrificially protect the cement bonds 

should acidic waters be present. 

It was further indicated by Aylmer (30) and demonstrated by 

Thomas (29) that the use of pozzolans and fly ash would optimize the 

bonding properties of cement by utilizing the lime produced from the 

cement hydration reaction. This mechanism is certainly applicable 

to smelter slags and F-type fly ash which are pozzolanic and thus 

require lime for increased cementation (31). However, it has been 
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found that c-type fly ash is naturally cementitious and thus do es 

not require lime ta enhance fill strength (32). Lastly, the 

cementing characteristics for sulphate and pyrrhotite rich fills 

based on an oxidation reaction provides yet another means of 

increasing fill strength (12), (13). 

2.3 Surnmary 

It has been illustrated in this chapter that a wide range of 

backfiii types are presently in use. These can be classified in two 

broad groups: cemented and uncemented. Furthermore, the texturaI 

composition of the backfill material can aiso used to classify 

backfills, the two groups normally cited are hydraulic backfilis and 

rockfills. However, it has also been shown that the texturaI 

variations in mine backfills justify more than two simplistic 

groups. As such a texturaI classification system has been proposed 

to characterize aIl backfill types texturally. 

The effects of various physical backfill parameters on 

geomechanical properties has been reviewed. It was concluded that, 

apart from cementation, void ratio is the most important physical 

property which contributes to backfiii strength. Parameters such as 

moisture content, grain size distribution and partiele shape effect 

fill strength primariIy through their effect on void ratio. It can 

further be concluded that if at an early stage of backfiii design 

the physical parameters are optimized to yield the stiffest and 

(' strongest backfill possible then the required cernent addition to 
~ 
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attain the target geomechanical properties can be reduced. 

The use of cementing agents to increase backfill strength, 

at increased cost, is becoming more popular, particularly the use of 

Portland cement substitutes. The mechanism of particle coating and 

hydration in the cementation process gives rise to the conclusion 

that cement addition should be based on the surface area of the 

particles to be covered rather than on the percentage weight methods 

currently used. This is later discussed in relation to the scatter 

of data observed in prior research by others, see section 6.2.1. 

This may be illustrated by the example of two materials with 

precisely the same grading but specifie gravities of solids 

differing by 50%. This implies that for a given weight of material 

the denser material will have a correspondingly 50% lower volume. 

Furtherrnore, as the material gradings are identical the lower volume 

implies a lower surface area, and thus for a given weight addition 

of cementing agent, the denser particles will be coated more 

effectively. 
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3.0 DESIGN CONCEPTS AND PROCEDURES 

Fresh impetus to backfill research has resulted recently 

from a renewed interest in the use of high quality, high modulus 

backfill for ground support in highly stressed ground and for pillar 

recovery in bulk mining methods. The investigations described 

herein have considered the usage of compaction, grading and 

reinfarcement as weIl as cement binding agent ta enhance the 

strength and stiffness of traditianal backfill aggregates. A long 

history of research exists into various aspects of the addition of 

cernent to aggregates for underground mine backfill usage. Industry 

faces the need to assess the cost benefits of cement addition to 

improve the mechanical behaviaur of backfill, in light of its ground 

stability problems and efforts for higher productivity stoping. 

optimizing a backfill aggregate offers the potential for 

reducing cement requirements to meet target strength and stiffness 

properties with accompanying cast savings. This requires 

consideration of consequent effects on aggregate drainage 

characteristics. The use of Portland cement substi tutes such as 

ground slag or fly ash and other additives such as flocculants 

increases even more the complex of factors involved in backfill 

design. This research has aimed ta provide a rational approach to 

backfill design taking into consideration the wide range of 

interdependant design parameters. 
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The ground support characteristics of backfill materials, as 

related to compressive strength and stiffness, is becoming viewed as 

increasingly important particularly with the heightening interest 

in rockburst control. The mechanical behaviour of cemented backfill 

is governed by the materials' physical characterisitcs, confining 

stress and curing time. The environmental factors '3re defined by 

the in situ conditions and mine planning strategies. Mechanical 

behaviour is also governed by particle grading, pulp density and 

cementing agent content as well as placement method which 

contributes to segregation, section 2.2. Each of these are 

controllable design parameters the effects of which are described in 

section 3.1 of this chapter. 

This chapter further aims to clarify the interactive 

processes between environmental and design factors. For this purpose 

a design procedure is proposed, with particular reference ta cement 

content. The philosophy of this design procedure is te optimize the 

available source aggregate, whilst at the same time defining 

strength and stiffness requirements. This then enables calculation 

of cement content based upon a knowledge of its interaction with the 

aggregate and its control over mechanical behaviour. The design 

procedure in the forro of a flowchart is cross-referenced within the 

text and at relevant points in Figure 3.2, to associated design 

equations (in square brackets) and publications (in parenthesis). 
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3.1 Philosophyof Backfill Design 

l 
An effective design process must initially define the target 

backfill properties. These lI'Iay comprise a combination of the 

following: uniaxial compressive strength (CT c) , modulus of 

deformation (E), apparent cohesion (c) and angle of internaI 

friction (lfJ), bearing capaci ty (Sb)' grading factor (GF ) , pulp 

density (Pd)' and permeability (K). The particular properties and 

their priority will be governed by the function of the backfill and 

the characteristics of its particular mining environment. 

The backfill design sequence involves consideration of 

permeability 1 pulp density and th en the target mechanical 

properties. Through optimizing aggregate grading, whilst 

( maintaining adequate permeability, materials handling can be 

considered in order to define the pulp density objectives. Interest 

in high pulp density backfills is growing and is due to 

improvements that result in strength, stiffness and drainage. 

Finally the pulp density and grading decisions enable the cementing 

agent requirements to be resolved so as to me et target strength and 

stiffness to contend with the mining environment. Past research has 

considered many parameters affecting the influence of cement on 

aggregate properties, singly or in combination. The need still 

exists however for a more integrated approach based on a rationale 

design concept. Figure 3.1, (139), has been developed by the author 

and indicates in summary this design concept, together with 

examples of cementing agent addition research to demonstrate the 

wide breadth of interactive factors which affect backfill behaviour. 
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FIGURE 3.2 Backfill Design Flow Diagram 
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3.1.1 Backfill Design Procedure 

Figure 3.2 shows a more detailed design flowchart which 

attempts to optimize aggregate grading in arder ta minimise cement 

addition whilst giving due consideration to both materials handling 

and drainage abj ecti ves. In arder ta achieve this a number of 

design equations can be employed to evaluate certain parameters of 

interest when designing the physical properties of the material. 

Where the same goal may be achieved by more than one alternative, 

then the final decisions may be based on economic considerations. 

Thus a number of associated costs must be accounted for in 

approaching the final design for a given alternative. Groups of 

design equations are given in Appendix 1 and cost equations in 

Appendix 2. These equations are cross-referenced by square brackets 

on the flow chart (e.g. [1-2] relates ta the second set of design 

equations in Appendix 1). 

In order to assist the reader acquire additional inforrnatinn 

about various stages of design, previous published work has been 

cross-referenced to the pertinent design stages in the flowchart, 

denoted by curved brackets (e.g. (33». 

3.1.2 Target Mechanical Properties 

The target mechanical properties which will be used in 

subsequent design of the backfill depend on its intended function, 

Figure 3.3. The major backfilling functions are ground support, ore 

recovery and working platform. The determination of the primary 
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function of backfil1 is important in identifyinq the aspects of 

support which must be investigated. These are illustrated for each 

backfill function in the design flowchart, Figure 3.2, and fall 

into three categories; liquefaction, strength properties and 

deformational properties. Design procedure for the alleviation of 

liquefaction is identical for f~lls serving qround support or 

workinq f100r functions. This should account for dynamic loading, 

time delay between fillinq and the application of the dynamic loads, 

permeability and the initial water content. A required miniumwn 

permeability to inhibit liquefaction, RL' can then be calculated for 

the in situ backfill. 

Figure 3.3 

."'''OING "'IO"T 

.TAIIU" POli 

Backfill Function Flow Diagram 
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The strength and deformational properties for both ground 

support and ore recovery differ only in the approat.,;h used to 

determine these required properties. Considering ground support as 

the primary function, an evaluation based upon modelling ta 

establish acceptable stope wall closure and pillar stress can be 

made for the rock mass in question. A second stage of modelling 

requires that account then be taken of backfill mechanical 

behaviour. Various backfill behavioural models have been proposed 

and range from simple linear-elastic (36,37) to non-linear elastic 

and elasto-plastic models (67,127). Appropriate modelling enables 

the backfill properties to be varied 50 that the pres et limits of 

stope wall closure and pillar stresses arc not exceeded. Meeting 

such design criteria leads to a set of operational properties, that 

the backfill must satisfy. The properties are for the subsequent 

design of the available aggregate grading. In the case of ore 

recovery, where the fill is not required to be free standing, i.e. 

crown or sill pillar recovery in cut and fill mining, the modelling 

process addresses the support contribution of backfill in 

influencing the stress concentration carried by the pillar. 

Initially the level of stress carried by the pillar at the cessation 

of normal stoping requires to be modelled. This then enables a 

reiteration of modelling with variation cf backfill mechanical 

properties to design for acceptable pillar stress levels in bath 

stoping and pillar recovery stages. 

Several criteria for assessing the efficiency of backfill 

support have been proposed which account for the mechanical 

properties of bath backfill and host rock. The first of these 
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relate the ratio of backfill stiffness (Ef ) to rock mass stiffness 

(Er>' (Ef/Er> to degree of closure as weIl as pillar and baekfill 

stresses (36,37,42). Salamon (44 ,45,46), used an energy balance 

approach to determine the efficiency of backfill in inhibiting total 

elosure in fIat lying South African gold deposits thus combating 

rockbursting. Hedley (43) has subsequently applied the concept of 

energy balance to eut and fill mining, and described the baekfill 

efficieney in terms of the ratio of the energy stored by the 

baekfill to the energy which must be redistributed when a unit of 

ore is displaeed during mining. 

These methods and the modelling described so far in this 

chapter approach backfill as a passi ve support in a stressed 

environment. Backfill, however 1 may not necessarily be viewed as 

operating within a highly stressed or confined environment. This 

may be the case during pillar recovery in blasthole stopes, where 

baekfill columns must remain free standing during the extraction of 

adjacent ore. Modelling methods for this type of backfill usage are 

simpler and weIl established (49,50,51). These tend to employ a 

plane failure analysis of the fill column with associated factor of 

safety derivation. A more detailed evaluation at these numerical 

method will be discuss later in this chapter, section 3.2. 

The required design properties for backfill depend on its 

intended use and environm(mt. If backfill is designed as a stressed 

medium then the deformational properties are required in order to 

determine the development of load in the given environment whilst 
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the strength praperties are required to determine the material 

failure potential at various stages of loading. If, however, a frec 

standing height is the main design function then the strength 

properties alone suffice. 

The strength praperties of backfill are usually expressed in 

terms of bearing capacity for the design of working cut and fill 

stope floors. It is suggested that the California Bearing Ratio 

(CBR) be used in the field. The details of this test are given in 

ASTM standard D1883-73, (190). The CBR test was developed by the 

U.S. Arrny to determine the suitability of soil surfaces for highway 

foundations (52,53). 

3.1.3 Aggregate Design 

--- Conventionally aggregates used in backfill design include 

mine waste rock, pit sands, smelter slags and commonly mill 

tailings. Backfill aggregate design for mill tailings, Figure 3.4, 

must be capable of coping with the current trend in milling towards 

finer grinds for ore liberation. This may result in tailings being 

unsuitable for backfill usage unless further grading modifications 

are made. Furthermore, the chemical composition of tailings 

materials may cause detrimental environmental impact, arising 

principally from either high sulphur content or radioactivity, thus 

requiring special design procedures (75,76). These special cases 

are discussed in section 3.3. 

Once environmental considerations have been addressed then 

...... the available aggregate may be optimized in terms of permeabili ty, 
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transportation and placement. Subsequentally the addition of 

( cementing agents, in order to attain the target properties can be 

made at minimal cost. 

( 

r 

The strength and deforrnational properties of backfill 

increase with increased cementation and decreased void ratio. If 

void ratios are decreased to optimize cement addition then problems 

of reduced percolation may result. It is thus important that 

material grading be optimized so that the use of cement is reduced 

whilst maintaining acceptable perrneability. At this point a target 

in situ pulp density (Pd) must be assumed in order ta determine a 

required fill permeability, Kr' This permeability can be compared 

to the perrneability required to inhibit liquefaction, KL' employing 

the greater of the two in the subsequent design as the target 

perrneability, Kr' If the fill permeability Kf' is too far below Kr 

then the aggregate can be regraded or the addition of flocculantB 

may be considered to meet the Kr requirements. Alternatively the 

tailings may exhibit an excessively high Kf value. In this case 

cement addition could not be subsequently optimized and thus the 

material would have to be regraded to densify, (i.e. approach the 

Talbot optimum particle size distribution (20». Once the balance 

between acceptable permeability and maximum densification has been 

achieved then the materials handIing aspect of design may be 

considered. It should aIso be noted that if regrading is 

undertaken, either to densify or de-densify the tailings, then the 

aggregate subsequently considered in materials handling design may 

be significantly different from the original available aggregate. 
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Figure 3.4 
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Aggregate Design Flow Diagram 

3.1.4 Materials Handling Design 

Design operational pulp densities for transportation and 

placement, Figure 3.5, can he considered once the original aggregate 

has met the requirements of environmental impact, optimum grading 

and permeability. Up to this stage an assumed pulp density in a 

desired range has heen used to determine KL and Kr. A graded 

aggregate has been designed to meet these requirements. 

handling design must now be based on the aggregate 

determined to date. 
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Figure 3.5 Materials Handling Design Flow Diagram 

Materials handling can be designed at normal or high pulp 

densities. It must first be ensured, however, that the available 

aggregate is sufficient to fill the underground voids. If 

inadequate quantities are available then supplementary material will 

have to be sought. The new material and the original Mill tails 

should be evaluated to meet the permeability and optimum grading 

requirements. Once the material available is sufficient to meet the 

required volumes, permeability and grading requirements then pulp 

density design can be considered using the concepts of normal or 

high density levels. The initial pulp density assumption and the 

calculated KL and Kr values are now re-evaluated. Iteration through 

the permeability - grading - pulp density design then proceeds until 

changes in the resultant parameters lie within acceptable limits. 

The material which exits from this stage is thus optimized in terms 
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of materials handling, permeability and grading, thus ensuring that 

maximum stiffness and strength may subsequently be achieved with 

minimum cement addition and suitable drainage characteristics. The 

aggregate properties at this point can now be a basis for the 

determination of the required cement addition to meet the target 

properties under the predicted in situ ground conditions. 

3.1.5 Cementing Agent Design 

Reference has previously been made to the possibility of 

employing alternatives to cement, principally for reasons of 

economy. Portland cement still remains the most effective means of 

improving aggregate strength and stiffness. Calculating quantities 

of cement addition are based upon a full understanding of its 

interaction with the aggregate, whilst accounting for the influence 

of time on the behavioural characteristics of both the backfill and 

the enclosing rock masse 

Addition of Portland cement has in the past and presently 

remains the most accepted means of stiffening backfill. The high 

cast of Portland cement has prompted many users ta seek less 

expensive substitutes which include smelter slags, pozzolans, fly 

ash and sulphides. Regardless of the cementing agent used, overall 

backfill costs can be reduced if the proportion of cementing agent 

is decreased. This, however, should not be done at the expense of 

backfili stiffness. The preceeding sections thus deal wi th a 

method of aggregate grading which yeilds the densest possible 

aggregate. In so doing we are assured that present backfill 
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stiffness is ac.hieved with minimum cement agent addition. 

Futhermore, such a structured approach to design facilitates 

weighing of various alternatives which might include regrading, with 

its increased cost of grading and decreased cementing agent costs, 

versus the no regrading al ternati ve wi th lower grading costs but 

higher cementing agent addition costs. 

Although it may seem that the present levels of backfill 

stiffness used in industry, the regrading option is not the most 

attractive alternative j one need only consider the current trend 

towards stiffer backfills. This trend has been spurred by deeper 

mining environments which has increased the occurence of 

rockbursting in many mining camps. In light of this trend towards 

stiffer backfills, the cost of simply adding larger proportions of 

cementing agent to achieve stiffer fills have tended to become 

prohibitive and the regrading alternative has increased in appeal. 

3.1.6 Discussion 

Despite much past research there still remain many problems 

associated with existing backfill design techniques. These are 

becoming increasingly apparent with the trend of increased backfill 

usage in aIl forms of underground mining, the growing pressure to 

lèduce costs and increased productivity, and the desire to adopt 

more scientific design procedures. 
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Uncertainty remains over the precise mechanism by which 

backfill interacts with surrounding rock masses and hence its ground 

support role, especiaIIy in rockburst-prone ground. The continued 

development of numericai modelling to account for the three 

dimensionai nature of most stoping geometries, the non-linear 

behaviour of backfiiis and the influence of arching will be 

required. In addition such work must be validated by increased 

monitoring of stress and deformation within backfills and rock 

masses. Little is aiso understood of the in situ mechanical 

properties of placed backfills, particularly rockfills. Existing 

insitu geotechnical engineering technology should be applied to 

backf ills, such a& pressuremeters, piezocones, and penetrometer 

testing, see Chapter 5. These also offer the advantage of providing 

the means to monitor quality control and segregation on a routine 

basis during backfill placement. 

A clearer understanding of the support mechanisms of 

backfill should lead to a clearer definition of the means by which 

required stiffness and strength can be achieved most efficiently and 

economically. The effectiveness of backfill in alleviating 

rockbursting is beginning to be validated but the underlying 

mechanisms have yet to be clearly defined. Advances in the 

capability both to model regrading techniques and to densify and 

transport backfills are justified by prospects of reducing cementing 

agent requirements and costs. similar motives support further 

research into substitute materials for Portland cement. Promising 

materials are fly ash and ground smelter slag. Alternative means of 

strengthening backfill in the vicinity of pillar recovery 
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operations, such as freezing, reinforcernent and delayed 

consolidation should also be ev;}luated fully to optimize pillar 

support for optimum recovery and dilution control, as weIl as 

advance the industry - wide trend towards bulk mining methods. 

3.2 Environmental And Supplementary Design Considerations 

It. is the objective of this section to provide design 

equations for backfill grading, drainage and transportation. This 

section further investigates the design procedures, for safety and 

environmental considerations such as oxygen depletion and bulkhead 

design. 

3.2.1 Backfil1 Oxidation And Oxygen Depletion 

The use of sulphide and sulphate rich backfills results in 

self-cementing materials. However the cementing action, provided by 

oxidation, presents the potential problem of oxygen depletion. 

The exothermic oxidation of pyrite and pyrrhotite rich 

backfills requires oxygen in a dissolved form, usually in water, 

for the reaction to occur, (14). In a mining environment, the 

hydraulic transport of backfill provides the required water, while 

the ventilation system provides the oxygen, thus mine backfills may 

be under ideal conditions for oxidation to occur. Although 

oxidation may be is desirable for increased backfill strength it 

r also creates heating and oxygen depletion concerns. 
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Patton (11), described the problems encountered at the Horne 

Mine, where granulated slag material was used. The exothermic 

nature of the oxidation reaction of the backfill was such that 

increased ventilation was required immediately after the filling 

cycle in order to remove excess heat and replenish depleted oxygen 

in working stopes. 

Bayah et al (14) have described a similar problems in 

temporarily idle stopes at the Thompson Mine, Manitoba, noting the 

potential dangers upon re-entering stopes. It was further noted 

that oxygen concentrations as low as 7% were observed, while the 

minimum level required to sustain life is 15%. A detailed study of 

factors influencing oxygen depletion was carl: ied out and i t was 

noted that several mechanisms contribute to the phe~omenon. Three 

mechanisms are prevalent: 

1. The chemical reaction of oxygen at the pyrrhotite 
surface interface. 

2. The diffusion of oxygen through the voids in the 
fill matrix. 

3. The dissolution of oxygen from the air to oxygen 
depleted water. 

Thus i t can be summarized that the depletion of oxygen 

occurs at two interfaces, the gas jliquid interface and the liquid j 

solid interface. Bayah (14) presented a means of determining the 

rate of oxygen depletion at the gas / liquid, (air / water), 

interface. It was concluded that this was the depletion process of 

interest when <:!oncerned with safety. The rate of depletion was 

summarized mathematically: 
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where: KI = 13.5 mm / min at 200 c 

A = interfacial area (cm2) 

V = volume of solution 

Cw = saturated dissolved oxygen concentration 

Cr = dissolved oxygen concentration 

t = time 

This egnation provides a means of calculating the rate of 

oxygen depletion at the gas / liquid interface. Using this equation 

it was demonstrated that oxygen removal in sealed manways can occur 

at a rapid rate, even at low flow rates. 

3.2.2 Air contamination By Radioactive Mine Backfills 

The introduction of radioactive backfills as ground support 

increases the health hazard of the underground mining operation. 

There thus exists a need to consider the possible environmental 

implications of using such materials as mine backfill. The solution 

will depend on the extent of the problem. As such, the first step 

is to determine the extent or rate of contamination and then choose 

the most cost effective solution. 

Uranium backfills conta in radioactive radon which was not 

extracted from the ore. Radon is a radioactive, chemically inert, 
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noble gas, and is the product of the disintegration of radium. It 

has a half-life of 3.8 days. The radon gas diffuses in air and 

water and is able to migrate within porous media according to gas 

laws. 

The measurement of the rate at which this gases emanates 

from insitu backfill materials was presented by Franklin (75), and 

the equipment used is described by Franklin (105) and McVey (106). 

The study was undertaken at Rio Algomls Quirke Mine in Elliot Lake, 

Ontario. The tests involved the flushing of 5000 CFM of air in each 

of two stope (649 W & 650 E stope.s) and the monitoring by four radon 

monitors of the concentration of radon gas at each of the four 

stations. The four monitors were located one in each stope, one at 

the intake and the last at the exhaust end of the access drive. It 

was found that when the fan was first turned on a steady state was 

achieved in the first four hours. ft was also notable that the 

return air monitor indicated that the radon concentration showed 

little change, once steady state was achieved, whether the stopes 

were ventilated or note This indicated that, in this particular case 

study 1 radon will convect out of a stope at the same rate as i t 

emanates from the backfill. It was fu~ther found that the emanati0n 

rate of the Rio Algom backfill was .55 pei / cm2 sec-le This 

indicated that the emanation rate of backfill was 1000 times greater 

than exposed ore. This rate further indicates that the total 

contamination depends not only on time but on the exposed surface 

area of backfill. As such a filled stope with an exposed area equal 

to the crossectional area of the access will contaminate the air 

less than a half - filled stope under the same conditions. 
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Having def ined the extent of the contamination problem 

several possible solutions are available and are discussed here. 

The first has already been indicated, i.e. the practice of 

completely filling stopes so as to reduce the exposed surface area 

of the backfill. This, in practical terms, implies that 

contamination can be reduced if the stopes are filled as quickly as 

possible. Another possible method is to remove the radium from the 

ore (107) or alternatively use uncontaminated surficial sands in 

place of mine tailings. Another possible solution is to increase 

local ized ventilation in arder to exhaust the work area more 

quickly. Lastly, the use of chemically stabilized radioactive mine 

backfills offer great potential (108,109,110). The premise of 

chemical stabilization is ta forro an impermeable layer at the fill 

- air interface. This layer will inhibit the diffusion of radon gas 

to the atmosphere. The actual process consists of physically 

spraying a 5 cm. thick layer of chemical grout onto the fill 

surface. The main reql.lÏrement of the grout is that it have a 

coefficient of permeablility of 10-10 cm / sec. One such grout, 

Cyanamid' s AM-9, has been reviewed by De Korompay (76). It was 

found that this material was acceptable in terms of it's 

permeability. Furthermore its cast in terms of a 5 cm. thick 

application was $ï.47 (1977 dollars) per square m~tre. 

In conclusion this section has reviewed the problems 

associated wi th the use of radioactive backfills. It further 

examines a means of measuring and remedying the problem o~ radon gas 

contamination. 
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3.2.3 Liquefaction Potential Of Backfill 

The term liquefaction is used to define the mechanism by 

which a soil mass transforms into a liquid with flow potential. 

This phenomenon is weIl known in cohesionless granular materials. 

There are numerous reported cases of liquefaction, the most widely 

reported case in mining is presented by sandy et al. (48). This 

case study concerned the no. 3 dump at the Mufulira mine in Zambia. 

A liquefaction failure in no. 3 dump on September 25th, 1970 

resulted in the death of 89 miners. The dump material cons~sted of 

mill tailings. There are however few instances of l iquefation 

failures occur '.ng in classified mill tailings used as backfill. In 

orde~ for 1_~efation to occur certain conditions must be met. These 

include: 

The mate rial must be fully saturated 

2. The material must be subjected to dynamic loading 

3. The fill should be cohesionless (uncemented) 

Furthermore, the energy required to produce Iiquefaction depends on 

the inter-relationship between the characteristics of the material 

mass including , particle grading, grain shape and void ratio as 

weIl as the amplitude and frequency of the dynamic loading. In 

general liquefaction potential increases for materials at low 

cor.finements, for materials with high void ratios and materials with 

rounded grain shapes. Materials are also more susceptible to 

liquefaction when the pore water pressure is increased. The 

presence of fines in mine backfills will reduce the rate at which 

pore water pressures can dissipate and thus may create a 

liquefaction potential. 
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Several viewpoints on the principle reasons for the 

occurrence of liquefaction failures in cohesionless soils existe 

These have been summarized by Whitman (117) and are listed below: 

1. seed et al (23), emphasized the bui1dup of excess pore 

pressure during cy~lic straining as the main reason. 

2. casagrande (191) and Castro (192) have focused on the 

conditions under which sands deform continously under 

small shear stresses. 

3. Schofield (193), has pointed out that a combination of 

low effective stresses and changing pore pressure 

gradients can create liquefaction conditions. 

Void ratios in backill materials are normally very low 

and particle angularity is high for mill tailings, thus contributing 

to interlocking. Confining pressures are significantly higher than 

those of surface conditions and qULced permeabilities of 100 mm/hr 

are sufficent to allow po:e pressures to dissipate rapidly. These 

typical backfill properties provide an explanation for the scarcity 

of published case studies of liquefaction failures for classified 

mill tailing in underground environments. However, it should be 

noted that high density backfills tend to conta in a high degree of 

fines, and commonly contain as much as 20% moisture. These backfill 

may be suseptible to liquefaction failure if uncemented. 
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Liquefaction potential can effectively be reduced through 

the addition of cement, good drainage and desliming the mill 

tailings by classification. 

ln summary, liquefaction is a mode of failure occuring in 

cohesionless soils when such soils are saturated and subjected to 

cyclical or dynamic loading. Although few instances of liquefaction 

have been report for underground mine backfills, the potential for 

failure exists particularly soon after filling. As such a number 

of safeguards have been proposed and the design of bulkheads, is 

discussed in section 3.2.8. 

3.2.4 Hydrocyclone Design For Backfill Grading 

The purpose of cycloning is to render the percolation rate 

of tailings material acceptable for underground placement. This is 

done through separation of the original tailings material into two 

products, a coarse fraction and slimes. The performance and 

characterization of a cyclone circuit is measured by the 

distribution of its products, which can readily be predicted by 

existing cyclone models. Such models ensure that the backf ill 

grading properties optimization, as described in section 3.1.3, can 

easily be integrated into the backfill design system. Two modcls, 

(77) and (126), in combination provide a means of estimating the 

final grain size distribution in the classified tailings portion of 

a hydrocylone circuit. It is useful initially to considcr the 

operation of hydrocyclones. A slurry is introduced into the top of 

the cyclone and enters tangentially. Classification is achieved by 
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the centrifugaI and drag forces which occur as a resul t of slurry 

velocity and cyclone geometry. The combination of these forces 

allow the larger particles to migrate to the walls of the cyclone 

and down through the apex of the cyclone (underflow) while the fines 

tend toward the center of the cyclone and move upwards and out 

through the vortex finder (overflow). Intermediate particle sizes 

will be suspended at proportionate distances from the core and thus 

account for a possible source of shortcircuiting of material within 

the cyclone. The shortcircuited portion will have to be considered 

in the final predicted grading curve. The design equations 

presented by Stratton-Crawley (77) are complex and need not be 

reproduced here, rather the reader is referred ta the referecene. 

The complexity of these Equations has lead stratton-Crawley to 

computerize their characterization model. The model consists of 

seven basic equations which define the following characteristics: 

1. Cyclone Capacity 

2. Volume Split of Water Between the Underflow 
and Overflow 

3. Cut Size 

4. Probability of Particles of a Given Size Reporting 
to the Underflow 

5. Seperation Modulus 

6. Cyclone Seperation Efficency 

7. Correction Factor for Classification of -45 um 
Particles 

These modelling equations are aIl functions of cyclone 

dimensions including, height, diameter, diameter of vortex and apex. 
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They are also functions of of slurry and particle density and fecd 

rate. 

The Flow Ratio Rf is then used by Plitt (126) to predict the 

grain size distribution of the underflow product. This is 

expressed in one simple equation below: 

where: 

R(u) = Rf + (1 - Rf) E(u) ...• 3.2 

u = particle size 

R(u) = fraction of grain size, U , recovered in the 
underflow 

E(u) = 1 - exp [-.693 (u / U SO )] 

Thus given the original grain size distribution and the 

cyclone operating pararneters the retained portion in the underflow 

of each size fraction can be calculated and thus the final grainsize 

distribution determined. 

3.2.5 Hydraulic Transportation 

The design of transportation systems for hydraulic backfill 

slurries is based on calculations of friction losses in the 

transportation pipes. Once these friction losses are quantified the 

pump characteristics can be defined. It is the aim of this section 

to establish the relevant design pararneters and equations for the 

hydraulic transport of backfill slurries. The first consideration 

for the hydraulic transport of backfill is the calculatinn of the 
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required backfill quantiti=s at the stope site. Having determined 

the required quantities, pipe diameter selection will have a direct 

bearing on the total friction loss and thus is of crucial 

importance. The selection of pipe diameter depends on pipe 

orientation, flow velocities and flow quantity rates. Korompay (61) 

noted that if pipe diameters and flow velocities are properly 

matched then pipe wear and hence life is prolonged. The following 

equation was proposed for pipe or borehole diameter selection. 

where 

d = .409 Q 
V u 

d = optimum pipe diameter (in.) 

Q = discharge rate (USGPM) 

• • • •• 3. 3 

The values of velocity, V, and the constant, u, depend on 

pipe orientation and flow conditions. In the first instance we 

consider horizontal pipe sections. The value of u for these pipe 

sections is 1, and the optimum flow velocity is expressed by the 

following formulae: 

v = Vcrit + 1 

V = 1. 25 Vcrit 

if Vcrit < 4 fps 

if Vcrit > 4 fps 

When fill is transported in vertical drops the value of V is 

equal to the selected flow line velocities, while the value of u 

remains equal to 1. These values are suggested by Korompay for 

vertical pipe sections having a uniform diameter. It was further 
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suggested that installation costs could be reduced if variable 

diameter pipe is used. In this instance the values of both V and u 

must be redefined as follows, 

v = terminal fall velocity of slurry, fps 

U = As j A 

where: = cross sectional area of pipe occupied by slurry 
(sq. in.) 

A = cross sectiona1 area of pipe (sq. in.) 

The imp1 ication of this type of pipe selection is that 

smaller diameter pipes could be used at depth, thus reducing both 

capital and maintenance costs. The ~ext stage of the transportation 

system design is the ca1culation of friction head losses for the 

se1ected pipe configuration. 

When designing a filling system the most important 

consideration is friction 1055 which has a large effect on energy 

consumption. Friction 10ss is a function of pipe roughness, 

material grading and angularity, pulp dens1ty, slurry velocity and 

pipe diameter. A series of tests were initiated by Wayment (118) 

and Bardill (119) for slurry velocities between 2.8 and 19 ftjs for 

increments of .5 ftjs between the two values. Pulp densities werc 

also varied between 5 and 70% in intervals of 3%. These tests werc 

repeated for 2, 3 and 4 in. diameter pipes. The findings wcrc 

expressed both in equation form and graphical1y. The following 

equation was deve10ped: 
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Head Loss = A + B (density) + C (velocity) + D (density)2 
+ E (velocity)2 + F (density) (velocity) 3.4 

where the coefficents A, B, C, D, E, and F vary with pipe diameter 

and are given in Table 3.1, and equation 3.4 yeilds he ad losses in 

psi./ 100 feet of pipe. 

-------------------------------------------------------------------
Pipe Size A B C D E F 

2 47.08 -1. 64 -2.49 .0149 .3003 .0403 
3 25.48 -.744 -1. 90 .0064 .1755 .0251 
4 22.67 -.555 -2.58 .0038 .1829 .0366 

Table 3.1 Regression Constants For Varying Pipe Diameters 

3.2.6 Drainage Design 

The mining industry regards drainage as a major design 

criteria for mine backfills. However, the terminology used is often 

( 
incons istant and incorrect w i th the appl ied uni ts. The most 

commonly used term is permeability, this term applies te the 

physical properties of the medium only, (grading, poros i ty) . 

Whereas, the terms of reference considered in mining refer to the 

migration of a fluid through a porous media. In this context, 

account must be taken uf the interaction between the perous media 

and the fluid, the resulting index is refered to as hydraulic 

conductivity. 

An example of the difference between permeability anc... 

hydraulic ccmductivity is thus provided here. For instance the 

Fair-Hatch (206) equa~ion considers material packing, grading and 

shape characteristics only and is thus considered a permeability 

equation in the form presented by Todd (206), whereas the Kozeny-
( , Carmen (207) equation also considers the fluid properties (viscosity 
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and specifie gravit y) and thus is a true hydraulic conductivity 

equation. A dimensional analysis of the two equations reveals that 

the resulting units are also different. 

The inconsistancy thus arises from the units attached to 

various "permeabiIity" equations. For instance a true permeability 

equation would have units in cm2, whereas the miDing industry oftcn 

uses the units cm/s. In faet a relationship between permeability 

and hydraulic conductivity exists, were one can be converted to the 

other by a factor which accounts for the fluid specifie gravit y and 

viseosity. The Fair-Hatch equation for instance has been reported 

as a hydraulic conduetivity equation by Freeze and Cherry (208) by 

ineorporating a term aecounting for fluid viscosity and specific 

gravity. The assumption of the fluid being water at 20 C is 

often made in baekfill teehnology without the appropriate change in 

terminology, from permeability to hydraulie conductivity. This 

error in terminology is evident with the Hazen equation (3.5), for 

example, which is refered to as a permeability equation by the 

mining industry. The constant "c" in equation 3.5 is taken to be 

between 90 and 120 by the mining industry, eonversly in the Kozeny

Carmen equation the same "c" constant is taken to be in the order of 

5, with seperate aeeount being taken of viscosity and specifie 

gravit y of the fluid. The "C" constant used in equation 3.5 has 

thus incorporated viscosity and specifie grilvlty, however the 

terminology has not been changed. 

The units of equations 3.5 to 3. Il have similarly been 

expressed in cm/s thus impling that these equations are in faet 

hydraulic conduetivi ty equations. However, within the context of 
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this thesis the term permeability has been used in place of 

c: hydraulic conductivity to be consistant with mining terminology. 

( 

Hydraulic backfill, after having been transported, generally 

in a 60 - 70% slurry, is placed in the stope. The excess water must 

be removed from the stope in order to ensure that the backfill 

solidifies. In addition there is often much concern about the 

turnaround time between filling and the resumption of mining. In 

this light the material permeabili ty becomes a major design 

parameter for backfill drainage. The parameters controlling 

permeability include: 

1. Backfill Grading 
2. stope Dimensions 
3. Pulp Density 
4. Desired Turnaround Time 
5. Void Ratio 
6. Mineralogy 
7. Drainage System Design 
8. Temperature 
9. Use of Portland Cement 

10. Use of Flocculants 

The migration of water through the stope backfill occurs in 

two stages. In the first stage the water migrates through the 

backfill material. In this stage two mechanisms of interest are 

noted, these include the permeability of the backfill and in 

cemented backfills the hydlation of Portland cement provides another 

means ot expelling water. Once the backfill is graded such that the 

permeability is acceptable then the excess water must be expelled 

from the stope via the drainage system. 

Examining firstly the permeability design, several empirical 

r equation are available. The .first is based on Razen (113): 
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where k = coefficient of permeablility (crnls) 
C = a constant (normally between 90 and 120) 

U10 = 10% passing size 

Although this equation is commonly used, the limitations of its' 

applicability to a range of material gradings, defined by the U101 

is not weIl documented. Another such equation was presented by 

Terzaghi (114) in the form: 

k = 1.4 e 2 k.85 • • • •• 3. 6 

where k.85 = coefficent of permeability at a void ratio of .85 
e = void ratio 

Equation 3.5 relates permeability solely to U10 , whereas 

equation 3.6 relates perrneability to void ratio alone. Shahabi et 

al (115) realized the limitations to such simplifications and thus 

proposed an equation which relates the permeability to the 

"~ coefficient of uniformity (Cu), effective size (U lO ) and void ratio 

(e) • 
k = 1. 2 Cu· 74 (U 1 0) . 89 ( e 3 / 1 + e) . . . . . 3 . 7 

This equation has been developed for materials having U10 values 

between .15 and .59 mm and Cu values between 1.2 and 8. 07. 

Furthermore the term ( e 3 / l+e) must remain in the range between 

.05 and .22. The use of this equation outside these ranges j ~ 

cautioned. 

Yet another series of equations have been proposed by Batcs 

(116). In his extensivt:: review of material drainage characteristics 

Bates developed four different equations for the prediction of 

material permeability. In addition his work extended into th<' 

prediction of percolation rate and seepage velocity. However only 

the permeability equations are considered here. The appJicability 
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of Bates' equations is subject to the conditions in Table 3.2. 

The first of these equations was based simply on the U50 of 

the material and is represented by the equation: 

k = 6100 (U50) 3.7 

PARAME TER 

VOID RATIO 
U10 (mm) 
U50 (mm) 
Cu 

MINIMUM 

.520 

.003 

.060 
2.00 

3.8 

MAXIMUM 

1.08 
.105 
.24 

22.00 

Table J.2 Applicability of Bates' Equations 

This equation was subsequently refined to include the coefficient of 

uniformity, equation 3.9, and refined again to include the void 

ratio, equation 3.10. 

k = 1800 (U50)2 Cu-1.7 
k = 7300 (U50)2.3 Cu-1.3 e4.1 

3.9 
3.10 

Bates was not satisfied with the performace of equations 3.8 to 3.10 

and proposed a final more complicated and cumbersome equation: 

k= 11.021 + ln[(e)(U10)] - .0851n(e) In(U50) + 
.194 (e) (Cu) - 56.486 U10 U50 . . . .. 3.11 

The particle size in each of the Bates equations is in 

millimeters and the resultant permeability in in./hr. 

In summary, seven different approaches have been illustrated 

for determining the coefficent of permeability of a material. It 
• 

should further be noted that the author has not had the time or 

opportunity to determine the field validity of the above equations. 

However the applicability of the presented equations for different 

ranges of particle size, uniformity coefficient and void ratio has 

aiso been reviewed. It was found that the applicability of the 

- Shahabi permeability equation, equation 3.7, is fcr coarser 
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materials than the four Bates equations. Furthermore, the Shahabi 

equation has been developed for a narrower and lower range of 

uniformity coefficients. Lastly none of the permeability equations 

presented have been developed for potential use wi th the coarse 

rockfill materials, see Chapter 7. It thus remains evident that 

future research should aim to develop permeability equations of 

application to rockfill. 

Once it has been ensured that water can freely migrate 

within tlte backfill material, then the next consideration is the 

removal of water from the stope. This part of the design is site 

specific and depends on the stope dimensions and spacing of drainage 

towers. 

ft Backfill compaction 

The most common method of backfill compaction is vibratory 

compaction. This is the practice of vibrating a backfill slurry ta 

allow for optimiurn compact ion of the in place material. Sorne of the 

main considerations for use of this system have been described by 

Nicholson et al. (111,112). These include the effectiveness of 

vibratory compaction for a particular material, methods of 

installation, required equipment compact ion and possible mining 

cycle delays when including the compact ion process as part of the 

mining cycle. The equipment described (111), (112) cons] sts of a 

probe type concrete vibrator and the floating plate vibrator. It 

was found that the floating plate vibrator is less effective in 

compacting backfill than the probe type vibrators due to poorer 

energy coupl ing between the equipment and the material. On the 
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other hand probe type vibrators tend to settle to excessive depths. 

Each of the vibrator types operate at between 100 and 170 cps and 

apply a dynamic force of between 18 and 30 kN. Figure 3. 6 

illustrates dry density contours for compacted backfill using 5U and 

75 mm probe type vibrators and the floating plate vibrator. This 

figure also illustrates that the probe type vibrator has a larger 

volume of influence than does the floating plate vibrator. 
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Effect of Vibartory Compaction on Backfill 
Dry Density (After Nicholson [112]) 

The effectiveness of the above vibra tors is also dependent 

on the size of the probe, material grading and water content. It 

was found that the area influence of .9, 1. 22 and 1. 52 metres in 

~~ diameter was achieved with 50, 100 and 150 mm probe type vibrators. 
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It was found that the lowest void ratios were achieved for weIl 

graded materials, while the effect of compaction equipment was 

greatest for uniformly graded materials. This is a result of a 

higher initial void ratio and thus a greater obtainable percentage 

reduction in void ratio. Lastly, the moisture content also has an 

effect on the compaction effecti veness. Increases in slurry pulp 

densities tends to show an increase the final density. An increase 

in slurry density further reduces the amount of effort required to 

compact the material. 

3.2.8 Bulkhead Design 

Bulkhead failures may occur as a result of inadequate 

drainage provisions behind the bulkhead or by leakage around the 

perimeter of the structure. Minor nuisance due to leakages are 

common but do not present maj or problems. However two major 

bulkhead failures have occured in Canada in the last 34 years. 

The first o<:cured in 1953 at the Kerr - Addison mine (120), 

where a bulkhead failure immobilized the cage and swept a miner 

into an open stope. The backfill material consisted of uncemented, 

classified mill tailings and pit sand with a percolation rate of 100 

mm/hr. The failed timber bulkhead was constructed to an 20.3 cm. 

thickness and braced with two 15.24 cm. square whalers placed 

horizontally across the opening. 

30,267 cubic yards of backfill. 

The stope at failure contained 

Another failure occured at Hudson Bay Mining and smelting's 

( Centennial Mine, in 1979, Nantel (121). The failed timber bulkhead 
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was of lightweight construction and was observed to be poorly 

draining before the failure. The failure resulted in the death of 

one miner. The inplace backfill consisted of uncemented, classified 

mill tailings and Tyrell Lake sands, and agaln exhibited a 

percolation rate of 100 mm/hr. 

These two case studies illustrate the need to standardize 

bulkhead design in order to prevent the reoccurance of such 

failures. The design procedure and equations are complex and need 

not be reiterated here. However the design principles will be 

reviewed and the design equations and standards for each bulkhead 

type referenced. 

The use of cemented and uncemented fills, gives rise to 

different bulkhead requirements. In the case of cemented backfills, 

normal filling practice facilitates the solidification of cemented 

backfill plugs and thus subsequent filling will load both the 

backfill plug and the bulkhead. Typically, fills pressures range 

from 0 to 62 kpa for stopes filled to heights ranging between 18.3 

and 61 m. Uncemented fills on the other hand present a much higher 

potential for hazard. The two case studies above ill ustrate the 

potential hazards. The most critical factor affecting the total 

pressure on the bulkhead is the water content in the stope. As such 

the percolation rate is the primary parameter of importance as it 

ensures reduced water buildup in the stope. Normally a 100 mm/hr. 

percolation rate is considered acceptable. However a draining 

column of backfill is sujected to both cornpaction and changing 

degree of satnration. 

both these parameters. 

The percolation rate is very sensitive to 

In fact, a 20% decrease in void ratio or a 
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10% decrease in degree of saturation would result in a 50% drop in 

the the percolation rate. As such uncemented fills can require 

bulkheads designed to a maximium of twice the hydrostatic head to a 

zero pressure. Nominally, for weIl drained backfills with bulkheads 

set back from the brow of the stope, the backfill pressure is in the 

order of 1.45 kPa. 

Kivisto (120), summarized the types ('If bulkheads and 

categorized them as timber bulkheads, reinforced concrete and 

concrete/backfill plugs. 

Timber bulkheads can be designed to resist pressures in the 

order of 4.35 kPa and are thus suitable for use with cemented 

hydraulic and weIl drained uncemented backfills. The use of timber 

bulkheads with weIl draining uncemented backfill should be 

considered only after careful investigation of the backfills 

permeability characteristics. Details on timber bulkhead design 

and anchoring are described in detail by Nantel (122). 

Reinforced concrete bulkheads offer the advantage of being 

able ta withstand greater loads and the design is facilitated 

(123,124) for standard size openings by design tables and relevant 

equations for non - standard openings. They present a disadvantage, 

however, in their cost, both in time and money. Concrete bulkheads 

further require drainage facilities as they are not permeable. The 

combination of co st and time constraints makes these bulkhead types 

suitable only for uncemented backfills. 

The use af backfilljconcrete plugs is gaining in papularity 

as a substitute for concrete bulkheads. The South Africans have used 
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and documented the design procedures (125). The basic approi1ch i s 

to construct a l ight timber bulkhead away from the brow of the 

stope. A highly cemented hydraulic fill is introduced and ùllowed to 

solidify, at which point the bulk-fill ing takes place. The 

resultant bulkhead is reported to be able to wi~hstand pressures in 

excess of 145 kPa. 

3.3 summary 

section 3.1 of this chapter has dealt with a backfill 

design rationale in a qualitative fashion. The objective of section 

3.2 was to link the design concepts illustrated in section 3. l to 

design procedures and equations. 

sections 3.1.3 and 3.1.4 dealt with Aggregate Design and 

Materials Handling respectively. Parallel sections which deal with 

design equations for Hydraulic Transportation and Drainage are given 

in sections 3.2.6 and 3.2.7 respectively. Similarly, section 3.2.5 

aims at providing a means of designing a backfill grading system 

which fulfills the requirements set out in section 3.1.3. The 

question of cementing agent addition, referred to in section 3.1.5, 

is the main thrust of this thesis and design equations for cemented 

hydraulic fi~ls have been developed in section 9.1.1. 

This chapter has thus covered a wide range of backf ill 

design requirements, with the exception of geomechanical properties 

design. It is the intent of the remainder of this thesis to present, 

develop and correlate appropriate geomechanical behavioural 

equations, developed from laboratory and in situ studies, for 

application within the design rationale presented herein. 
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4.0 FIELD STUDIES 

prior to embarking on field and laboratory studies an 

appreciation was gained of the relative importance of backfill usage 

to the Canadian mining industry as weIl as the various backfill 

categories in use were established. 

It was noted in chapter 1 that the data on backfill usage 

and properties at the outset of this project was sparse. Varying 

degrees of information on physical and geomechanical properties were 

available for each backfill type. Reference was made to published 

data where available. Such data, however, generally lacked in 

consistency and quantity. The need for a more complete series of 

testing was thus apparent. 

It is the intent of this chapter to illustrate the 

importance of backfill in the context of mining in the provinces of 

Quebec and Ontar io. Furthermore, this chapter deI ineates the 

program of laboratory and field study undertaken along with a 

geological and operational description of the mine locations 

invol ved in the study. Figure 4.1 illustrates the locations of 

these operations, and further illustrates the associated problems 

with the aquisition of field data. Field data aquisition involved 

mines ranging from the Abitibi region in Quebec, located 600 km. 

from Montreal, to the Red Lake District on the Ontario - Manitoba 

border, 2500 km from Montreal. 
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FIGURE 4.1 Geographical Location Of Field Sites 
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4.1 A Survey Of Backfill Usage 

A survey of Quebec mines was initiated in the summer of 

1985 with the assistance of the Centre de Recherche Minerale de 

Quebec. The survey comprised 19 questionaires which centered 

attention on the mining regions of Abitibi - Temiscamingue. A 90% 

response was achieved and the data showed that 60% of Quebec mines 

use some form of backfill and that an additional 18% planned ta use 

backfill. This increasing trend is equally evident among South 

African go1d mines, (201), where present backfill usage is limited 

to 1% of operating stopes at 7 mines. The projected usage for 1991 

is for 25% of operating stopes at 25 mining operations. This 

illustrates the scope of backfill usage and its importance ta 

Quebec, Canadian a~d world mining. A sample of the questionare is 

provided in Appendix 3. 

Following the Quebec survey, a similar survey was issued in 

Ontario by the Ontario Ministry of Labour. These recent surveys of 

backfilling practices in Quebec mines (28,141) and its counterpart 

survey in ontario (140) indicated that uncemented hydraulic fill is 

by far the most widely used backfi11 type in Quebec, accounting for 

a1most half by weight of aIl backfill used (Table 4.1). In ontario 

cemented hydraulic is by far the most popular. These surveys 

further illustrated that 34% of the backfill used in Quebec is of 

the rockfill type compared to 26% in ontario. 

The degree of cementation, for mines using cemented 

backfills in ontario, is summarized in Table 4.2. The table 

illustrates that 57.5% of the cemented backfi11s conta in less than 
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6% cement. These cement additions are typical in bulk filling 

practice. The second group consists of cement additions ranging 

from 6-12% and accounts for 38.5% of cemented backfill usage. Such 

additions of cement are most typicai of cemented floor usage. 

Aithough, 78% of Quebec mines reportedly use backfill only 

11% of these mines reported comprehensive data on the backfill 

geomechanical behaviour. The reported data ranged from simple 

uniaxiai compressive strength to triaxial compressive strengths at 

distinct curing periods and cernent additions. str ikingly , however 

thf!re were no reports of measured deformational properties for these 

same material. Furthermore, aIl the available data provided by the 

mine operators taking part in this survey pretains only to the 

laboratory environment. 

1 FILL TYPE PERCENT OF ALL BACKFILLS 
1 (by weight) 1 
1 Quebec Ontar io 1 

1------------------------------------------------------~--I 
1 Cemented Hydraulic 20.0 57.5 1 
1 Uncemented Hydraulic 46.0 16.5 1 
1 Cemented rockfili 13.0 13.5 1 
1 Uncemented rockfili 21.0 12.5 1 

1 1 
1 TOTAL 100.0 100.0 1 

TABLE 4.1 - Distribution Of Backfills Used in Quebec and 
ontario Mines, According to 1986 Survey 
(After Beauchamp [141]) 

76 



{ 

( 

{ 

---------------------------------------------------------
CEMENT CONTENT 
(% by weight) 

PERCENT OF ALL BACKFILLS 
(by weight) 

---------------------------------------------------------
0-2 
2 - 4 
4 - 6 
6 - 8 
8 - 10 

10 - 12 
12 - 14 
14 - 16 
16 18 

TOTAL 

2.5 
32.0 
22.0 
16.0 
16.0 

6.5 
0.0 
2.5 
2.5 

100.0 
---------------------------------------------------------

TABLE 4.2 - Cement Addition in Mine Backfills, According To 
1986 Survey, (After Campbell [140]) 

Lastly 1 the addition of 14-18% cement to backfills is 

limited to special uses such as the recovery of highly stressed 

pillars, and accounts for 5% of cemented fills in use. 

4.2 Investigated Mine sites 

This study, undertaken over the last three years 1 has 

investigated backfills at ten different mine sites seven of which 

are located in Quebec with seven mines taking part in the study. 

other materials tested include two from Ontario mines and one mine 

in Manitoba. This section provides background data on the 

individual mines involved. 
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4.2.1 Sigma Mines 

Sigma Mines is located in Bourlamaque Township, Abitibi 

County in Northwestern Quebec; approximately o ru:;! mile east of the 

town of Val d'Or. Sigma Mines has been producing gold for the last 

fifty years and covers an area of 1,469 acres (142). 

Sigma Mines is situated ~ithin the Archean Malartic Group 

of steeply dipping, easterly striking, ul tramafic flows, basal ts, 

tuffs, agglomerates and andesites. In the mine area, the Malartic 

Group ean be subdivided into North Flows, North Tuffs, C - Type 

diorites porphyry and G -Type diorite dykes. The mine is centered 

on the C - Type diorite with the vein systems lying outside this 

zone being unproductive. 

The mine produces 1275 metric tonnes of gold bearing ore 

per day and employs four mining methods. These include Cut and Fjll 

(38%), Shrinkage (20%), Room and Pillar (25%) and Long Hole (17%). 

The eut and fill stopes are used in the quartz - tourmaline 

veins which dip at 70 degrees and have thicknesses between 2.44 and 

3.66 metres. Longhole stoping is empIoyed where such veins exceed 

3.66 metres in thickness. Shrinkage stoping is aiso used where the 

viens are narrower than 2.44 metres in width. Shrinkage is aiso 

employed in the feldspar porphyry dykes zones. The average dip of 

these stopes is 80 degrees and the average width is 6. 1 metres. 

Lastly the room and pillar mining method is used for fIat Iying 

veins. The average height of these stopes is 1.68 metres and the 

dip is 20 degrees . 
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sigma uses 309 metric tonnes of backfill per day 90% of 

which is uncemented, i t is further transported at a 65% pulp 

density. The use of backfill is limited to the eut and fill stopes 

and the cemented backfill is used for cemented floors only. These 

floors are 15.2 cm. in thickness and conta in 7% cement. 

In early November of 1985 pressuremeter tests were 

conducted by the author at the 1400 level breakthrough of a eut and 

fill stope at Sigma mines. The tests were performed to a depth of 8 

metres in uncemented backfill material containing an average of 10% 

moisture. 

Furthermore, laboratory shear box tests were conducted on 

101.6 mm square samples of Sigma fill, to develop a failure envelope 

for the material. Other supporting data was also gathered via 

Proctor tests, sieve and hydrometer analysis along with pycnometer 

tests for determination of the specifie gravit y of soilds. Also a 

mineralogical assessment was made from analsyis on the scanning 

electron microscope. 

4.2.2 Campbell Red Lake Mines 

The campbell Red Lake Mine (CRLM) is situated in the Red 

Lake District of northwestern ontario. It is located in Balmertown 

and has been in production since 1948,(92). 

There are two main vein structures at CRLM, with andesite 

being the main host rock. The ore structures consist of replacement 

veins, which range in width from .61 to 9.14 metres together with 
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qua~tz carbonate fracture filled structures with thicknesses betwecn 

. 15 and .9 metres. CRLM is a maj or gold producer. Its' daily 

output consists of 970 metric tonnes of gold bearing ore. The 

production cornes from between the 300 and 900 metre horizons, from 

three sources; shrinkage (20%), overhand cut and fill (70%) and 

development (10%). Campbell attempts to recover 80% of the in situ 

ore, by these extraction methods. AIl stope development is in ore 

thus providing one source of muck. Both the shrinkage and cut and 

fill stopes have a south - west strike and dip at 65 degrees. 

CRLM employs 460 metric tonnes of backfill daily. Both 

cemented and uncemented, fine grained sandfills are used in all cut 

and fill stopes. The bulk mix for the cemented backfill employs 5% 

Portland cement. Furthermore, cemented floors with a 10% cernent 

addition are used to reduce dilution in scraper stopes. 

A series of four field pressuremeter tests were conducted 

in early July of 1986 at two locations at CRLM. The first of these 

was a 5.5 metres test conducted in 1661 stope. The backfill in this 

stope was weIl drained and uncemented. The second series of 

pressuremeter tests were conducted in 1804-1 east-west stope and 

consisted of three test holes the first 2.5 metres in depth, the 

remaining two were conducted to a depth of 3.25 metres. 1804 stope 

has been filled with a 5% cemented bulk mix with 10% cemented 

floors. In each of these tests two distinct layers were 

encountered, including 14 day cured material in the first two tests 

and 160 day cured material in the second two tests conducted at 

depth. 
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4.2.3 Denison Mines 

The Denison mine is situated in Elliot Lake, ontario which 

200 km. west of Sudbury, Ontario, was opened in 1954, (143). The 

orebody of the Denision mine consists of five stratigraphically 

separate quart~ - pebble conglomerate reefs in the Proterozoic 

Matinenda quartzite formation. The mining property is located on 

the north limb of the Quirke syncline. The syncline overlies an 

Archaean basement complex and is itself overlain by a Mississagi 

Quartzite as weIl as Bruce Limestone and Conglomerates. 

Denison mine is a uranium producer with daily output 

averaging 14,000 tonnes. The orebody dips approximately 20 degrees 

to the south and has a strike length of 4500 metres. It further 

consists of two main economic reefs which are 3 metres thick. These 

are seperated by a 2.5 metre low grade interbedded quartzite. The 

mining method presently consists of a room and pillar method which 

accounts for 100% of production. 

Backfilling practise at Denison mine started in 27 panel, 

in 1982, in an attempt to control severe rockbursting of the barrier 

pillar between Denison mine and Rio Algomls Quirke mine. Presently, 

backfilling is carried out at rate reaching up to 3000 tonnes per 

day us:..ng, both cemented and uncemented backfills. The cemented 

backfills contain 3.3% portland cement and sorne experimentation is 

presently underway with pozzolans and fly ash. The backfill is 

pumped underground at a pulp density of 68%. 

81 



A series of pressuremeter tests were conducted in latc 

June, 1986 at the Denison mine, centered around two stoping areas 

37046 and 37036 stopes. The first of these, 37046 stope, included a 

series of tests conducted at the uppercut, or top of the stope, 

consisting of tests conducted to a 3 metres depth. A second series 

of tests were conducted on the same stope, however, the test 

location for this second series was on the stope bulkhead at its' 

base. Tests at this location were conducted to a depth of fi ve 

metres. The backfill in 37046 stope was cemented at a 3.3% cement 

mixe The second stope involved in this study was 37036 stope. 

This stope was accessible in the down dip direction via the mining 

of 37037 pillar. It was observed that the exposed backfill showed 

distinct layers of segregation and a study was undertaken to 

determine the mechanical properties of the individual layers. 

Pressuremeter tests were conducted in each of three segregation 

layers. These tests were conducted at depths of 2 to 3 metres along 

the strike of the orebody. 

Furthermore, laboratory shear box tests were conducted on 

101.6 mm square samples of Denison backfill for both classified and 

unclassified mill tailing with no cement addition, to develop a 

failure envelope for the material. other supporting data was also 

gathered via Proctor tests, sieve and hydrometer analysis and 

pycnometer tests for determination of the specifie gravit y of 

solids. A mineralogical assessment was madp- from analsysis by 

scanning electron microscope. 
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4.2.4 Kiena Gold Mines 

Kiena Gold Mines operates a go1d mine in the Abitibi region 

of north - western Quebec. The mine is situated in DUbuisson, 

approximately 10 kilometres west of the town of Val d'Or (144). 

The Kiena orebody is a wide pyritic, albite - chlorite 

breccia zone and is relatively fIat dipping. The ore itself is a 

competent rock mass enclosed within weak altered peridotite wall 

rocks. This gold and silver producer mines using two mining 

methods, cut and fill (60%) and long hole stoping (40%). A total of 

1250 metric tonnes of ore are mined daily. 

Backfill is transported to the underground workings via 7.6 

and 10.2 cm. diameter plastic piping. AlI stopes are backfilled, 

the cut and fill stopes are filled with 3.3% cemented backfill and 

12.5% cemented floors. Delayed backfill is used in the longhole 

stopes and is cemented at 5%. The backfill plant supplies 1000 

metric tonnes of backfill underground daily. 

In mid - November 1985 a series of pressuremeter tests were 

conducted at Kiena. This test series took place in cut and fill 

stope 23-25 in 5% cemented sandfill to a depth of six metres. A 

second series of tests were conducted, at the request of mine 

management, during the latter part of June, 1986. Their objective 

was to assess the effect of flocculant addition on the deformational 

properties of backfill. To this aim two test sites were selected. 

( Each site contained 5% cemented backfill with 13.6 gramsjtonne 
.. 
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flocculant. In the first of these locations tests were conducted ta 

a depth of 8 metres while tests at the second site were executed ta 

a depth of 4 metres. 

Furthermore, laboratory shearbox tests were conducted on 

50.8 mm square samples of Kiena 5% cemented backfill with no 

flocculant addition, to develop a failure envelope for the material. 

A uniaxial testing program was ini tiated for 101.6 mm diarneter 

cylinders. The intent was to deterrnine the effect of drainage 

characteristics on compressive strength. other supporting data was 

also gathered via Proctor tests, sieve and hydrometer analysis 

along with pycnometer tests for determination of the specific 

gravit y of solids. A mineralogical assessment of the backfill 

material was made by scanning electron microscope . 

4.2.5 Les Mines Selbaie 

Les Mines Selbaie is located in north western Quebec, 82 

km west of Joutel and has been in production since 1974 (145). The 

orebody consists of one principal lens having a thickness ranging 

from 3 to 30 metres and a strike length of 550 metres. The dip of 

the orebody ranges from 40 to 55 degrees. 

The mine produces 1,650 tonnes of ore consisting of copper, 

gold, silver, lead and zinc mineraIs. Two mining methods are 

employed: large diameter blasthole stoping (90%) and Avoca cut and 

fill (10%). 

Delayed backfilling in the open stope areas is employed and 

a 5% cemented mixture is added to the mill tailings feed and 
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development waste rock to forro the final backfill maSSe The 

tailings and rock material is mixed in a 1:2 ratio. The same mix is 

used in the Avoca method, however, the backfill becomes an integral 

part of the mining cycle. In total the mine uses 700 to 900 

tonnesjday of classified mill tailings and 1400 to 1800 tonnesjday 

of waste rock. 

Tests on Selbaie backfill comprised laboratory tilt box 

tests to determine rockfill strength characteristics. The uniaxial 

rock compressive strength was estimated by the point load test. 

Joint shearbox tests were also conducted on sawcut rock samples to 

determine the base friction angle. other supporting data was 

gathered via sieve analysis and pycnometer tests to determine the 

specifie gravit y of solids. A mineralogical assessment of the 

backfill material was made by scanning electron microscope. 

4.2.6 Lac Matagami Mine 

Lac Matagami mine is located in north - western Quebec, 5 

km south of the towm of Lac Matagami. The orebody consists of a 

massive zinc sulphide ore zone, dipping at 800 , with a nominal 

thickness of 100 m. This ore zone is bound by andesite and rhyolite 

country rocks on the hangingwall and footwall respectively. The 

footwall contact consists of talc and talc - chorlite schists. The 

major intrusive structures include rhyolite porphry and diabase 

dykes along with crosscutting gabbro and peridotite intrusions. The 

mine is a producer of zinc and copper concentrate. It produces 3000 

tonnes of ore daily entirely by vertical Crater Retreat (VeR) 
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stoping using 50 and 115 mm diameter blastholes. 

The backfilling material consists of classified mill 

tailings. These were previously hydraulically transported through 

100mm diameter diamond drill holes. Presently however the 

underground workings have broken through the floor of the old open 

pit and this access is being uS'-.d to drawdown baekfill to the 

underground workings where i t is rehandled by LHD equipment. A 

total of 1.60 metric tonnes per day of backfill are used at Lae 

Matagami mine which conta in 10 - 12 % moisture insitu. 

In October 1985 pressuremeter tests were conducted at a 

fill aecess site on the floor of the old open pit at Lac Matagami 

mine. The tests were performed to a depth of 8 metres in 

uncemented baekfill material, eontaining an average of 10% moisture. 

Laboratory shear box tests were conducted on 101.6 mm 

square samples of Lac Matagami backfill, to determine the failure 

envelope for the material. Other supporting data was also gathered 

via Proctor tests, sieve and hydrometer analysis along with 

pycnometer tests for determination of the specifie gravit y of 

solids. A mineralogical assessment of the backfill material was 

made by scar.ning electron microscope. 

4.2.7 Hudson Bay Mining & Smelting - Flin Flan Mine 

The Flin Flan Mine is loeated in the city of Flin Flon on 

the Manitoba - Saskatchewan border, approximately 90 km. north of 

the southern extension of the Canadian Shield. The mine has been in 

production for over fifty years and productiop presently consists of 
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pillar and remnant recovery (146). The orebody consisted of six 

sulphide lenses extending to 1150 metres below surface with a strike 

length of 610m. These dip at between 60 and 70 degrees, with 

thicknesses up to 150m. The host rock is quartz porphyry, with the 

immediate hangingwall and footwalls consisting of andesite tuff and 

green chlorite and talc schists. 

The Flin FIon mine is a producer of copper, zinc and sorne 

associated precious metals. It produces 1,500 metric tonnes of ore 

daily and employs one principal mining methodi longhole stoping. 

Backfilling is an integral part of this method as mined out blocks 

must be filled prior to mining any adjacent blocks. 

Flin Flon Mine uses 700 metric tonnes of coarsely ground 

uncemented smelter slag daily. The backfill is transported and 

placed via a conveyor system. The mine operators are presently 

interested in delayed cementing and grouting techniques so that 

pillars directly adjacent to previously filled stopes can 

effectively he mined, with minimum dilution from the hackfill. 

Tests on Flin FIon mine material were limited to laboratory 

tilt box tests. This test provided a means of determining rockfill 

strength characteristics. r.che slaC] uniaxial compressive strength 

WdS estimated hy the point load test. Joint shearbox tests were 

also conducted on sawcut slag samples to deterrnine the base friction 

angle. other supporting data was also gathered via sieve analysis 

and pycnometer tests for determination of the specifie gravit y of 

solids. A mineralogical assessment of the backfill material was 

made by scanning electron microscope. 
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4.2.8 Chadbourne Mine 

The Chadbourne mine is located in the town of Noranda in 

the Rouyn Township. The mine initally started production in 1923, 

(51,147). It is located in the Abitibi Greenstone Belt which trends 

northeast for 800 km and is 240 km wide. The Abitibi Greenstone 

Belt is central to the Archean Superior structural province of the 

Canadian precambrian Shield. The Chadbourne orebody is contained 

within the Chadbourne Breccia, which has an area of 300m by 120 

metres and plunges at 80 degrees. The Breccia host rocks are 

andes i te and Lake Tremoy rhyol i tes. The Chadbourne mine is gold 

producer and mines 1000 metric tonnes per day via two mining 

methods, longhole stoping (30%) and VCR (70%). 

- The backfilling system consists of surface haulage of 

coarsely ground smelter slag from the Horne smelter to the surface 

access on the floor of the old open pit. The material is 

subsequently drawndown through a series of interconnected mined out 

stopes. It is further rehandled and placed in required stopes by 

Load Haul Dump (LHD) equipment. In total 200,000 tonnes of 

uncemented slag rockfill are used yearly. 

In October 1985 pressuremeter tests were conducted at 

Chadbourne Mine. Three test sites were chosen: the first was at the 

f ill access point on the old open pit floor. These tests were 

performed to a depth of 8 metres. A second and third series of 

tests were conducted jn 4C and 4A North-West stopes, these were both 
.... 
~ conducted to a depth of 7m. 
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Laboratory tests on Chadbourne material included tilt box 

tests. This test provides a means of determining rockfill strength 

characteristics. The slag uniaxial compressive strength was 

estimated by the point load test. Joint shearbox tests were aiso 

conducted on sawcut slag samples to determine the base friction 

angle. Other supporting data was gathered via sieve analysis and 

pycnometer tests for determination of the specifie gravit y of 

solids. A mineralogical assessment of the backfill material was 

made by scanning electron microscope. 

4.2.9 Remnor Mine 

The Remnor mine is located in the town of Noranda in the 

Rouyn Township. The mine initially started production in 1925 under 

the name of the Horne mine. It subsequently fell on hard economic 

times and had ta be closed. Recently the ore has been reevaluated 

and the mine has been reopened as Remnor mine. within the last year 

the mine workings have linked up with those of Chadbourne mine and 

the two mines are now being run as one operation under the Remnor 

banner. The mine is located in the Abitibi Greenstone Belt which 

trends northeast for 800 km and is 240 km wide. The Abitibi 

Greenstone Beit is central to the Archean Superior structural 

province of the Canadian precambrian Shield. The Remnor orebody is 

contained within the Chadbourne Breccia which has an area of 300m by 

120 metres and plunges at 80 degrees. The host rock of the 

Chadbourne Breccia are andesite and Lake Tremoy rhyolites. 
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The Remnor mine is a gold producer and mines 500 metric 

tonnes per day via two mining methods, 

shrinkage (30%). 

longhole stoping (70%) and 

The mine does not presently use backfill, however backfill 

has been used in the past. This consisted of granulated smelter 

slag and at times molten slag was also poured. No cementing agent 

was added to the granulated slag material however the high sulphide 

content in the material caused oxidation of the backfill and 

subsequent self - cementation. 

In October 1985 pressuremeter tests were conducted at the 

Remnor mine in self - cemented granulated smelter slag. The access 

point for this series of tests was a vertical fill exposure on the 

700 level. Tests were subsequently conducted to a depth of 7m. 

Supporting data was gathered on grading characteristics and 

density of the material via sieve and pycnometer analysis. A 

mineralogical assessment of the backfill material was made by 

scanning electron microscope. 

4.2.10 La Mine Bousquet 

La Mine Bousquet is located north of the town of Cadillac 

near Preissac, Quebec and has been in operation since 1979 

(148,149) • 

The ore zones lie in the Abitibi greenstone belt and are of 

stratabound volcanogenic origin, occuring within the the upper 

regions of the Blake River Group sediments. The Group is underlain 
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and overlain by the Kewagama and Cadillac Group sediments 

respectively. The orebody is steeply dipping and is known to extend 

610m along strike and to a a depth of over 600m. The orebody is 

further contained in a halo of felsic tuffs and sericitic schists. 

The mine produces 1500 metric tonnes of gold bearing ore per 

day and employs two mining methods: modified sublevel caving (80%) 

and the Avoca method (20%), which is used in areas where the 

orebody narrows to 3m or less. 

Backfilling at La Mine Bousquet forros an integral part of 

the Avoca mining method. The backfill type used is uncemented 

rockfill originating from development waste. The backfill is 

transported underground by LHD equipment and placed directly into 

the stopL!'J area. In total 760 metric tonnes of rockfill are used 

daily at La Mine Bousquet. 

Tests on La Mine Bousquet material were limited to 

laboratory tilt box tests. This test provides a means of 

determining rockfill strength characteristics. The rock uniaxial 

compressive strength was estimated by the point load test. Joint 

shearbox tests were also conducted on sawcut rock samples to 

determine the base friction angle. 

Supporting data was gathered on grading characteristics and 

density of the material via sieve and pycnometer analysis. A 

mineralogical assessment of the backfill material was made by 

scanning electron microscope. 
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4.3 summary 

mines. 

Backfill is used or is intended to be used by 78% of Quebec 

Thus backfill occupies an important role in Quebec mining 

operations. Although uncemented backfills are the most commonly 

used in Quebec mining, little is known of the geomechanical 

properties of such backfills. 

An essential goal for this 

database for each backfill type: 

hydraulic and uncemented rockfill. 

research was to establ ish a 

cemented hydraulic, uncemented 

It was found that sufficient 

laboratory data was available for cemented hydraulic backfills, so 

that a re-analysis of the combined database could be used to define 

the required behavioural equations. The extension of this data to 

field conditions required subsequent field verification. Databases 

for both uncemented hydraulic and rock fills were formed as part of 

this work through laboratory and field tests. The extent of such 

testing along with a description of the mining operations involved 

has been given in this Chapter. The most important series of tests 

was the field pressuremeter tests which were carried out at seven of 

the ten mines involved in this study. Chapter 5 describes in detail 

the pressuremeter test and the data interpratation procedure. 

Chapter 6 then de scribes the laboratory tests including uniaxial 

compressive tests, shearbox and tilt box tests. 
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5.0 MINE BACKFILL IN SITU TESTING TECHNIQUES 

The purpose of any in situ testing program is to determine 

the relevant physical and geomechanical parameters of the inplace 

material. For instance a civil engineer may be interested in the 

drainage characteristics of a given soil beneath a structure. On 

the other hand a mining eng ineer may be require the relevent rock 

strength characterisitcs in a given mining area of the mine. It can 

he appreciated that the testing techniques which apply to the two 

cases will he substantially diverse as both the material types and 

required properties are different. This range of in situ materials 

and property requirements has gi ven ri se to the development of a 

considerable number of different in situ testing techniques and 

instrumentation. The selection of the appropriate instrumentation 

is based on geological conditions under investigation, project 

requirements and the intended analysis and design methods to be 

suhsequently used. 

The main attraction of in situ testing is it.s ability to 

test a large volume of material, which otherwise could not be 

sampled in a cost effective manner. It further affords the ability 

to test the desired material under less disturbance than in a 

laboratory environment. There are however two limitations which 

must be consideredi the inability to independently control drainage 

conditions and the stress environment within the material which may 

vary with time. 

It is the objective of this chapter to briefly review the 
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range of in situ testing techniques and analysis methods which 

pertain to the aquisition of the physical and mechanical properties 

of solls. Furthermore, the rationale for the selection of the 

pressuremeter as the appropriate tool for testing in situ backfi!l 

conditions is presented. The data interpretation procedure for the 

selected instrument is explored in detail, for each of the material 

properties required. Lastly, some theoretical aspects of the Pencel 

pressuremeter are addressed and the necessary developments required 

for its usage in an underground environment are presented. 

5.1 In situ Testinq Equipment And Selection 

A wide range of in situ testing equipment has been developed 

over the years, from the simple, rugged and economical vane shear 

test to the highly sophisticated and expensi ve seismic crosshole 

method. Whatever the method, in situ tests can be subdivided into 

logging or profiling methods and those methods for the determination 

of a specifie property. 

the applicability of 

Robertson (150) has classified and assessed 

31 different testing techniques for the 

determination of specifie material properties and ground conditions. 

Table 5.1 shows his classification which provides a means of 

equipment selection. 

Table 5.1 however has several limitations, the table is 

based on the experience of one particular researcher with particular 

expertise in soil investigations. This is evident in the preceived 

"high applicability" of the prebored pressuremeter test in hard 
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Dynanuc cone ([)CPT) C B C C B C C C B A 8 B 
Stalle cone. 

Mechanleal B A B C B C C C C C A A A 
ElccllORic fnCllon (Crn B A B C B C B C C C A A A 
ElecllORic paero B A A B B B C A B B C B B C A A A 
EICCIIOIIIc plczo/fncllon (CP1lJ) A A A B B B C A B B C B B C A A A 
ElccllORic 5elsmlc/plczolfncuon 

(SCI'TU) A A A B B B C A B A B B B C A A A 
ACOUSllc probe B B C C C C C C C A A A 
Flil pll/e dlla/ome/Cf (DMT) B A C B B C B B B B B C A A A 
Ficld vanc shcar (VS!) C C A C B B A 
Slalldard penclJ'luon tes/ (SPT) A B B C B B C C B A B C 
Reslsuvlty probe B B B C A C C C A A A 
E1CC1J'Onlc conducuvlty probe A B C C A B B C C C A A A 
Toul sttess cell B B C A 
Ko SlCpped bladc B B B A A 
Scrtw plaie C C C B B B C C A C B B A A A 
Borcholc permeablhty C A B A A A A A A A 
HydrlUhc fraclUre A C C B B B B C C B A 
Boreholc shear C C B C C C B B C B B C 
Prebored prcssuremelcr (PMn B B C B C C C A C C C A A B B B A 
Push'ln pressuremelCr (PPMn A B B C B C C A B A C C C B A A 
Full-dlsplaccrncnl pressuremeICr 

(fDPMn C B B C B C C A B A C C C A A A 
Self-bonnS pressuremcter (SB PM!) B B A A B B B A B A A A A C B A A 
Self·bonnS devlCCS 

Ko meter B B A A B A A 
Lateral penetromClCr B B B B B B C C C B A A 
Sheuvane B B A C B B A A 
Pllte test B B C B B B C C A B A C B A A 

SelsmlC cross/downhole/sur(ace C C A A A A A A A 
Nuclear probes B A C C A A B 
Plaie load lests C C C B B B C C A C B B B A B B A A 

Non A - b'lh apphcab.hry. B - moderale apphcab.llly. C - hm'Ied apphcab.IUy. - - IlOl apphcable 

TABLE 5.1 In Situ Test Methods And Their Appilcability 
(After Robertson [150]) 
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rock. The pressuremeters' pressure capaci ty is an order of 

magnitude lower thar.. the pressures required to effectively measure 

hard rock stiffnesses, thus the instrument and procedure have 

"limited applicability" in a hard rock environment. The rock 

dilatometer would be a more appropriate choice under such 

circumstances. Furthermore, the table does not class i fy the 

applicability of "combination tests" such as the electronic 

piezocone pressuremeter, with the benefits of both the piezocone and 

pressuremeter setups. Even wi th i ts l imi tations this table is a 

valuable asset to be used in equipment selection. Worth (151) has 

reviewed a range of in situ testing techniques from the point of 

view of data analysis and interperation. 

It is the intent of this section to investigate the 

applicability of specific test methods, that is the penetrometer 

and pressuremeter type tests. 

5.1.1 standard Penetration Test (SPT) 

The standard penetration i::est (SPT) is denoted as the 

workhorse of the practising civil engineer by Tavenas (152), who 

substantiates this claim by the statistic that 90% of aIl subsurface 

investigations for civil engineering projects is done with the SPT 

method. The instrument was developed in the early 1900's and has 

been applied mainly in foundation design, compaction control and 

liquefaction assessment. The testing procedure is based on the 
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measurement of the number of required blows (standard hammer weight 

and drop height) per unit length of penetration. The instruments' 

main attributes are its simplicity and ruggedness. The procedure 

is simple and thus perrnits frequent tests. Soil samples can usually 

be obtained and the instrument is applicable in most soils and many 

useful correlations having already been developed. Details of the 

testing procedure are given in CSA A119.1-1960 and ASTM 01586-67. 

However it has been shown that operator characteristics can effect 

test results significantly (153). In fact Kovacs (154) has shown 

that the energy delivered to the top of the rods averages 55% of the 

theoretical maximum and ranges between 30 and 80%. This problem has 

been somewhat alleviated by the developement of the automatic 

release hammer. 

The usefulness of the SPT test is somewhat limited, with its 

most useful application being its use in material profiling and soil 

typing. Al though the test parameters have be used in various 

correlations to deterrnine the relative density, friction angle, 

undrained shear strength, and modulus, it has been shown in each 

case that the test remains too crude to be used in the determination 

of individual material properties. However it should be noted that 

if adequate controls on the test procedure are maintained, site 

specifie data correlations can be developed. 

5.1.2 Dynamic Cane Penetration Test (OCPT) 

The dynamic co ne penetration test is a continuous test in 

which an impacting weight drives rods and cone into the material 
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being tested. The test data is highly qualitativ·e and is subject to 

the sarne limitations as the SPT method. It further lacks adequate 

standardization in both the procedure and equipment specifications. 

Some recent data from the Becker density test (BDT) has indicated 

that this particular variation of the test is very useful for 

liquefaction assessrnent in gravelly sands (155). 

5.1.3 static Cone Penetrometer Test (CPT) 

The static cone penetrometer test was originally developed 

in Europe where it was extensively used prior to gaining some recent 

popularity in North America, (194). The CPT has the advantage of a 

simple test procedure, continuous recording system, reproducabiltiy 

_ of results and amenability of data to rational analysis. This test 

method is significantly superior ta the dynamic methods previously 

described as the apllied load is more easily controllable and 

becomes operator independant. 

The CPT method has been used traditionally for soil 

classification. The methods used is based on the ratio between the 

sleeve friction, fs' and the cone bearing, qc' Charts have already 

been developed which relate this ratio to a range of soil types. 

However, there presently exists little standardization in cone 

design, thus the cone bearing load can vary significantly. This 

presents a limitation in the use of this test in deterrnining the 

undrained shear strength of the material. The CPT has been found to 

...... be useful for the design of shallow foundations, deep foundations 
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compaction control and liquefaction assessment, particularly in 

( loose soils. This test is of special interest for the assessment of 

liquefaction potential in backfilled underground stopes. 

5.1.4 Flat Plate Dilatometer Test (DMT) 

The fIat plate dilatometer test has developed in Italy, by 

s. Marchetti and is sometimes refered to as the Marchetti 

dilatometer. The instrument is a variation of th Ka stepped blade. 

The DMT has been the subject of much literature in recent years due 

to the claim that the instrument is highly applicable for the 

determination of in situ stresses. The dilatometer records the total 

( 

stress measurements (Po and Pl). These are th en used in a series of 

three equations used to determine th material index, Id' horizontal 

stress index, Kd and the dilatometer modulus, Ed. 

( 
" 

Present evaluation of this test indicates that it provides 

excellent almost continuous identification of sail type. It has 

further been attempted to use this instrument in determining the 

angle of internaI friction, however it has been found (156) that the 

correlations are at best highly empirical and the correlations are 

very poor. The most promising correlations have been presented by 

Marchetti (7) in tests conducted in uncemented insensitive clayey 

soils. The resul ts indicate good correlations between Ka and Kd. 

This instrument, thus may provide a means of measuring Ko in 

backfills. Claims have also been made of this instruments' (157) 

appl icabil i ty for determining deformation parameters. The 

applicability of this instrument for the determination of stiffness 
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parameters is doubtfu1. The instrument, for instance, is 14 mm in 

thickness and thus remolds the ground upon insert ion. This is 

coupled with the test procedure which is based on the displacement 

of a small membrane a distance of 1 mm. Thus it seems reasonable to 

conclude from this that the entire test is being conducted in the 

remolded material. Furthermore the limited extent of the membrane 

area, 28 cm2 , entails that the testing of such a small volume of 

material makes extrapolate the results ta the material mass somewhat 

difficult. 

5.1.5 The Pressuremeter Test 

Table 5. 1 indicates that the pressuremeter is the most 

highly rated of specifie test instruments available. The 

pressuremeter is basically an expandable probe which is placed in 

the material and expanded under controlled conditions. This testing 

method offers good potential for determining the deforrnational and 

strength characteristics of soil and backfill materials. The 

available tests can be classified according to three criteria (158); 
• 

physical probe characteristics, method of inflation and insertion 

conditions. 

The physical classification resu1ts from pressuremeter probes 

being available in a variety of diameters. The selection of probe 

diameter is dependant on the material grading and method of 

insertion. The instrument can also be of the tricellular variet.y, 

;<,. where two guard ce11s ensure that the applied deformation can be 
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estimated as a cylindrical cavity. Such probes have proven to be 

somewhat difficult to use in the field as the differential pressure 

between the guard cells and the test cell must be monitored at aIl 

times. Thus the monocellular probe has been developed to alleviate 

this problem. The advent of this probe required a new data 

evaluation as the deformation geometry was no longer representable 

by an expanded cylindrical cavity, rather the deformation is best 

approximated by an expanded ellipsoidal cavity. This fa ct has a 

significant effect on the equations describing the generated 

material stresses and strains during the pressuremeter test. This 

will be described in greater detail in section 5.3. 

Pressuremeters can further be sub-classified by the method 

of probe inflation. That is, whether the probe is a strain or 

pressure control instrument. Al though this should have no ef ct on 

the quality of data and analysis, it has been found in practice that 

the strain control instruments have experienced less operational 

problems than the pressure controlled instruments. The main problem 

encountered in stiff backfill materials using the pressure control 

instruments is the high incidence of probe bursting. This occurs as 

the stiff material does not readily accommadate the additional 

testing pressure. The pressure is thus borne by the pressuremeter 

sleeve which subsequent risk of probe failure. 

Pressuremeters are also classified on the basis of insertion 

procedure. Three basic procedures are presently used and include 

the prebored Pressuremeter Test (PMT) , the Self-Boring Pressuremeter 

Test (SBPMT) and the Full Displacement Pressuremeter Test (FDPMT). 
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It can easily be seen that the amount of material distrubance can 

vary significantly from one instrument to the other. Furthermore, 

material disturbance becomes operator dependant for the PMT and 

SBPMT, which thus can be a source of variable results. The FDPMT 

creates the highest degree of material distrubance, however the 

disturbance becomes repeatable and is operator independant. 

The applicablilty of the pressuremeter thus depends on the 

type of instrument used. The most common instrument is the PMT probe 

based on the Menard system, with a tricellular probe. The data for 

this probe is presented as volumetrie strain at one minute after the 

pressure increment has been applied, versus the applied pressure. 

The PMT has been used to determine the modulus of deformation, Em' 

and the limit pressure, Pl' directly from the primary data. 

Empirical correlations have also been derived to estimate the 

undrained shear strength and angle of internaI friction. The Value 

of Po is sometimes used as a crude estimate of the pre-existing 

lateral stress in the material. This is due to the disturbance 

which is created during the pre-boring stage. 

Efforts to minimize this disturbance have given rise to the 

SBPMT. The instrument is essentially a thick-walled probe with a 

hollow core through which material is displaced to accomodate the 

probe. The problem of borehole wall compact ion and disturbance are 

thus reduced substantially with this instrument. One should be 

advised that the SBPMT is a high cost method and the amount of 

borehole disturbance is dependant on operator characteristics. The 

probe can be used to determine the materials' strength and 

".1' deformational characteristics wi th the same accuracy as the PMT. 
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The ideally less disturbed borehole conditions makes the SBPMT the 

most appropriate of the pressuremeter type tests for the 

determination of in situ stresses. The SBPMT insertion procedure 

has not as yet been standardized and t:le range of procedures in use 

are generally very slow and thus costly. In an effort to reduce the 

standardization problem Fahey (159) has evaluated the disturbance 

effects of five different SBPMT systems. Fahey took the approach of 

causing a disturbance by varying certain parameters, such as bit 

size, and recording the corresponding effect on the angle of 

internaI friction and the dilatancy angle. The resul ts indicated 

that th~ use of incorrect cutter settings increased the angle of 

internaI friction by 40 from 350 to 390 • 

In an effort to reduce the costs which are normally 

( associated wi th insertio!'l for the SBPMT and to a les sor degree the 

PMT, the FDPMT was developed. Disturbance during probe installation 

is large but always repeatable. The costs involved with probe 

insertion and operator training are subtantially reduced. This 

probe type is generally of smaller diameter than the PMT or SBPMT in 

an effort to reduce probe wall friction during insertion. The data 

obtainable for material strength and stiffness are the same as for 

the PMT and SBPMT, and includes the angle of internaI friction, 

shear rnodulus and undrained shear strength. Correlations with in 

situ stress are at best rough estimates due to insertion 

disturbance. The Shear Modulus for the FDPMT are calculated at 45% 

lateral displacernent (160), this is compared to 15% lateral 

displacement for the PMT method. The full details of data 

( interpretation are given in section 5.2. 
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5.1.6 Requirements For Mine Backfill Testing 

The use and selection of an in situ test procedure for 

underground backfill testing is based primarily on the properties 

to be determined and desired accuracy. An additional constraint 

being the ability of the instrumentation to function efficiently in 

the hostile underground environment. 

The primary purpose of conducting in situ tests as part of 

this project was to the determine reliable material properties for 

incorporating backfill into numerical models. Two sets of backfill 

properties are required, the first are the deformational properties 

which are used to represent the backfills' stress strain 

characterisitcs in the linear range of material response, these 

consist of the shear modulus, Gp and the Menard deformation modulus, 

Em. Next the backfills' failure characteristics need to be 

incorporated and thus the angle of internaI friction and undrained 

shear strength need to be assessed. Furthermore, the in situ 

lateral stress would be an as set in the verification of the 

numerical model. 

The review of available testing equipment has indicated that 

the cone penp.tration group of tests and the pressuremeter tests are 

applicable for physical and mechanical properties of sands and sand 

like materials. Each of these test types have verified 

correlations already established, however the experiences with the 

pressuremeter are derived from "direct" measurements while the cone 

_ penetration type tests make use of empirical correlations and may 
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be applicable only in certain soil types. Thus, the pressuremeter 

offers greater potential for testing in a new material such as mine 

backfills. This conclusion is also reflected in Table 5.1. The 

Penetrometer type tests are rated at a "moderate" to IIlimited 

applicability" for the determination of the angle of internaI 

friction, undrained shear strength and modulus of deformation. On 

the other hand the pressuremeter is rated as IIhighly applicable" for 

the assessment of these parameters. It is thus clear that the 

pressuremeter is the most appropriate instrumentation for 

determining the mechanical properties of mine backfills. This 

instrument also gives an estimate of in situ lateral stress. 

Having decided upon the pressuremeter, a number of 

particular instruments are available and include the PMT, SBPMT and 

the FDPMT which have been described in the previous section. The 

main consideration in choosing from the available instrumentation 

was the applicabilty of the equipment and testing procedure to the 

range 

These 

of underground mining environments normally encountered. 

include the space limitations encountered in cut and fill 

mining, and the accessibility problems encountered in room and 

pillar, and blasthole stopes. The problems of testing underground 

are further extended to mObility of men and equipment, and the 

availability and accessibility of suitable drilling equipment for 

drilling undisturbed holes to be used for pressuremeter tests. The 

inaccessability of appropriate drilling equipment is a major problem 

if the PMT, or SBPMT systems are used. As such the full 

displacement pressuremeter test fills the practicle requirement of 
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doing a large number of tests in a varity of underground 

environments. The equipment for FDPMT insertion was not available 

at the begining of the this proj ect and had to be developed. The 

developments are described in detail in section 5.4. 

The pressuremeter chosen was the Pencel pressuremeter. The 

Pencel (162) is a 32 mm diameter, strain controlled, monocellular, 

full displacement probe instrument. The operating range is between 

o and 90 cc volume displacement at a maximum working pressure of 

2500 kPa. The testing procedure consists of 18 equal steps cf 

volume, V, in increments of 5 cc. The pressure, P, is noted at 30 

seconds intervals at the end of each step. It has also been 

illustrated (163) that for monocellular probes wi th length to 

diameter ratios of greater than 6.5 the data obtained is similar to 

the data from a tricelIuIar probe. This has been theoretically 

demonstrated in section 5.3. 

5.2 Pressuremeter Data Inte~retation 

In this section the precise equations and processes required 

for the derivation of strength and stiffness characterisitcs of mine 

backfills from pressuremeter data is presented. The properties of 

interest include the angle of internaI friction, the undrained shear 

strength and the moduli of shear and deformation. Furthermore the 

equations for the derivation of in situ stress are also presented. 
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Although a number of individual references are quoted, Wroth 

(151) and Baguelin (161) have exhaustively covered the 

interpretation of pressuremeter data. Typical pressuremeter data is 

presented in Figure 5.1. This data has been corrected for dilation 

in the pressurized lines and the inertia of the pressuremeter 

sleeve. The data in this forro is now ready for subsequent processing 

into mechanical parameters. 

5.2.1 Shear And Deformation Moduli 

The shear modulus is the first parameter to be extracted 

from Figure 5.1. The derivation of the shear modulus Gm, is based 

on the Lame equation for the expansion of a cavity in an infinitely 

elastic medium (164) and is interpreted from the linear portion of 

the pressuremeter P-V curve. It can conveniently be represented in 

mathematical forro as: 

. . • .. 5.1 

The deformation modulus, Em' is subsequently related to the shear 

modulus by the following: 

where: 

= 2 (1+ v) Gm • • • •• 5.2 

Gm = Shear Modulus 

Ern = Deformation Modulus 

= Volume at Mid-Height of Linear Portion 
of Figure 5.1. 
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P = IncrementaI Change in Pressure 

v = IncrementaI Change in Volume 

V = poisson' s Ratio (assumed =.33) 

5.2.2 In situ Lateral stress 

The in situ lateral stress is estimated by the "take off" 

pressure (161), PO' as illustrated in Figure 5.1. The use of the 

FDPMT yields a borehole with compacted walls, and a redistributed 

stress field. Thus, the data achieved can only serve as a crude 

estimate of lateral stress. Furthermore, the FDPMT data in many 

instances does not exhibi t a take off pressure as the instrument 

remains in close contact with the borehole walls. 

The lateral scress has also been related to the angle of 

internaI friction. The coefficient of earth pressure at rest Ko' 

represents the ratio of lateral to vertical stress due to self 

weight and can be estimated by the equation: 

where 

Ko = 1 - sin (lP) • • . •. 5.3 

= the ratio between the lateral stress 
to the vertical stress 

Furtherrnore, the vertical stress can be obtained from 

backfill density and depth. Each of these data analysis methods 

will he evaluated as part of this thesis and are presented in 

Chapter 8. 
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5.2.3 Limit Pressure And Undrained Shear strength 

The limit pressure is defined as the pressure at double the 

initial volume of the pressuremeter. The operating volume of the 

Pencel is a maximum of 90 cc, with the initial volume of the 

pressuremeter being 230 cc. Thus it can easily be imagined that a 

method of extrapolating the experimental data to the theoretical 

definition of limit pressure is required. To this end four methods 

of data extrapolation have been reviewed by piciacchia (158), and 

briefly listed here. 

include: 

The commonly used extrapolation methods 

1. The Manual or Visual Method 

2. Log - Log Method 

3. Relative Volume 

4. Inverse Volume Method 

In methods 2,3 and 4 the objective is to linearize the 

volume displacement curve and then extrapolate the curve to twice 

the inital volume of the probe, thus obtaining the limit pressure. 

Conversely, the manual method is simply an observational method. It 

is see that the curve presented in IPigure 5.1 tends to flatten out 

within the operating range of the test instrument, thus a visual 

asymptote is used to estimate the Limit pressure. It has been found 

that regardless of the method used the estimated limit pressure 

remains consistent. 

110 



{ 

( 

{ 

The inverse volume method is used to estimate the limit 

pressure for purposes of this thesis. The method invol ves the 

development of a linear relation between the ce11 pressure, P and 

the inverse of the volume, 1/V. The relation is then extrapo1ated 

to 230 cc of injected volume, thus yielding the theoretica1 value 

for 1imit pressure. 

Severa1 approaches exist to obtain the undrained shear 

strength from the pressuremeter. 

e1ast.ic - plastic assumptions. 

The major theories are based on 

ThreE: theoretical solutions have 

been reviewed (161). Setting Poissons' ratio ta .5 (undrained 

loading) the three equations reviewed by Baguelin aIl reduce to: 

where: PIc = 

PIc = 

Pl = 

Po = 

Su = 

E = 

P1c = Su [ 1 + ln ( E )] 

3Su 

Limit Pressure (corrected 

Pl - Po 

Limit Pressure 

Take - Off Pressure 

Undrained Sh~ar Strength 

Modulus of Deformation 

• • • •• 5.4 

for insitu stress) 

Alternate1y, Amar (165) and Le Centre d'Etudes Menard (166) 

have proposed two ernpirical equations which have been reviewed by 

Fe1io (167), 
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PIc + 25 kpa 

10 

• . . .• 5.5 

• • • •• 5.6 

It should be noted that each of these equations require the 

pre-existing horizontal stress which is estimated from the take off 

pressure, Po. As such the evaluation of Su is prone to the sarne 

source of error as the estimate of in situ lateral stress. For 

purposes of this study equations 5.5 and 5.6 will be evaluated in 

Chapter 8. 

5.2.4 The Angle Of InternaI Friction 

The angle of internaI friction has been found (168) to be 

related to the limit pressure by the relation: 

PIc = b 2 [( tp -24)/4] • • • •• 5. 7 

where: b = a constant which is material dependant 

and = 1.8 for homogeneous, wet soil 

= 3.5 for heterogeneous, dry soil 

= 2.5 on average 

We note that this particular formulation requires the in 
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FIGURE 5.2 Empirical Correlation For Determining Angle 
Of InternaI Friction - CAfter Calhoon [169]) 
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situ lateral stress to be known. As such the equation is prone to 

the same limitations as the evaluation of the undrained shear 

strength. 

Calhoon (169), has proposed an empirical method of deducing 

the angle of internaI friction. The angle is graphically evaluated 

from the limit pressure, Pl and the Modulus of Deformation, Em. The 

graph has been reproduced in Figure 5.2. 

Furthermore, given equation 5.7 and Figure 5.2 an alternate 

means of estimating the lateral stress is evident. The limit 

pressure and the deformation modulus can be used to estimate the 

angle of internaI friction using Figure 5.2. Subsequently, the 

angle of internaI friction can be used in conjunction with equation 

5.7 to yield the in situ lateral stress. 

5.3 Theoretical Pressuremeter Considerations 

The purpose of these theoretical studies is to assess the 

stress and strain distributions which occurs in the volume of 

influence of the pressuremeter during the testing procedure. The 

original pressuremeters where designed with three pressure cells; 

two gaurd cells and a testing cell. The purpose of the gaurd cells 

is to ensure that the deformation geometry of the test cell rernains 

uniform throughout its Iength. The existing theoretical 

pressuremeter work (170,1.71.,172,1.73,174) has been based on the 

expansion of a "cylindrical" cavi ty in an infini te elastic medium 

being tested under plane strain, undrained conditions. 
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The generated stress gradient has been expressed 

mathematically by Gibson (170) and reviewed by Palmer (171). The 

equation is based on the assumption that a uniform deformation 

occurs throughout the length of the pressuremeter testing celle As 

such the equations employ a two dimensional simplification which is 

appropriate for tricellular probes. with this limitation in mind 

Fyffe (172) re-introduced the Gibson equations as: 

(CT r - cr- e) = -::--=:2~d~p~~-:
d (ln t1V/V) 

5.8 

This equation implies that the generated stress gradient can 

easily be obtained from the slope of the data plot relating change 

in ln ( .1 V/V) to change in pressure. 

In a similar vein Fyffe (172) and Baguelin (173) have 

presented equations relating the generated radial and 

circumferential strains to inj ected volume, for tests conducted 

under conditions which are identical to those for equation 5.8. 

. • • •. 5.9 

ee = 1 - (1- .1 V/V) -1/2 • • • •• 5.10 

Houlsby (174), has related the generated radial pressure with 

the material to the test cell internaI pressure and the materials' 

angle of internaI friction. The following equation was presented. 
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where: 

Ci ri = l/J/ . . • .• 5.11 

l/J = internaI cell pressure 

a = cell diameter 

ri - point of interest in material 

N = constant dependant on 
of internaI 

N = 1 - sin (p) 
1 + sin (CP) 

friction 
the angle 

..... 5.12 

However, equations 5.8 to 5.12 are only valid under the 

assumption that the deformation geometry is uniform along the entire 

length of the pressuremeter probe. Figure 5.3 illustrates the 

expanded geometry, in air, of a monocellular probe. It can thus be 

seen that the deformation geomerty is anything but uniforme In fact 

it was found that an ellipsoidal geometry best described the probe 

deformation. Using this deformation concept new equations have been 

developed as part of this thesis for use with the monocellular type 

probes, the details of which are contained in Appendix 4. The 

following sections present the relevant equations and the 

methodology for their derivation. 

5.3.1 Displacement Geometry And strain Evaluation 

Figure 5.4 illustrates the anticipated deformation geometry. 

It was noted that the deformation at any point on the pressuremeter 

surface can be expressed in terms of the maximum displacement at 

y=O, the mid-height of the pressuremeter. Thus the pressuremeter 
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{ FIGURE 5.3 Expanded Monocellular Pressuremeter 
In Air 
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displacement at tha mid-height has been expressed in terms of 

~ pressuremeter dimensions and injected volume in the following 

.' 

equation: 

.•.•• 5.13 

Furthermore the displacement at any point on the pressuremeter 

surface can be expressed as a function of inj ected volume and 

distance from the mid-height. 

fi (~V ,Z) = = - 3/2 - IL 2 _ 4Z2) + r2 L 2 t _ r 1 [ ~v 1 
L TIL 0 0 

..••• 5.14 

This equation can thus be used to illustrate the deformation 

geometry at various injected volumes. Figure 5.5 illustrates the 

deformation geometry for 25, 45 and 90 cc. of injected volume. This 

diagram further illustrates that the deformation model correctly 

predicts a zero displacement at the pressuremeter abutments. 

Equation 5.14 can he rewritten in terms of the instrument l/d ratio. 

This has been rewritten as equation 5.15. 

• •••• 5.15 

Equation 5.15, has subsequently been used to produce Figure 5.6. 

This figure plots displacement differance between the probes mid-

height and a point half-way to the abutment. These displacement 

differences are plotted for injected volumes of 45, 90 and 120 cc. 

~ If the 90 cc injected volume curves are used then the conclusion is 
,-j. 
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( FIGURE 5.4 Idealized Monocellular Probe Deformation 
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FIGURE 5.5 Deformation Prediction Diagram 
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that the displacement difference between these two points becomes 

negligible (.025 cm.) for an l/d ratio of 6.5. This conclusion is 

consistant with that of Capelle (163). In fact, an new ASTM standard 

is presently being set for the full displacement pressuremeter and 

the recommended l/d ratio is 6.5. 

The circumferential and radial strains are developed from 

the basic equations: 

- y es - -
r-y 

1 
e =--1 

,. 1 + es 

••••• 5.16 

••••• 5.17 

Equation 5.16 is used in conjunction vith equation 5.14 to develop 

the circumferential strain equation 5.18. This equation is 

subsequently used in association vith equation 5.17 to develop the 

radial strain equation 5.19. 

2 + fi (I1V,Zl -t 
ea(âV.Z)= [1 - 5 (~V,Z)( 2 ») - 1 

r 
• • • •• 5.18 

er(~V,Z)= [1 - ô (âV,Z)(2 + fi ~I1V,Z) )Jt _ 1 • • • •• 5.19 
r-
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L/D SENSITIVITY ANLAYSIS 
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FIGURE 5.6 Length Ta oiameter Sensitivity Analysis 
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5.3.2 stress Gradient And Generated Radial stresses 

The stress gradient equation developed from the radial 

equilibrium equations for the stresses is written: 

rdo 
_r = 0a - 0 = -$(ea) dr r 

5.20 

It has been shown, in Appendix 4 , that this equation after due 

substitutions and intergration becomes: 

$(8) = 8n + 6)(2 + ~» 'P' (6) • • • •• 5.21 

where: ô is defined by equation 5.14 

Palmer (171) found that this equation could further be 

simplified and represented in such a manner that the stress gradient 

is given by twice the slope of the plot of ln (Ô V/V) vs. pressure. 

This has been accomplished by setting a function f(x) ta, 

({x) = ô(ô + l)(ô + 2) • • • •• 5.22 

and seeking a second function g(x) such that, 

1 1 
({x) = - -+g'(x) = -

g'(x) (x) • • • •• 5.23 

hence , 

123 



...... -
'>1' 

g(x) = f-I 
f(x) 

and ~quation 5.24 can be rewritten as: 

2 f x g(x) = - th: 
D i+ Ex2+ Fx + G 

where: A = 1.5 / 7r L 

B = -6 / 7t L3 

C = (ro)2 L2 

D = A + B Z2 

E = 3 ( 1- ro) 

F = [3 (ro)2 - 6 ro + 2] 

G = - [ (ro)3 - 3 (ro)2 + 

X = (D.1V + C) 

• • • •• 5.24 

• • • •• 5.25 

2 ro] 

The integral in equation 5.25 after several manipulations 

substitutions reduces to 

g(x) = 
E 

x - - -1 1 (3 E 
-ln )+-
D E 3D 

x - - + 1 
3 

E E 
(x - - - 1 ) (x - - + 1) 

ln{ 3 E 3 } j 
x- -

3 

• • • •• 5.26 

and the stress gradient equation can be rewritten as 

.... (dV Z) = d'li 
't" , dg(fl V, Z) • • • •• 5.27 

and 

In looking at the radial stresses generated by the pressuremeter 

..... while the test is in progress Houlsby (174) found the following 
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equation based on the stress equilibrium equations held true: 

where, ~ , is the internaI cell pressurè. 

method for tricellular probes where l/J 

• • • •• 5.28 

This is an applicable 

is always in the radial 

direction. However, given that the deformation geometry is not 

uniform throughout the probe length is not applied radially 

throughout the probe. Pressure vessel theory dictates that the 

internaI pressure, l/J is always perpendicular to the interior 

surface of the probe, thus the radial internaI pressure can be 

defined as a function of applied pressure, injected volume and 

location on the probe surface. This has been represented 

mathematically as: 
2 3 àV .le 

Ip(r + - -)"" 
o 2 nL 

'l', = ------=:......:.:=-----
!.f(r2+ ~âV)L2_ 6àVZ

2jt 
L ° 2nL nL 

••••• 5.29 

Lastly, the radial stress at any point in the material heing 

tested is defined by the combination of equations 5.27 and 5.28. and 

yields: 

[
rO]l_N 

Ip - =0 
r r r 

1 
• • • •• 5.30 

Equations 5.18 and 5.19 along with equation 5.30 can he used 

to convert pressuremeter volumetrie displacement - stress data to 

radial or circumferential stress - strain curves at any point in the 

( test media. 
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It can be shown using equations 5.29 and 5.30 that if the 

Pencel pressuremeter is inflated to its' rated pressure of 2500 kpa 

the stress generated at the instruments mid-height, in a material 

with angle of internaI friction of 32°, would reduced to 5% or 125 

kpa 2.5 radii from the instruments center. This is an important 

conclusion as it provides a means of determining minimum spacing 

requirements between pressuremeter test holes. For instance if the 

disturbance created by 125 kpa stress is acceptable then two test 

holes spaced 5 pressuremeter diameters (17. 7 cm) apart could be 

considered as undisturbed in relation to the influence of adjacent 

holes. 

5.4 Practical Considerations 

The Pencel Pressuremeter has been developed extens i vely by 

civil engineers as a method for acquiring foundation design 

parameters for footings, piles, pavements and laterally loaded 

pylons. Each of these applications allows probe insertion by feed 

pressure provided by large surface drilling equipment which are not 

readily available in underground mines, where available space is 

often restrictive. Thus an alternate insertion system was developed 

for these studies, which comprises a heavy dut Y frame, 10 tonne 

hydraulic ram wi th a 1.1 m stroke and an air powered hydraulics 

control unit, Figure 5.7. A simple, rugged instrument for 

underground use the Pencel pressuremeter was selected. 

The frame disassembles into components no larger than .8 x 

.8 m in size and so is capable of transport via confined spaces such 

as raises. The air powered hydraulic system was chosen due to the 
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ready availability of compressed air and the absence of electrical 

power in many underground mine locations. The maximum operating 

pressure of 35 MPa is achieved with .85 cu m/min. of compressed air 

at 415 kPa gauge pressure. This insertion system proved to be 

inexpensive and versitile in use, both on surface and in several 

different underground situations. 

Four frame anchoring systems were also developed and tested. 

The first and simplest anchoring method for both surface and 

underground locations, where the roof was nonexistent or 

inaccessible, was to load two large plates on either side of the 

frame with waste rock or backfill, Figure 5.8. This requires the 

use of a LHD to handle the required volume of anchoring material. 

AIternateIy, when such vechiles were not available it was also 

possible to anchor the frame with double flighted, .15 m diameter, 

anchoring augers drilled to lm depth with a hand - held, rotary 

drill, Figure 5.9. Next, where the roof was easily accessible, with 

2.5 to 3 m of available height, the top of the frame was propped to 

the roof wi th timber cribbing, Figure 5.10. This system provided 

the quickest means of providing a rigid and stable frame assembly to 

counteract the stresses associated with forcing the pressuremeter 

probe and insertion rods up to 10 m into the various backfill types 

tested. Lastly, where the only access to the material to be tested 

is via a bulkhead, the frame is mounted horizontial!y and supported 

by 25 mm wire cables, Figure 5.11. This insertion rnethod has proved 

effective to date in backfill of up to 65 f.~pa in stiffness, beyond 

which pre-drilled holes have required. 
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FIGURE 5.7 Insertion unit And Hydraulic Power Pack 
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FIGURE 5.8 Anchoring System Using Muck Anchoring 
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5.5 Summary 

This chapter has reviewed the role of in situ testing in 

engineering practice. A rationale for the selection of the 

appropriate testing equiprnent has been presented and possible 

equipment selections for the purposes of this proj ect have been 

reviewed. The two basic categories of tests which would appear 

applicable for backfill testing are penetrometer type tests and the 

pressuremeter tests. Individual testing methods have been 

critically reviewed in section 5.1. 

as the most appropriate instrument 

The pressuremeter has ernerged 

for backfill testing and the 

rationale for this selection has been presented. 

The various options for the interpretation of pressuremeter 

data have been explored and the limitations outlined. Furtherrnore, a 

model has been developed which represents the generated strains and 

stress during a monocellular pressuremeter test. Lastly, an outline 

of the equipment and testing procedures developed as part of this 

project has been presented. 

130 



( 

( FIGURE 5.9 Anchoring System Using Auger Anchors 
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FIGURE 5.10 Anchoring system Using Wood Cribbing 
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( FIGURE 5.11 Bulkhead Anchoring System Using Cables 

133 



6.0 MINE BACKFILL LABORATORY TESTING TECHNIQUES 

The main objective of the laboratory testing program was ta 

develop a backfill material properties data base from which a series 

of design equations could be developed and verified with field 

observations. To this end two categories of tests were performed. 

The objective of the first was to de scribe the physical properties 

of the available backfill materials. In the second instance the 

goal was to determine the geomechanical characteristics of these 

same backfill materials. The intent was th en to match the physical 

and mechanical properties into a series of design equations. 

With the objective having been defined, a battery of 

physical and geomechanical tests were conducted on the array of 

backfill materials accumulated from ten different mines in Quebec, 

Ontario and Manitoba. The physical properties tests included 

mineralogical analysis, determination of density, analysis of 

particle shape and grading, and the determination of optimum 

moisture content. The tests conducted for the determination of the 

geomechanical properties of backfills depended on the textural 

classification of the material to be tested. These materials 

included fine sandfills, coarse rockfills, and weIl graded rockfill 

material. It was evident that the applicability of tests 

conventionally conducted on fine grained materials to coarse ones 

was questionable. Therefore one set of tests, the tilt box test, 

was adopted for rockfill and another, the soil shear test, for 

uncemented sandfills. Design equations for cemented backfills have 

been developed from 

published data. 

around 430 
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The objective of chis chapter is to describe the laboratory 

tests which were conducted for the determination of the physical 

and mechanical properties of mine backfills. 

6.1 Backfill Physical properties 

Prior to undertaking any mechanical testing a number of 

physical properties require to be determined, both for the test 

specimens and the material particles. 

The chemical characteristics of the backfill material were 

determined from the scanning electron microscope. !<'urthermore, 

representative material from each mine was used to determine 

mate rial grading curves. The specifie gravit y of solids were 

determined with the null pycnometer and the scanning electron 

microscope was further used to determine particle angularity .. 

The physical characteristics required for the test specimens 

stems from measurement moisture cùntent. Having determined this 

property the dry density and void ratio can be determined from 

sample weight and specifie gravit y of solids respectively. 

6.1.1 Determination Of Density 

Two densities are required; the density of backfill 

particles and that of the samples tested. In the first instance we 

wish to determine the specifie gravit y of soilds. The specifie 

gravit y of soilds is defined as the ratio of a given volume of 
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material to the weight of an equivalent volume of water. The 

procedure for determining the specifie gravit y is outlined in (175), 

ASTM standard 0854 - 58. The Quantachrome Corporation PY-5 Null 

Pycnometer (176) was used to determine the specifie gravit y of 

particles. The basic premise of the Pycnometer is to precisely 

measure the volume of a given weight of dried material. The Null 

Pycnometer used 

+.33%, thus this 

measured. 

accurately measures the volume of particles 

is the accuracy to which specifie gravit y 

to 

is 

The second procedure is used to determine the dry density 

and void ratio of the test specimens. Moist samples were measured 

and weighed prior to testing, thus a moist density could be 

calculated. The moisture content was determined (177) after the 

specimen was tested, hence the dry densi ty could be determined. 

Lastly, the specifie gravit y of the solids and the dry density are 

used along with equation 2.1 to determine the void ratio of each 

sample tested. 

6.1.2 Gradinq And particle Shape Analysis 

The method used to determine particle grading and shape 

depended on the texturaI classification of the material. For 

instance the fine sandfill required a procedure of sieve and 

hydrometer tests while the rockfills required screen and/or a manual 

dimensioning procedure. 
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The procedure used for grain size analysis 

grained material was consistent with ASTM D422 - 63 

of the fine 

(178). The 

sieve analysis was conducted with a ten sieve stack with size ranges 

between 10 and 200 mesh. The material which passed the 200 mesh 

sieve was then used for the hydrometer analysis, with the 152-H type 

hydrometer. 

This procedure was not applicable for the rockfill 

materials. A modified procedure was adopted whereby the rockfill 

was separated by a continuous, coarse screening. A screen stack of 

six screens, ranging in size between 20 mesh and 1.91 cm., was used. 

The oversized material was manually graded by measuring two particle 

dimensions and individual particle weight. A minimum of 200 

particles were measured in this fashion for each rockfill material. 

The dimensioning portion of the grading data was also used to 

determine the coefficent of sphericity for the coarse fraction. 

Representative samples of the fine grained material were 

scanned under the Joel 77 electron microscope at a magnification of 

150 times. The Particle Recognition and Characterization (PRe) 

(179) data aquisition prograrn was used to deterrnine the particle 

angularity. Multiple frames were analysed so that between 400 and 

700 particles were measured. 
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6.1.3 Determination Of optimum Moisture Content 

The testing procedure for determining optimum moisture 

content of granular materials is weIl documented and widely 

accepted. The test has often been termed the Proctor Test with two 

testing procedures being acceptable (180),(181). For the purposes 

of this thesis standard compact ion was achieved with a 4.54 kg. 

hammer dropped from a 457mm height. This is the procedure outlined 

in ASTM 01557 - 78. 

6.1.4 Mineralogical Investigations 

The mineralogical investigation for each backfill material 

employed the use of the scanning electron microscope. This was used 

for the determination of elemental configurations of individual 

particles. The electron microscope enabled the isolation of 

individual particle on which a spectral analysis can be performed. 

The elemental data along with a visual assessment of particle 

structure provides a means of determining the minerology of the 

particle. Furthermore an overall spectral analysis can be conducted 

on the entire specimen, the height of the peaks recorded could 

theoretically be used to determine the elemental concentration in 

the sample. 

The JOEL JSM - T300 (183) with the Tracor Northern (184) '1'11 

5000 series Analrszer and asssociated software was used for this 

part of the work. The analyszer uses an x-ray diffraction methoù 

for particle analysis. 
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6.2 Determination Of Backfil1 strength And stiffness Characteristics 

prior to embarking on a 1aboratory testing program it was 

felt important to characterize the material to be tested. Upon 

further examination it was found that the materials fell into two 

broad categories: cemented and uncemented backfills. These two 

categories made logica1 sense as the parameters which enhance 

inherant strength and stiffness characteristics are different for 

each category. That is, for cemented backfil1s, the amount of 

cementing agent, curing period and moisture content are of greatest 

importanc~ to stiffness and strength. Design equations for cemented 

backfi11s should thus ):\e expressed in terms of these parameters. 

Upon considering uncemented backfills it was found that the 

important parameters are void ratio and degree of saturation. 

Therefore, in a similar manner as for cemented backfills, design 

equations for uncemented backfil1s shou1d be expressed in terms of 

void ratio and degree of saturation. The avai1able laboratory 

equipment enabled the testing of cement.ed and uncemented hydraulic 

fills and uncemented rockfills. The geomechanical properties of 

cemented rockfil1s were not determined as part of this study. 

The design equations for cemented backfills have been 

developed from close to 430 observations accumulated from published 

data. Furthermore, 50 uniaxial compressive tests were conducted to 

verify the developed equations. 

The testing program for uncemented backfill materials was 

undertaken by soil shear box testing. The testing covered material 

from five different mines and was conducted under conditions of 
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varying moisture contents and void ratios. 

were tested in the soil shear box arrangement. 

In total 220 samplcs 

The question of determining the shear strength of uncemented 

rockfills with varying textural classifications brings with it a 

score of associated problems. This is due to the coarse gradinq of 

these materials. A testing procedure was proposed by Barton ( 5) 

which offers great potential in deterroining rockfill strength. A 

total of 100 box table tests were conducted, as part of this study, 

on mine rockfill materials from four different sources and with 

varying textures and degree of compaction. 

The tilt box test requires supporting data in the form of 

surface base friction characteristics and uniaxial compressive 

strength of the rockfill particles. To this end the joint shear box 

test was used on saw cut rock samples for the determination of the 

base friction angle of the material, 4 such tests were conducted on 

each of four rockfill materials. In addition the uniaxial 

compressive strength of the material is also required. It was 

realized that the material was not suitable for coring and testing 

in uniaxial compression, thus sorne forro of index test was required. 

The point load test was selected to fill this need and a total of 20 

tests were conducted on each of the rockfill aggregates, (188,195). 

6.2.1 Analysis Of Published Cemented Backfill Data 

The literature contains abundant information on the 

variation of uniaxial compressive strength with the content of 

normal Portland cement, based on the testing of 152.4 mm diameter 

samples. The data accumulated in this study, represents test 
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resu1ts reported from 30 authors and more than 40 different mi11s 

representing mostly Canadian mines. 

The number of observations of uniaxial compressive strength 

under varying cementing conditions have been tabulated in Table 6.1. 

These have further been separated in terms of observations at each 

curing time. The most ab und a nt data was that for the 28 day cured 

samp1es. The tailings to cement ratios ranged from 40:1 to 5:1. 

CURING TIME 

7 DAYS 

14 DAVS 

28 DAYS 

90 DAYS 

NUMBER OF OBSERVATIONS 
OF U.C.S. vs. CEMENT 
CONTENT 

99 

76 

189 

66 

TABLE 6.1 Avai1ability And Demograhics of Pub1ished Cemented 
Backfi1l Uniaxia1 Compressive Strength Data 

A statistica1 ana1ysis package (SAS) was used to to 

corre1ate the reported uniaxia1 compressive strengths to the 

physica1 parameters which inc1uded cement content, curing time and 

moisture content. One possible source of error resul ts from the 

degree of particle coating as a result of cement addition on a by 

weight basis. The problem can be rectified by converting cement 

additon to a per volume basis. However the specifie gravit y of 

sol ids is not reported in many instance whieh thus reduces the 

available data base. 
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6.2.2 uniaxial compressive Strength And Stiffness 

Fifty uniaxial compressive tests were conducted on fine 

grained hydraulic backfills from Kiena Mines and Campbell Red Lake 

Mines. 

The tests were conducted on 101.6 mm diameter cylinders of 

20:1 cemented backfills and comply with ASTM 01633 - 33, (182). The 

Wykeham Farrance WF10072 100 kN press was used and the testing rate 

was • 3 mm/min. Sample densities, void ratios and moisture content 

were measured for each sample. Furthermore, samples were allowed to 

cure for varying lengths of time under a range of curing conditions. 

The cast samples from Campbell Red Lake had cured in an 

underground environment for a period of 28 days prior to being 

shipped to Montreal. The sample travelled a distance of 2500 km. 

and had been poorly packed, thus the Campbell Red Lake data from the 

ten samples tested should be viewed with caution. 

NUMBER OF 
SAMPLES 

10 

10 

10 

10 

MOIST 
CURING 

14 

35 

35 

63 

DRY 
CURING 

52 

o 

7 

4 

TOTAL 
CURING 

66 

35 

42 

67 

TABLE 6.2 Curing Characteristics of Tested Uniaxial 
20:1 Cemented Backfill Cylinders - Kiena Mine. 
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The cast cylinders from Kiena were encased within a backfill 

matrix in the transportation drum and were allowed to cure in this 

fashion for a period of 14 days. A total of fort y samples were 

retrieved at that point and each was a110wed to cure for different 

lengths of time under ei ther moist or dry condi tons. The precise 

conditions of curing are illustrated in Table 6.2. 

6.2.3 sail Shear Box Testing 

Soil shearbox test were conducted on 220 - 101.6 mm square 

samples for uncemented backfills. Test were conducted with a 

standard soil shear box with load, lateral displacement and 

veritical dilation being measured. This enabled the measurement of 

shear strength, stiffness index Gp, and intermittent void ratio. 

These measurements were in keeping with ASTM 03080 - 72, (185) and 

Wray (186) and were conducted at 390, 780 and 1200 N nominal normal 

pressure. 

The cemented samples were cured under the same conditions 

as the uniaxial samples illustrated in Table 6.2 and were tested at 

the same time as the uniaxial specimens. The testing rate for these 

samples was .5mm/rnin. 

The uncernented samples were first brought to standard 

compaction as illustratcd in 6.1.3. This was done for material at 

optimum moisture as well as above and be10w optimum moisture. 

Furthermore a series of tests were conducted for samples compacted 

at orytimum moisture content and dried to 60% and 5% of optimum 

moisture. The overall strategy was to control the void ratio by 
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varying compaction moisture and subsequently controlling test sample 

moisture by drying samples for varying lengths of time, whilst 

observing the effects of changing these parameters on the failure 

envelope of the material. All tests were conducted at .5mm/min. 

6.2.4 Tilt Box Tests 

The testing of uncemented rockfills presents new chal langes 

owing to the coarseness of these materials. Sorne testing data from 

civil engineering dam projects have been reported (4), (7), these, 

however, have been generated from triaxial tests on 1.0Sm diameter 

samp1es. This wou1d not be a practicle means of testing for 

rockfills at mine sites as the required equipment is expensive and 

cumbersome. It was thus intented to determine the shear strength of 

uncemented rockfills in a fashion which is easily accessible to mine 

operators whi1e maintaining high standards for data integrity. 

Barton (5) proposed one such test which is based on the 

determination of an equivalent roughness coefficent (R) and 

equivalent strength (S). The equivalent strength (S) is dependant 

the intact uniaxial strength of the fi1l aggregate and the uso of 

the fill material, the precise relationship is illustrated in Figure 

6.1. 

Barton further proposed that the roughness coefficent could 

be determined by two methods. The first was through the estimation 

of particle angularity and porosity followed by the use of Figure 

6.2 to determine R. The second method was to determine R by back -

ca1culation and thus the usage of the tilt table test. It was 
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proposed that R could be back-calculated by the equation: 

R = œ - l{Jb 
log (SI. O"no 1 ) 

where: œ = tilt angle at failure during test 
l{Jb= basic angle of internal friction 
5 = equivalent strength parameter 

• • • •• 6.1 

cr = normal stress of sample during testing 
n 

Equation 6.1 is then substi tuted into equation 6.2 where 

the angle of internaI friction can be determined for a range of 

normal pressures. 

l{J = R log (S 1 ~n) + l{Jb 6.2 

where: ~n = normal stress 

Equation 6.2 thus implies that the total friction angle is 

comprised of two components, a basic friction angle and a stress, 

roughness, strength dependant camponent. In arder to find the 

failure envelope these two components need to be defined. The base 

friction angle is determined by the joint shear test on saw - cut 

joints (6.2.5). The material strength is determined by the point 

load test (6.2.6). Thus the only parameter required at this stage 

is the roughness coefficent, equation 6.1. Having determined the 

base friction angle and the material strength then the tilt angle 

and the the normal load during the test need be determined. The 

normal load is easily ealculated from the specifie gra,rity of solids 

and the weight and volume of material above the failure plane. The 

( tilt angle is determined by condueting the test. 
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dso partlcl. slu hnmt 

FIGURE 6.1 Method Of Estimating Equivalent strength 
(After Barton (5]) 

146 



( 

EUMI'\.ES SHOWI"G DEGlIEE M IIOI/NDEDNESS 

OIIA.IIIIEO TALUS NOIlAINf ~~~~ l'lUVlAl 
1I0tll WATEII1Al 

••• ... ••• .. . .. . ••• .... :1: u: ••• ••• . ~ • •• 
••• ••• ... ::~ • •• . ~. .... .... .. . ••• • •• . ~ . .. ... 

FIGURE 6.2 Method Of Estimating Equivalent Roughness 
(After Barton [5]) 
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Barton proposed this method but did not propose guidelincs 

for box construction and dimensioning. It is further implied that 

actual tests were never carried out to verify his hypothesis. Thus 

a set of guidelines were developed, the size of the required box 

was based on the size of the material which was to be tested. The 

rule of thumb used was to make the minimum dimension of the box 30 

times the USO of the material or 10 times the Umax whichever is 

greater. The testing apparatus and procedure used as part of this 

study was developed at McGill based on initial study of Bartons' (5) 

work. The testing apparatus is illustrated in Figure 6.3a. Figure 

6.3a further illustrates a test at the onset of failure while Figure 

6.3b illustrates the vibratory compact ion system used. The 

containment area pravides room for samples of up to .6 m3 of 

material. Taking the box dimensions into consideration equation 6.1 

can be rewritten to provide a roughness coefficent directly from the 

tilt height and the specifie gravit y of sample (equation 6.3). 

R= 

where: 

-1 
SIN (t/23.8) - Pb 
LOG ( 5/.00034 Ys x cast SI N-1(tl23 8) ) 

t = tilt height 
y. = specifie gravit y of sample s 
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FIGURE 6.3 (A) Sample Preparation A~d compaction 
For The Tilt Box Test 

FIGURE 6.3 (B) Tilt Box Test At Point Of Failure 
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A total of 100 tests were conducted for nine differcntly 

graded material from four mine sites. Testing was conducted undcr 

compactions of 0, 15, 30 and 1 minute vibration times, and the tests 

were repeated five times under a particular set of conditions. The 

vibrator was a 25.4mm diameter probe - type instrument, vibrating at 

10,000 vibrations per minute. The tests indicated excellent 

repeatabili ty, with the tilt angle variations wi thin a particular 

test group showing variation betwèen .310 and 1°. 

6.2.5 Joint Shear Box Tests 

The joint shear box tests were conducted to determine the 

base friction angle of the rockfill materials tested in the Tilt 

Table. Test specimens were made by saw - cutting a large fill 

particle, the measured surface area of each sample is given in Table 

6.3. Samples were tested to ISRM standard (187), under normal 

loads of 10, 15 and 20 kN. Readings were taken every .03 mm of 

axial displacement. 

1 MINE LOCATION SPECIMEN AREA 
1 (CM2 ) 1 

1--------------------------------------------1 
1 BOUSQUET 77.42 1 

1 1 
1 SELBAIE 125.81 1 

1 1 
1 CHADBOURNE 51 . 6 1 

1 1 
1 HBM&S 41.94 1 

TABLE 6.3 Shear Surface Area For Joint Shear Box Tests 
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6.2.6 Point Load Testing 

The uniaxial compressive strength of the rockfill material 

needs to be determined in order to calculate an equivalent strength 

for insertion into equation 6.3. The material available was not 

large enough for coring and thus an index test was required. The 

point load test was selected as it is a widely accepted and weIl 

documented test. The procedure and analysis followed is that for 

lump samples (188,195), and 20 tests were conducted for each 

material type. The average variation in predicted uniaxial 

compressive strength for a material type was ±6.7 MPa. 

6.3 Summary 

This chapter has summarized the laboratory tests which were 

conducted as part of this work. The tests were conducted to 

determine the physical and geomechanical properties of mine 

backfills. The applicable standards have been quoted although not 

expanded upon in the interest of brevity. Any variations from these 

standards have been mentioned and the particular testing conditions 

have been outlined. 

151 



f 
t 

t , 

7.0 PHYSICAL CHARACTERISTICS OF MINE TESTED BACKFILTS 

The objective of this chapter is to describe the physical 

characteristics of the mine backfills tested. The physical 

properties covered in this chapter fall into two categories; 

physical properties of the backfill material (sections 7.1, 7.2 and 

7.3) and properties of the test specimens (section 7.4). The 

individual properties used to describe the backfills tested include 

the material grading and particle shape, dry density and void ratio 

and permeability. The backfill material mineralogical composition, 

specifie gravi ty and optimum moisture content are also used to 

characterize the materials tested. 

This chapter further evaluates the consistancy of the seven 

permeability prediction equations listed in section 3.3.6. Having 

evaluated their consistancy the use of these equations is commented 

upon and recornmendations for determination of material permeability 

are made. 

The use of a 25.4 mm diameter, 10,000 vib. / min., 

industrial vibrator was required for the compaction of rockfill 

samples in the tilt box tests. It was recognized that the vibration 

times and procedures for sample preparation were carried out without 

the bene fit of knowing the precise effect vibration time had on void 

ratio. Thus it is further intended to evaluate the effectiveness of 

vibration time on the change in void ratio. The resultant relation 

can be used for future tilt table sample preparation and also to 

illustrate the benefits of vibratory compaction. 
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7.1 Mineralogical Composition 

The objective of the mineralogical investigation wa~ to 

define the chemical composition and rnineralogical phases. Both 

these objectives were met by the scanning electron microscope. In 

the first instance, Figure 7.1, the chemical composition of the 

entire field is evaluated, with the relative heights of the 

spectral peaks being used to deterrnine the relative proportions 

reported in Table 7.1. The table indicates that the most common 

elernents found in the mine backfills examined included silica, 

sulphur, calcium and irone 

--------------------------------~-~---------------------------------
MINE LOCATION ELEMENTAL 1 

PROPORTIONING (%) 1 
--------------------------------------------------------------------1 

Na Mg Al si S Cl K Ca Fe Cu Zn Ti 1 
--------------------------------------------------------------------1 1 

SIGMA 2.7 4.B IB.1 34.7 5.9 9.1 4.0 15.5 5.3 - 1 
LACMAT 1.3 5.1 14.6 32.q 3.B 2.5 3.2 36.7 - 1 
HBM&S 6.2 45.1 4.1 4.1 3.1 4.1 31.8 1. .5 - 1 
BOUS. 12.3 57.3 2.1 3.8 4.1 13.0 4.1 3.4 1 
KIENA 1.2 2.4 9.7 39.3 5.3 5.8 3.6 20.9 11.7 - 1 
DEN. 6.6 66.2 6.6 6.6 5.3 4.0 2.7 2.0 - 1 
SELB. 4.3 8.6 62.9 5.7 2.9 3.8 2.9 9.1 - 1 
CHAD. 4.4 26.3 10.1 6.0 3.2 7.3 42.7 - 1 
REMNOR 4.4 26.3 10.1 6.0 3.2 7.3 42.7 - 1 

--------------------------------------------------------------------
TABLE 7.1 Elemental Composition of Mine Backfills 

Although this table presents the elemental composition 

of the various backfills, it does not identify the material 

mineralogy. Thus, a series of spot analyses were initiated in which 

elernental analysis on individual material phases were conducted, 

Figure 7.2. The interpretation of the spot analysis directly gives 

r the mineralogy of the phase being examined and the repetition of 
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Global S.E.M. Spectrum Analysis - Kiena Mine 
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r this process for each phase present yielded the backfill minerùlogy 

presented in Table 7.2. The global and spot spectrums along with 

the particle shape analysis for each of the backfills investigated 

is presented in Appendix 5. 

MINE LOCATION 

LAC MATAGAMI 
KIENA 
SIGNA 
BOUSQUET 
DENISON 
HBM&S 
CHADBOURNE 
SELBAIE 
REMNOR 

MINERALOGICAL COMPOSITION 

PYRITE, HAEMATITE, ALMANDINE 
PYRITE, DOLOMITE, KYANITE 
PYRITE, DOLOMITE, PLAGIOCLASE 
QUARTZ,PLAG.,AMPH.,ILMENITE 
PYRITE, QUARTZ 
SLAG 
SLAG 
PYRITE,QUARTZ,PHYRRH.,GOETHITE 
SLAG 

TABLE 7.2 Mineralogical Composition of Mine Backfills 

7.2 Specifie Gravit y Of Solids 

The specifie gravit y of the materials tested ranged from 2.6 

to 3.57. This range respresents the the wide aS50rtment of 

mineralogical compositions encountered. The specific gravit y for 

most of the tailing backfill is in the range 2.6 ta 3.0 which is a 

relatively narrow band and is representative of a high silica 

content at the lower end of the scale and an even mixture of silica 

and sulphates at the higher end. outside this band the materials 

with the higher specifie gravities comprise the smelter slags uscd 

at Remnor, Chadbourne and HBM&S. The lone exception is the Lac 

Matagami material due to its' high content of sulphides and 

sulpates. Table 7.3 illustrates the specifie gravities of eight of 

the mine backfills and have been derived from the pycnometer tests 
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as described in 6.2.1. The specifie gravit y of solids is 

subsequently used ta convert the sample dry densities ta void ratio. 

---------------------------------------
1 MINE LOCATION SPECIFIe GRAVITY 1 

1---------------------------------------1 1 SIGMA 2.60 1 
1 CHADBOURNE 3.41 1 
1 REMNOR 3.41 1 
1 LAC MATAGAMI 3.57 1 
1 KIENA 2.82 1 
1 DENISON 2.70 1 
1 BOUSQUET 2.76 1 
1 SELBAIE 3.00 1 
1 HBM&S 3.48 1 

TABLE 7.3 specifie Gravit y of Mine Backfill Materials 

7.3 Material Grading And Classification 

The aim of this section is to de scribe the granulametric 

composition and particle structure of the range of mine backfills 

tested. This is done by describing the material grading and 

angularity. The rnaterial grading is then used in conjunction with 

the grading classification system (developed as part of this 

thesis) presented in section 2.1 to categorize the texturaI 

structure of the backfill materials. 

7.3.1 Material Grading 

The backfill materials examined as part of this study 

exhibit a wide range of grading characteristics. This is 

illustrated by the range ~f U10 values encountered. The values can 

be as low as 15.14 microns and as large as 42.17 mm. Similarly the 

157 



,-' 

coefficient of uniformity ranges from 1.18 to 83.43. Large 

uniformity coefficients such as that exhibited by the Mine Selbaie 

material are typical of rockfill materials embedded in fine grained 

matrices. The matrix material yields a low U10 value while the 

coarse rockfill portion gives a large U60 ' the combination of these 

two factors gives a large uniformity coefficient. 

The individual material grading curves are presented in 

Appendix 6. Figure 7.3a and 7.3b iIIustrate the grading curves for 

the entire range of materiais tested, from the fine grained tailings 

at Kiena to the coarse development waste at La Mine Bousquet. 

------------------------------------~--------------------------------
1 DIMENSIONS IN MICRONS IGRADING COEFF. 1 

--------------------------------------------------------------------1 
MINE LOCATION U10 U30 U50 U60 Cu Cc 1 

--------------------------------------------------------------------1 
1 

CHADBOURNE 11481.5 15848.9 17378.0 18071. 7 1. 57 1. 21 1 
LAC MATAGAMI 15.14 56.23 100.46 104.23 6.88 2.00 1 
SIGMA 15.14 131. 83 153.11 181.13 11.96 6.34 1 
KIENA 10 38.02 70.8 89.13 8.91 1. 62 1 
REMNOR 749.3 1513.6 1972.4 2213.1 2.81 1. 29 1 
BOUSQUET 42169.7 53703.2 66834.4 74131.0 1.76 0.92 1 
SELBAIE 158 1778.3 7943.3 13182.6 83.43 1. 52 1 
DENISON CLS. 177.83 331.13 478.6 630.96 3.55 1. 29 1 
DENISON UNC. 77.62 134.9 167.88 186.21 2.40 1. 26 1 
HBM&S (insitu) 2545.0 6309.6 10000.0 12023.0 4.72 1. 30 1 
HBM&S (regrade) 1230.3 2818.4 6456.5 25118.9 20.4 0.26 1 
HBM&S -3/4, +1/2 13335.2 14454.4 15848.9 16218.1 1.22 0.97 1 
HBM&S -1/2, +3m 7244.6 8128.3 9332.5 10000.0 1.38 0.91 1 
HBM&S -3M, +4M 5000.4 5308.5 5623.4 5888.4 1.18 0.96 1 
HBM&S +3/4 1 

-----~-------------------------------------------------~-------------

TABLE 7.4 Backfiii Grading and Particle Dimensioning 

Although these curves provide a visual assessment of 

material grading and coarseness they are unwieldy in any analytical 

roie. Therefore, the use of coefficents 
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and representative grain sizes is often employed, as is the case in 

permeability models. Each of these are extracted directly from the 

curves and have been tabulated in Table 7.4. This table lists four 

representative grain sizes and two material coefficents; the 

coefficent of curvature Cc and the coefficent of uniformity, cu. 

The HBM&S material was used extensively for tilt box testing 

and the individual grain fractions were used to represent different 

material gradings. Figure 7.4 illustrates the different HBM&S 

material gradings employed for tilt box test and these gradings have 

been included in Table 7.4. 

o z 
iii 

~ 
M 

HBM&S ROCKFILL 

100--------------------------------------T-----~--~ 
1. Regraded 
2. In situ 

3. -3/4" 

4. -1/2" 5 

5. -3 mesh 

3.2 :5.4 

PARTla..E SIZE 1 cm - mlcrana 

FIGURE 7.4 HBM&S MATERIAL GRADING CURVES 
FOR REGRADED SAMPLES 
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7.3.2 Particle Shape And Angularity 

Nine backfill samples were examined under the scanning 

electron microscope and analyzed using its particle recognition and 

characterization software. This program has the ability to quantify 

particle dimensions and calulate the average crossectional area and 

perimeter dimensions of the particles. 

calculate a particle shape factor. 

These are then used to 

In addition the program 

automatically calculates an average aspect ratio for the particles 

encountered. 

The data obtained is summarized in Table 7.5, which includes 

the number of particles measured, the aspect r~tio, the coefficient 

o~ sphericity and the shape factor. It was fotmd that the aspect 

ratio ranged from 2.6 to 11.3 and the coefficent of spherici ty 

( ranged from .09 to .39. Similarly the shape factor ranged from 1.3 

to 2.94. These parameters are used later to verify their influence 

on the interlocking component of the angle of internaI friction,~, . 

1 MINE LOCATION NUMBER ASPECT COEFFICENT SHAPE 
1 OF PARTICLES RATIO OF SPHERICITY FACTOR 
1--------------------------------------------------------------------
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 

CHADBOURNE 
LAC MATAGAMI 
REMNOR 
SIGMA 
KIENA 
DENISON 
BOUSQUET 
SELBAIE 
HBM&S 

338 
689 
338 
390 
404 
323 
362 
274 
353 

7.77 
2.60 
7.77 
5.85 
3.93 
9.37 
5.88 
9.51 

11. 30 

.129 

.385 

.129 

.171 

.254 

.107 

.170 

.105 

.088 

TABLE 7.5 Particle Shape and Angularity 
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7.3.3 TexturaI Classification 

A texturaI classification system has been proposed in 

section 2.1 which encompasses the entire range of mine backfills 

encountered in practice. The classification system was applied to 

the backfill gradings described in Figure 7.3. The breakdown of the 

three major size fractions required to classify the backfills is 

reported in Table 7.6. The data in Table 7.6 is subsequently used 

to locate the individual material classification on Figure 7.5. 

It is further noted that of the nine backfill 

classifications available on Figure 7.5, six are represented by the 

mine backfills of this study. This verifies the attempt made to 

test a wide range of material gradations as part of this study. It 

is noted that the three poles of the grading diagram are weIl 

represented and a number of intermediate gradations have also been 

considered. 

1 MINE LOCATION % FINE SANDS % COARSE SANDS % GRAVEL 1 
1-------------------------------------------------------------------1 
1 1 
1 CHADBOURNE .5 14.5 85 1 
1 LAC MATAGAMI 99 1 1 
1 REMNOR 5 95 1 
1 SIGMA 99 1 1 
1 DENISON CLS. 31 69 1 
1 DENISON UNC. 98 2 1 
1 BOUSQUET 100 1 
1 SELBAIE 17 61 22 1 
1 HBM&S 5 65 30 1 
1 HBM&S COMB. 3 45 52 1 
1 KIENA 99 1 1 

TABLE 7.6 Breakdown of Major Size Class~s 
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SANDFILL COARSE ROCKFILL 

(2-5) (1) (8) 
100~ ____________ ~ ________ ~ ______________________ ~O 
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.. GRAVEL 

1- Chadbourne 1- Denison (classified) 

2- Lac Matagami 8- Bousquet 

3- Sigma 9- Selbaie 

4- Kiena 10- HBMS (in situ grading) 

5- Denison (unclassified) 11- HBMS (regraded) 

6- Remnor 

FIGURE 7.5 TexturaI Classification Of 
The Backfills Tested 
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7.4 Sample Properties 

( 
The physicai properties described thus far apply to the 

individuai grains of materiai used as backfill. However, once the 

material has been structured into a sample lattice, new properties 

are required to describe the sample and its structure. These 

properties include the sample dry density, void ratio and moisture 

conter.t. Furthermore, void ratio is used in conjunction with the 

grading characteristics described in 7.3.1 to define the sample 

permeability. 

It has long been realized that the moisture content of a 

soil sample during compact ion has a direct effect on the sample 

void ratio. An optimum moisture content aiso exists at which a 

( minimum void ratio is achieved. section 7.4.1 thus reports on the 

optimum moisture content and resuitant dry density and void ratio at 

r .. 

standard compaction as described in 6.1.3. 

7.4.1 Optimum Moisture Content 

The optimum moisture content can only be determined for fine 

grained backfiii materials, and thus could only be determined for 

five of the mine backfiiis examined. A typical proctor curve is 

illustrated for Denison classified backfiii in Figure 7.6. The 

curve represents the plot of compaction moi sture versus sample 

weight. The optimum moisture is defined as the moisture at which 

maximum sample weight is achieved. The Denison classified tailings, 

in the exampIe, has an optimum moisture of 9.42%. similar curves 
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have aiso been developed for the Lac Matagami, Sigma, Kiena and 

Denison unclassified materials and are presented in Appendix 7. 

The compaction moisture can also be reduced after 

compaction to yield drier samples as represented by the curves in 

Figure 7.7. These curves represent samples with moisture contents 

ranging from 0% to 100% of the compaction moisture. The bottom 

curve, representing 0% of proctor moisture has been used to 

calculate the sample dry density. This format of proctor curve 

presentation has been adopted for each of the mines listed above 

and reported in Appendix 7. 

The data extracted from these curves have been summarized in 

Table 7.7. The table indicates that the optimum moisture ranges 

from 9.42% to 15.6% for the materiais listed. The calculated void 

ratio, however, indicated a more consitent trend with void ratios 

between .29 and .38, with an sorne values of .45 for the Kiena 

backfiii. 

1 MINE LOCATION OPTIMUM OPTIMUM OPTIMUM 1 
1 MOISTURE DRY DENSITY VOID RATIO 1 

1------------------------------------------------------------------1 1 1 
1 LAC MATAGAMI 12.9 2.58 .38 1 
1 KIENA 15.6 1.94 .45 1 
1 SIGMA 15.0 1.91 .36 1 
1 DENISON UNC. 13.9 2.00 .35 1 
1 DENISON CLS. 9.4 2.10 .29 1 

TABLE 7.7 Description of Optimum Physical Parameters 
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7.4.2 Density and Moistu~e Content 

The tested backfill samples were prepared under a variety of 

conditions. The aim of sample preparation was to vary void ratio. 

This was achieved through vibration cornpaction for the tilt box 

tests and by varying the compaction moisture for the soil shearbox 

tests. A total of 64 sample groups "lere incorporated into this 

study and the saJTIple conditions are reported in Appendix 8. The 

nominal sample conditions are reported in Table 7.8. The void 

ratios for the soil shearbox tests varied fram .30 ta .82 while the 

moisture content ranged from .063% to 18.24%. The ranges for the 

tilt tests were between .30 and 2.59 for the void ratio and the 

samples were tested in a dry state. 

----------------------------------------~-----------------------
AVERAGE AVERAGE AVERAGE 1 

MINE LOCATION" DRY DENSITY VOID RATIO MOISTURE CONTENT 1 1----------------------------------------------------------------
1 
1 SIGMA 1.46 .78 8.00 % 
1 LAC MATAGAMI 1. 73 .61 5.31 % 
1 DENISON CLS. 2.00 .35 4.36 % 
1 DENISON UNC. 1.67 .62 8.54 % 
1 CHADBOURNE 2.11 .62 
1 SELBAIE 1. 77 .69 
1 BOUSQUET 1.27 1~17 

1 
1 UNVIBRATED HBM&S 
1 HBM&S #1 2.68 .57 
1 HBM&S #2 1. 78 .96 
1 HBM&S -3m,+4m 1. 63 1.13 
IHBM&S -1/2,+3m 1.32 1.64 
1 HBM&S +1/2,-3/4 1.41 1.47 
1 HBM&S +3/4 .97 2.59 
----------------------------------------------------------------

Table 7.8 Average Physical praperties For Tested Materials 
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7.4.3 Sample permeability 

Seven permeability equations have been presented in section 

3.3.6, four were presented by Bates and individual equations were 

set forth by Casagrande, Hazen and Shahabi. The Casagrande equation 

requires laboratory permeability data to be of any use and has thus 

not been considered further. Each of the six remaining permeability 

equations have been evaluated and their limits of applicability 

defined. The data presented in Table 7.9 indicates that none of 

the permeability equations give reasonable results for materials 

with U50 values of greater than 480 microns. The study of 

permeability characteristics of coarse grained materials should thus 

Le the focus of future research. 

It is further evident that two distinct formulations of 

permeabili ty equations exist. The two grou['s cùnsist of those 

equations which make use of material grading characterisitics only 

(equations 3.22, 3.25 and 3.26), and those which also make use of 

void ratio (equations 3.24, 3.27 and 3.28). 

The first group of equations shows little consistency in 

predicting permeability for any of the materials. The variation in 

predicted permeability using the Hazen and two of the Bates (3.25 

and 3.26) equations range from close agreement in one instdnce to a 

21 fold difference in another material. 

A similar inconsistency is evident in the second group of 

equations. Three equations fall into this category and include the 
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Shahabi equation and two Bates equations (3.27 and 3.28). The 

differences encountered for this set of equations show 

discrepancies of two orders of magnitude. 

In conclusion, the range of available permeability equations 

provides little consistency in predicting material permeability. It 

is thus not possible to recommend any of these equations as 

predictors of material drainage characteristics. The limitations of 

these equations extend beyond those stated in Chapter 3, as even 

within these limits, little consistency is observed. The only 

alternative to making use of predictor type equations is to perform 

laboratory and field permeability tests, (196). This solution would 

alleviate mine site problems of permeability assessment but provides 

little contribution to the general knowledge of material drainage 

characteristics. 

7.4.4 Compaction Control 

The use of vibrators for compact ion of granular materials 

has been presented in section 3.3.7. The effects of vibratory 

compaction as it applies to the preparation of tilt box samples of 

the size previously described was not documented at the outset of 

this study. A total of 120 compacted samples were prepared for the 

tilt box test under controlled vibration times. The void ratio was 

calculated for each vibration condition prior to conducting the tilt 

test. 
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The prepared samp1es a11 started out with different initial 

( void ratios and it was desired to corre1ate the effect of vibration 

tirne to change in initial void ratio. 

data, equation 7.1 was deve1oped, 

coefficent of .90. 

After examining the avai1ab1e 

and yie1ds a correlation 

% Lle = 2.296 + .555 [time (s)] ••••• 7.1 

Thus, for example, given a vibration time of 40 s, it would 

be expected that the uncompacted void ratio wou1d be reduced by 

24.5%. 

7.5 Summary 

This chapter has summarized the physical characteristics of 

( the mine backfi11s which have been examined as part of this study. 

( 

It further i11ustrates that the backfi11s involved encornpass a wlde 

spectrum of materia1 gradings, mineralogy and structure. As a result 

the geomechanical testing, reported in chapters 8 and 9 ls 

considered to be representatlve of the wide range of backfll1 

material encountered in practice. 

This chapter has a1so examined the availab1e permeabi1 tiy 

prediction equations and has i11ustrated their inconsistency. The 

use of these equations appears to be dubious at best, and 1aboratory 

and field permeabi1ity tests have been recommended in their place. 

Equation 7.1 has been deve10ped to control compaction in the 

preparation of tilt box test samples. It relates vibration time to 

reductlon in void ratio. 
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8.0 FIELD EVALUATION OF MINE BACKFILL PROPERTIES 

This chapter reports on the resul ts of 100 pressuremeter 

tests conducted at 17 differen~ mine test sites, located on 7 mining 

properties. The chapter begins with an overview of pressuremeter 

correction, calibration and verification procedures. It further 

examines the geomechanical properties of mine backfills as 

interpreted from pressuremeter data. The applicability of various 

empirical relations used to expand the usefulness of the 

pressuremeter are also reviewed. 

The pressuremeter data is then placed in the context of its 

limitations by describing the typical data variations observed. 

Furthermore a series of pressuremeter tests designed to assess the 

instrument's sensitivity are reviewed. 

8.1 Pressuremeter Calibration And Verification 

This section examines the procedure used to correct raw 

pressuremeter data. Two data corrections are required: pressure and 

volume corrections. Furthermore, a simplified pressure correction 

procedure for the pencel instrument is proposed. 

Data repeatability and instrument sensitivity have also 

been examined and the resui ts of this investigation have veen 

reported. The analysis for data repeatability was made from three 

adjacent test locations underground at Campbell Red Lake mine. This 

data aiso illustrated the Pencel pressuremeter' s sensitivity for 
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detecting different material phases as subsequent tests traversed 

different, detectable material horizons. 

8.1.1 Data Correction 

Field or r~w pressuremeter data must be corrected for 

instrument characteristics before any use can be made of the 

pressure volume curves. It can he visualized that as the 

instrument is inflated the injected volume is applied in theory to 

deform the soil. In praotice, however, internaI instrument 

dilation occurs under the applied fluid pressure. The dilation 

occurs in the readout fittings and valves, fluid lines and due to 

elastic slippage at the pressuremeter membrane coupling ring. 

Thus, these sources of volume dilation must be measured and 

accounted for. In a similar manner the inertial pressure of the 

membrane must be accounted for. 

It is thus required that two calibration tests be carried 

out, one for the pressure correction, the other for volume 

correction. Figure 8.1 illustrates both correction procedures. The 

Figure indicates that the pressure correction reduces the measured 

pressure and volume. As such the corrected data is shifted 

downwards and to the left of the raw data curve. 

The test procedure for determining the pressuremeter 

calibration curves must be repeated with each new membrane used and 

was found to be a laborious task. It was further fel t that any 

developments towards reducing calibration times would provide a 

significant bene fit to the testing procedure. 
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FIGURE 8.1 Raw Pressuremeter Data Correction 

It was found that the volume correction curves for 

individual membranes showed significant variations. A simplified or 

reference volume calibration curve could thus not be developed. 

Furthermore, the volume calibrartion testing procedure must be 

repeated for each new membrane used. Conversly, little variation of 

the pressure correction curves was observed. An average curve, 

Figure 8.2, was used for pressure corrections and the pressure 

correction test was eliminated. The calibration curve present.ed in 

Figure 8.2 has been plotted with the calibration data of nine of the 

25 membrane sleeves membranes used during the course of this study. 

This plot indicates that the maxÏHlUm variation from the referencc 
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correction curve was ± 25 kPa. The use of this reference curve may 

qenerate a source of error, however, this is not considered to be 

significant. For instance the ± 25 kpa variation translates into a 

± 7% shift in the value of the limit pressure at Chadbourne mine, 

while the same variation represents only a ± l' variation for the 

Campbell Red Lake material. It is thus proposed that the pr~ssure 

calibration curve presented in Figure 8.2 he used in place of the 

pressure calibration test for the Pencel pressuremeter. 
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8.1.2 Data Repeatability And Instrument Sensitivity 

The question of instrument reliability is one that must be 

addressed before the data can be used wi th any conf idence . The 

Pencel pressuremeter has been used for a number ot: years and its 

reliability remains unquestioned, however the instrumentes 

sensitivity has not been quantified or even qualitatively assessed. 

Two series of tests were included in the overall testing 

program. The aim of these tests was to address the question of data 

repeatability within a g;.ven material and instrument sensitivity 

characteristics. 

The first series of three tests were conducted at the 

Campbell Red Lake mine, in 1804 stope. The aim of these tests was 

to verify the repeatability of pressuremeter data when tests were 

conducted within the same material. With this objective in mind a 

series of tests were conducted within a radius of .25 m to a depth 

of 3.25 m. It was found that two distinct materials were 

encountered: a 14 day cured backfill was encountered within the 

first 2.25 m and a 60 day cured material to a depth of 3.25. The 

data ab ove and be10w the 2.25 m cutoff was grouped separately and 

the repeatability of each group is analysed. Figure 8.3 illustrates 

that the natural variation in pressuremeter data is in the order of 

+ 12% for both the 14 and 60 day cured data in three adjacent test 

holes. It is thus indicated that given a mean backfill stiffness 

it will not be possible to distinguish surrounding backfill zones 

with material properties varying less than + 12% from the mean. 
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FIGURE 8.3 Data Repeatability, Demonstrated By 
Variation From The Mean 

The data illustrates good repeatability within a uniform 

material. It further illustrates that it is possible to distinguish 

between backfills with wide ranging material properties such as the 

14 and 60 day cured materials. The properties for the two materials 

indicate a 10 fold difference in terms of shear modulus. This 

indicates the Pencel's ability to distinquish between very discrete 

backfill properties. 

This last example iIIustrated the coarse discretionary 

ability of the Pencei pressuremeter. However, a more refined series 

of tests were conducted in which the objective was to determine the 

ability of the pressuremeter to detect more subtie changes in 
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material properties. With this objective in mind a series of 

....... three tests were conducted in stopes 37036 and 37038 at Denison 

mines. The access to these areas was the pillar recovery phase 

between the two stope. As pillar recovery progressed the backfill 

in the two stopes was exposed. Figure 8.4 illustates the banding 

which had occured during the placement of the backfill. The tests 

conducted in each of these bands indicated that the difference in 

FIGURE 8.4 Banding Characteristics Of 
Denison Mine Backfill 
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FIGURE 8.5 Pencel Pressuremeter Sensitivity 

material properties measured 42%, Figure 8.5. This finding is 

consistant with that of the repeatability tests conducted at Red 

Lake, that is if the 42% difference in material properties were to 

represent data scatter it would imply that the natural scatter would 

be ± 21%, which is beyond the natural scatter which was measured in 

the controlled repeatabil ty tests. It is thus concluded that 

scatter in material properties of less than ±12 % cannot be 

construed as actual variations in material properties. On the other 

hand the instrument's sensitivity is such that provided the 

insertion procedures are controlled in each test case a data scatter 

of ± 21 % or beyond represents a true variation in material 
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properties. Unfortunately, no comment can be made of changes in 

material properties of between ± 12 and + 21% as suitable tests 

could not be performed to determine the pressuremeters' sensitivity 

within this range. 

Table 8.1 has been assembled to show the natural data 

variation encountered. It illustrates that the first two materials, 

Denison and Kiena backfills, showed scatter in the data of less than 

the natural scatter eluded to earlier. This implies that the 

material in these instances can be considered to be homogeneous. 

The next three materials from Lac Matagami, Sigma and campbell Red 

Lake indicate data variations in close order to that of natural 

scatter, that is a + 12% to + 15% variation about the mean. This 

data can thus also be considered as a homogeneous backfill. The 

last two materials are special cases . The Remnor backfill is 

considered a special case as a pre-hole was required and was drilled 

crudely hy pneumatic jackhammer, Figure 8.6. The Chadbourne 

backfill is also considered to be an exception as the material is 

much coarser than either of the materials used for the repeatability 

or sensitivity test series. 

1 MINE LOCATION % VARIATION IN DATA 1 
1--------------------------------------------) 
1 1 
1 DENISON ± 4.0 1 
1 KIENA ± 7.0 1 
1 LAC MATAGAMI ± 12.0 1 
1 SIGMA ± 12.3 1 
1 CAMPBELL RED LAKE ± 15.0 1 
1 REMNOR + 17.6 1 
) CHADBOURNE + 20.0 1 

TABLE 8.1 Observed Variations in Pressuremeter Data 
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Figure 8.6 Drilling Of Pre-Hole By 
Jackleg At Remnor Mine 

8.2 In Situ Geomechanical Properties 

The geomechanj cal properties of mine backfills have been 

extracted from the corrected data curves, these curves have been 

provided in App~ndix 9. Three basic parameters are extracted from 

these curves: the shear modulus, the Iimit pressure and with a 

lesser degree of conf idence the pre-existing Iateral stress. The 

shear modulus is easiIy converted to a modulus of deformation by 

equation 5.2. The Iimit pressure is another important parameter as 

it has been empirically correlated to the materials undrained shear 

strength and angle of internaI friction. The angle of internaI 
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friction is subsequently used to estimate the stress distribution 

within the material due to its own weight. Lastly, the Po value is 

used as an estimate of the total lateral stress. The total lateral 

stress is the sum of the stresses due to the material's own weight 

and the stresses absorbed by the redistribution of stresses in the 

adjacent rock structure. 

8.2.1 Material stiffness 

The stiffness properties of mine backfills are eharacterized 

by the shear modulus, Gm and the deformation modulus, Em. Table 8.2 

and Figure 8.7 represents the stiffness characteristics of the mine 

backfills tested in this study. 

from 1.06 to 65.17 MPa. 

Measured deformation moduli range 

The Em / Pl ratio has been historically used to develop soil 

profiles and have been useful for backfill eharacterization. Three 

groups of backfill materials have been observed and include coarse 

grained l~ose gravels at Chadbourne with Em / Pl ratios in the order 

of 4 te 8. The second group includes the largest number of 

backfills tests; the uncemented fine grained tailings at Lac 

Matagami, sigma and Denison, the Em / Pl ratio for these materials 

is in the range of 10 to 15. Lastly, the cemented tailing used at 

Red Lake, Denison and Kiena and the Remnor cemented smelter slag 

indieated Em / Pl ratios between 15 and 24 and is typically in 

excess of 20. This ratio has thus proven itself very useful in 

assessing the classification of cemented mine baekfills whether 
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loose gravel or cemented backfills. 

Upon further examination of Table 8.2 and Figure 8.7 it is 

evident that the shear modulus and deformation modulus show 

significant variations with cementing characteristics, curing 

periods and addition of flocculants. The addition of cementing 

agents, for instance, increases the stiffness characteristics from 

the 2.4 to 12 MPa in range for uncemented backfills to 20 to 40 Mpa 

in range for typical 20:1 cemented backfills,together with 

exceptional examples of stiffness greater than 65 MPa. 

The tests conducted at Campbell Red Lake mine indicated the 

effects of curing in cemented fine grained backfills. Two stopes 

were examined, 1661 and 1804 stopes. The tests conducted in 1804 

traversed two horizons of similarly cemented backfills (20: 1) at 

different stages of curing, (14 and 60 days). The backfill in the 

second stopa had been cured to for 30 days. Figure 8.8 illustrates 

the deformation modulus data for these three backfills. It 

indicates that a 5.6 MPa increase in deformation modulus occurs as 

the backfill cures from 14 to 30 days. Similarly, a 25.5 MPa 

increase is observed as the material cures from 30 to 60 days. This 

is in contrast to the trends observed with concrete , where 80% of 

the material stiffness is achieved in the first 28 days. The 

explanation for this discerpancy is the high moisture content which 

mine backfills originally contain. The high original moisture 

retards the hydration process and thus the achieved stiffness. 
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----------------------------------------------------------

MINE LOCATION P G E Em/Pl 1 
(MPa) (M'a) (M'a) 1 

----------------------------------------------------------1 1 
LAC MATAGAMI 1.00 4.50 11.97 11.97 1 

1 
1 

CHAOBOURNE 1 
1 

SURFACE .41 .86 2.29 5.59 1 
4a STOPE .27 .40 1.06 3.93 1 
4c STOPE .24 .74 1.96 8.17 1 

REMNOR .86 7.74 20.60 23.95 

CAMPBELL RED LAKE 

1661 STOPE .75 3.00 8.00 10.67 
1804 STOPE 140 .21 .90 2.40 11.43 
1804 STOPE 600 2.50 10.50 27.93 11.17 

( .. 
SIGMA .66 3.75 9.97 15.11 

DENISON MINES 

37046 U/C 1.97 16.50 43.89 22.28 
37046 BULKHEAD 24.5 65.17 
37036 LIGTH GREY .91 7.0 18.50 20.33 
37036 DARK GREY 1.19 4.10 10.91 9.16 
37038 1.10 4.14 11.00 10.00 

1 • i 
KIENA 

FLOCCULANTED 2.11 12.12 32.25 15.28 
NON-FLOCCULATED #1 2.07 15.50 41.23 19.92 
NON-FLOCCULATED #2 1.85 15.40 41.00 22.16 

----------------------------------------------------------

TABLE 8.2 Geomechanical Characteristics of Mine Backfills 

( 
... 
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FIGURE 8.8 In situ curing Characteristics of Mine Backfills 

After an inital vist to Kiena Mines in the fall of 1985 a 

return vist was requested by the mine management in June of 1986. 

The objective of the second test program was to assess the effect of 

flocculants on the stiffness characteristics of the cemented mill 

tailings. Figure 8.9 gives a comparative analysis of the measured 

shear and deformation moduli for flocculated and unflocculated 

backfill materials. The figure illustrates that the use of 

flocculants increases the shear and deformation moduli by 27.5% for 

~ similarly cemented and cured backfill materials. 
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8.2.2 Limit Pressures Of Mine Backfills 

The curves provided in Appendix 9 were aiso used to extract 

the limit pressure as described in Chapter 5. The limit pressure 

was subsequentIy used to estimate the undrained shear strength, Su' 

Table 8.2 and Figure 8.10 iIIustrate the relevant limit pressure 

data. The data indicates that a 1 MPa cutoff can be applied, with 

the material Iying below the cutoff representing uncemented 

materials and those with Iimit pressures above 1 Mpa constituting 

cemented materials. 

The uncemented backfill materiais further indicate two 

distinct groups; namely the coarse grained materials with Iimit 
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pressures in the range of .2 to .4 and fine grained backfills with 

limi t pressures between .66 and 1.00. The only exceptions to the 

rule are the 14 and 30 day cured 20: 1 fine grained backfills at 

Campbell Red Lake Mines. These material were not fully drained, and 

as such they behaved more fluidly, being reflected in the limit 

pressure. 

The effect of curing is illustrated in Figure 8.11. The 

limit pressure increases from œ21 to .75 between days 14 and 30, 

representing a .54 MPa increase. Subsequently, the limit pressure 

increases by 1. 75 MPa in the next 30 days, to 2. 5 MPa. This 

represents the same delayed curing trend as that observed for the 

stiffness characteristics. 

Campbell Red Lake 
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The use of flocculants on limit pressure has been summarized 

in Figure 8. 12. This figure suggests that within the bounds of 

experimental variation the limit pressure has not changed with the 

addition of flocculants. 

8.2.3 Undrained Shear Strength 

The undrained shear strength is defined as one half the 

compressive strength of an undrained soil sample (19). It has 

further been empiricnlly correlated to the limit pressure derived 

from the pressuremeter test. In this section two such correlations 

are examined, these have been presented as equations 5.5 and 5.6 in 
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Chapter 5. The predictions of these two equations are contrasted in 

Table 8.3. The table presents the undrained shear strength as 

estirnated by the two empirical equations. Furtherrnore, it includes 

the percentage difference between the two predictions. The data 

further indicates that a large dispersion in predicted strengths, as 

much as 40%, is possible between the two equations. It was further 

found that the amount of error increased with increased shear 

strength, as illustrated in Figure 8.13. This figure shows that 

equation 5.5 gives more conservative estimates for shear strength 

values greater than 55.5 KPa, while equation 5.6 gives lower values 

at for shear strengths ranging between 0 and 55.5 KPa. 
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The large observed scatter in predicted undrained shear 

strength is a cause of sorne concern as the use of either equation 

could incure a possible error of up to 40%. In an effort ta reduce 

this error an alternate equation was developed based on equations 

5.5 and 5.6. This equation, reduces the possible maximum error from 

40% ta 20% and is presented as equation 8.1. 

Su = .141 Pl + 12.5 (kpa) • • • •• B. 1 

MINE LOCATION EQUATION 5.5 EQUATION 5.6 % OIFF. 
--------------------------------------------------------------

LAC MATAGAMI 125.00 181.82 -31.25 

CHADBOURNE 
SURFACE 66.00 74.55 -11. 46 
4a STOPE 52.00 49.09 5.93 
4c STOPE 49.00 43.64 12.29 

REMNOR 111. 00 156.36 -29.01 

RED LAKE 
1661 STOPE 100.00 136.36 -26.67 
1804 STOPE 140 46.00 38.18 20.48 
1804 STOPE 600 275.00 454.55 -39.50 

SIGMA 91.00 120.00 -24.17 

DENISON 
37046 u/e 222.00 358.18 -38.02 
37046 BULKHEAO 
37036 LIGTH GREY 116.00 165.45 -29.89 
37036 DARK GREY 144.00 216.36 -33.45 
37038 135.00 200.00 -32.50 

KIENA 
FLOCCULATED 210.00 336.36 -37.57 
NONFLOCCULATEO #1 236.00 383.64 -38.48 
NONFLOCCULATEO #2 232.00 376.36 -38.36 

--------------------------------------------------------------
TABLE 8.3 Estimated Undrained Shear strength 

of Mine Backfills 

193 



( 
8.2.4 Angle Of InternaI Friction 

The angle of internaI friction has been empirically 

correlated to the limit pressure by Gambin in equation 5.7. 

Furthermore, Calhoon proposed a graphical means of determining the 

angle of internaI friction from the modulus of deformation and the 

limit pressure, Figure 5.2. Each of these have been applied to the 

pressuremeter data presented in Table 8.2 and the results have been 

reported in Table 8.4. 

Table 8.4 further illustrates that Calhoon's graphical 

method consistently underestimates the angle of internaI friction 

when cornpared to Garnbin' s equation. In many instances Calhoon' s 

equation predicts anomalously low angles of internaI frictions in 

the order of 250 • However, the largest limitation of Calhoon's 

(~ rnethod is the narrow range of applicability. Although the method 

proposed by Calhoon is, at first glance, applicable to stiffnesses 

in the range of .05 to 40 MPa and limit pressures between 75 and 

2000 kpa there is an additional inherant problem. The problem being 

that combinations of high limit pressure and low deformation modulus 

or vise versa fall outside the bounds of the graphical method. 

The Gambin equation, on the other hand, is applicable to 

the entire range of limit pressures encountered. Furthermore, it 

predicts angles of internaI friction in the order of 300 to 370 as 

expected. It also correctly predicts the expected lower angle of 

internaI friction for the loose granular Chadbourne backfill. These 

predicted angles of internaI friction are also observed to fall 

within a narrow band of 30 • 
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ANGLE OF INTERNAL FRICTION 
MINE LOCATION EQUATION 5.7 CALHOON 

LAC MATAGAMI 32.11 28.00 

CHADBOURNE 

SURFACE 26.97 
4a STOPE 24.55 
4c STOPE 23.88 

REMNOR 31.24 

CAMPBELL RED LAKE 

1661 STOPE 30.45 25.00 
1804 STOPE 140 23.10 15.00 

...... 1804 STOPE 600 37.40 

-" 

SIGMA 29.71 28.00 

OENISON 

37046 U/C 36.02 35.00 
37046 BULKHEAO 
37036 LIGHT GREY 31.57 
37036 OARK GREY 33.11 24.00 
37038 32.66 23.00 

KIENA 

FLOCCULATEO 36.42 
NON FLOCCULATEO 36.31 
NON FLOCCULATEO 35.66 34.00 

---------------------------------------------------------

TABLE 8.4 Estimated Angle of InternaI Friction 
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It is thus concluded that the Gambin equation has a wider 

range of applicability and consistency. This is to be expected as 

the consistency of Gambin's predictions is dependant on the 

consistency and repeatability of the limit pressure measurement. 

It is also interesting to note that, although the limit 

pressure increases wi th increased cementation and the addition of 

flocculants, the angle of internaI friction is little affected. 

Conversely, the effect of curing as demonstrated by the Campbell Red 

Lake data has a pronounced effect on the angle of internaI friction. 

Numerically, a 7° increase is noted in each of the curing periods 

between 14 and 30 days and the subsequent curing to 60 days. 

8.2.5 Lateral stress Evaluation From Pressuremeter Data 

The determination of in situ lateral stress must be preceded 

by a definition of which component of lateral stress is of interest. 

It has already been mentioned that the total lateral stress in mine 

backfills is comprised of two components; stresses due to self

weight and stresses which are absorbed or transmi tted through the 

backfill mass by the redistribution of stresses around the mine 

opening. It is this second component that represents the 

backfill's ability to absorb pillar stresses. 

Although the stress redistribution component cannot be 

measured directly by the pressuremeter, an indirect measurement can 

be made. This stems from the above definition of total lateral 

stress. The stresses generated by the backfill's self-weight is 
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directly related ta the angle of interna! friction and yields the Ka 

parameter. This parameter can be subsequently used in conjunetion 

with the materials bulk density to estimate the lateral stresses due 

to self weight. 

Total lateral stress has traditionally been measured by PMT 

and SBPMT type pressuremeter tests and can also be measured in sorne 

instances with the Pencel pressuremeter, a FDPMT push - in type 

pressuremeter. The data from Remnar, Lac Matagami and Kiena were 

amenable to measurement of total lateral stress sinee a Po is 

distinguishable on their data eurves. The combination of the Ka 

estimator and the measurement of total lateral stress enables the 

prediction of absarbed stresses. 

FOllowing this logical pracess of data analysis the first 

stage is ta determine the Ko parameter. This parameter is readily 

determined from the angle of internaI friction and equation 5.3. 

The resul ts of this analysis are presented in Table 8.5. The Ko 

parameter has then plotted against limit pressure in Figure 8.14 and 

was found to decrease with increases in limit pressure. This 

implies that as the limit pressure increases the stresses due to 

self-weight tend to remain in the vertical direction. Conversely, 

as the limit pressure decreases then the lateral eomponent takes on 

a role of greater prominance. This trend is observed eonsistently 

within the range of data presented in Table 8.2 and 8.5. A 

statistical analysis of this data yielded the ernpirieally derived 

equation 8.2, with a regression coeffieent of .998. The predicted 

and actual Ko are presented in Figure 8.14 and are plotted as 

functions of the limit pressure. 
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---------------------------------------------------------
MINE LOCATION Ko DRY DENSITY 

---------------------------------------------------------
LAC MATAGAMI 

CHA DBOURNE 

REMNOR 

CAMPBELL RED LAKE 

1661 STOPE 
1804 STOPE 14D 
1804 STOPE 60D 

SIGMA 

DENISON 

KIENA 

.47 1.73 

.97 2.11 

.48 2.11 

.49 1.80 

.61 1.80 

.39 1.80 

.50 1.46 

.45 2.00 

.41 1.80 
---------------------------------------------------------

TABLE 8.5 Estimated Ka Values For Mine Backfills 
Based on The Angle of Internal Friction 
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Once the Ko value has been determined by equation 8.2 then 

an estimate of bulk density is required to calulate the vertical 

component of in situ stress and finally the lateral stress. The 

values of dry density quoted in Table 8.5 have been derived from 

laboratory tests and have been reported in Chapter 7 and Appendix 8. 

The result of this phase of the analysis is an estimate of vertical 

and latera1 stresses due to self weight. This is graphica11y 

represented for the Kiena Mine in Figure 8.15. Similar curves are 

presented in Appendix 10 for each of the mines listed in Table 8.5. 
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199 

eo 



COMPARISON OF 
~SIRE5SES 

( 1.:s 

l 1.4 

1.:l 

t..: .. ... DEN 

f RED 

~'" Q.J lM: ",-
."aI -c: a.a .... 1 -:1 0.7 ~o mé u 

o.s 
Q.4 

Q.3 

Q.2 

0.1 

0 
0 20 -40 eo 

DEPtH Cm) 

( FIGURE 8.16 CA) Comparison Of Vertical stresses 

COMPARISON OF 
lATEJW.. STRESSES 

~~-----------------------------------------------, 

REM 

~ 
DEN 

RED ,... 
0 

Q. 
.li. 

0400 
..... 

" 1/1 
loi 

~ 300 

2DO 

100 

0 

( 
0 20 40 

DEPTH Cm) 

FIGURE 8.16 (B) Comparison Of Lateral stresses 

200 



""" ..... 

-',. 

-------------------------------------------------------------
1 STRESSES (kpa) PREDICTED 
1 MINE LOCATION VERTICAL HORIZONTAL EQUATION 8.3 
1-------------------------------------------------------------
1 

LAC MATAGAMI 509.1 239.3 237.3 

CHADBOURNE 621. 0 360.3 357.3 

REMNOR 621. 0 298.1 297.3 

CAMPBELL RED LAKE 

1661 STOPE 529.7 259.6 260.0 
1804 STOPE 140 529.7 323.1 326.9 
1804 STOPE 600 529.7 206.6 209.3 

SIGMA 429.7 214.8 215.8 

DENISON 588.6 264.9 262.0 

KIENA 529.7 217.2 217.7 
-------------------------------------------------------------

TABLE 8.6 Estimated Vertical and Horizontal stress 
For Mine Backfills at a Depth of 30 m. 

The vertical and horizontal stresses due to self weight have 

been plotted in a comparative fashion in Figure 8.16 (a) and 8.16 

(b) • The data has been plotted to a depth of SOm and shows a 

significant variation due to the range of Ko and rnaterial densities. 

As an example Table 8.6 represents the data for the vertical 

and lateral stresses at a depth of JOrn. The vertical stresses vary 

between 430 and 620 kpa and are solely dependant on material 

density, as illustrated by the Campbell Red Lake backfill. The 

horizontal stress on the other hand is dependant on the vertical 

stress and the Ko parameter and thus on equation 8.2. Combining 
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equation 8.2 with the definition of Ko yields equation 8.3. 

Horizontal stress = .466 d / (Pl)· 18 ..... 8.3 

Table 8.6 also presents the predicted horizontal stresses by 

equation 8. 3 at a 30m depth and indicates good correlation. 

Equation 8.3 has the benefit of predicting horizontal stresses 

directly from the the limit pressure and material density. 

The discussion to date has centered around the determination 

of the stresses generated by self weight. These stresses represent 

only one component of total stress, thus our attention now focuses 

on the determination of total stress and absorbed stress. The total 

stress is determined directly from the pressuremeter data when a Po 

is distinguishable. Table 8.7 represents the total lateral 

pressure as measured with the Pencel pressuremeter. The Po values 

were only obtainable for data from three of the seven mines 

surveyed, due to ebtained ~urve forms. These valù~s are comparable, 

though lower, to those measured by Corson (80) and Zahary (79) which 

ranged from 200 te 700 kpa. 

1 MINE LOCATION 
1 DEPTH (m) KIENA REMNOR LAC MATAGAMI 1 
1------------------------------------------------------------1 
1 1 
1 1 90 1 
1 2 135 50 1 
1 J 185 175 75 1 
1 4 200 195 95 1 
1 5 250 210 150 1 
1 6 300 220 205 1 
1 7 250 1 
------------------------------------------------------------

TABLE 8.7 Measured Total Lateral stresses (kpa) 
By Pencel Pressuremeter 
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The lateral stress component due to self weight, or inherant 

stress, must be subtracted from the data presented in Table 8.7 to 

give the absorbed stress. Figures 8.17, 8.18 and 8.19 graphically 

represents the three components of horizontal for the three mine 

locations listed in Table 8.7. 

The comparison of the absorbed lateral stresses, Figure 

8.20, for the Lac Matagami (uncemented) and Kiena (cemented 20:1) 

materials indicates that the absorbed lateral stresses at Kiena are 

consitantly 60 to 250 % higher than in the uncemented backfill at 

( 
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Lac Matagami. This leads to the conclusion that the addition of 

cementing agents significantly increases the stresses absorbed by 

the backfill. This conclusion should be qualified as the backfill 

materials at Lac Matagami and Kiena exist in different stress 

environments. 

8.3 Summary 

This chapter has summarized the techniques for data 

correction and instrument calibration. A modified instrument 

calibration procedure has also been proposed. The pressuremeter 

data has been put in the context of the Pencel pressuremeter 

sensitivity. 
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The chapter subsequently presented the in situ geomechanical 

properties of mine backfills tested. It is possible to conclude 

from the available data that both the strength and stiffness 

characteristics increase with cementation and length of curing. The 

wide range of geomechanical properties observed for the uncemented 

backfills implies that the physical characteristics exert control 

over the material strength and stiffness. The stiffness properties 

also show a significant increase with the addition of flocculants 

while the strength parameters remain unchanged. 

Several empirically derived geomechanical parameters, 

including the undrained shear strength, angle of internaI friction 

and the coeff icient of earth pressure at rest, Ko' have been 

t{ presented. The available undrained shear strength equations show a .. 
40 % variation in the predicted shear strengths, thus a new equation 

has been proposed which reduces the variability of predicted shear 

strengths ta 20 % • New relations for the Ka parameter and the 

horizontal stress have been propased. These are based on the limit 

pressure and material density. The Ko parameter along with the 

total lateral pressure have been used ta estimate the stresses 

absorbed by the backfill. 

The geomechanical properties described in this chapter are 

subsequently correlated to the labaratory derived properties in 

Chapter 9. 

206 



,----
; 

9.0 LABORATORY GEOMECHANICAL PROPERTIES AND IN SITU CORRELAT~QBê 

The objective of this chapter is to present the backfill 

design and field correlation equations which have been developcd as 

part of this study. This chapter begins by describing the results 

of an extensive laboratory testing program including resul ts from 

220 shear box, 100 tilt box and 50 uniaxial compression tests. This 

test data is combined with some 430 data points accumulated from 

published works to form the basis for backfill design for cemented 

fine-grained backfills. In a similar manner the laboratory data is 

used to develop backfill design equations for uncemented fine-

grained backfills and uncemented rockf ills. The chapter further 

describes the relations which have been developed to extrapolate 

laboratory data to the field environment. The comb inat ion of 

laboratory design equations and field correlations are aimed to 

enable the mine engineer to predict field response from laboratory 

tests for uncemented fine grained backfills. 

It further noted here that a downloaded version of STATPAK 

(209) is used for aIl regression analysis performed in this thesis. 

The program predicts the regeression coefficents by the least 

squared method. The assumption is made that the measurement of the 

independant variable is made error free. In addition i t is not 

known if "linearizing pararneterization" is conducted automatically 

by the program formulation. 

9.1 Laboratory strength And Stiffness Pararneters 

~, This section describes the laboratory data for cernented and 

uncernented fine grained backfills and uncemented rockfill rnatcrials. 
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equations outlined. Tt is noted that design equations have been 

developed for three cf the four backfill types; with cemented 

rockfill having been excluded due to lack of data. The relations 

developed for each of the backfill types analyzed indicated strong 

correlations between physical and mechanical pararneters. 

9.1.1 Cemented Fine-Grained Backfills 

The literature contains abundant information on the strength 

characteristics of cementeted fine-grained backfills which have Jeen 

used for this analysis and reported in Appendix 15. The data 

accumulated and reported on herein is based uniaxial laboratory 

tests on 15.25 cm. diarneter by 30.5 cm. in length. The precise 

cur ing condi tians incl udings rnoisture and tempera ture, sample 

preparation techniques, Portland cernent type used and the details of 

the testing techniques were often not reported. The can thus 

account for some of the residual scat ter rernaining in the data after 

the final analysis. The analysis carried out in the literature 

normally consists of the correlation of compressive strength ta 

Portland cement content and thus a significant variation with curing 

time still exists. In this Iight the first atternpts at analysis of 

the accumulated data is on the basis of strength variations with 

cement content. A follow up analysis is aiso carried out with the 

objective of eliminating curing time variations and decreasing data 

scatter. 

The number of observations of uniaxial compressive strength 

has been presented in Table 6.1. The accumulated data is based on 
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the work of over 30 authors on more than 40 different mill tailing~) 

fills, representing mostly Canadian mines. Although substantial datù 

was available a careful screening was required to eliminate non -

conforming procedures. For instance a abundance of data available 

from Thomas (16) (29) could not be used as the tests were conducted 

at .1 MPa confinement. It was with this same meticulous screening 

process that the final data base was established. Considerable data 

was avaiJable for 28 day curing while less than half as many values 

were found at 7 f 14 and 90 days curing. The cement mixes 

represented by this data ranges from 2.5% to 20% with a decrease in 

the number of observations with increased cement addition. 

The regression analysis for each of the curing periods 

showed strong positive correlations with cement addition. Figures 

9.1 to 9.4 illustrate the data for each curing period and the 

prediction curves resulting from the regression analysis along with 

the 90% confidence interval. The regression constants and 

coefficients are summarized in Table 9.1. 

Figures 9.1 to 9.4 further illustrate that although a 

strong posi ti ve correlation exists in each case, large variations 

can occur between predicted and observed values. This variation is 

further demonstrated by Table 9.2 which presents the 90% confidence 

interval for the regression constants a and b. This table further 

aiso provides the length of the confidence interval as a precentage 

of the established regression coefficent. An increase in this ratio 

corresponds to and increases in scatter. The inconsitancy betwccn 

acceptable correlation coefficient and observed scatter results [rom 
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---------------------------------------------------------------

where: 

EQUATION FORM: UCS = A*(C%)AB 

S = UNIAXIAL COMPRESSIVE STRENGTH 
C% = CEMENT CONTENT 

A, B = EMPIRICAL CONSTANTS 
--------------------------------------------------------------

CURING TIME A B R 
---------------------------------------------------- --------,-

7 DAYS 
1.4 DAYS 
28 DAYS 
90 DAYS 

0.0213 
0.0244 
0.0216 
0.0301 

1. 392 
1.441 
1.661 
1.562 

0.880 
0.876 
0.913 
0.885 

--------------------------------------------------------------

TABLE 9.1 Regression Equations For Uniaxial Compressive 
Strength vs. Cement Addition 

the syrnmetric scatter of data above and below the prediction curve. 

The syrnrnetric scatter results in counterbalanced positive and 

negative scatter which have cancelling effects and thus results in 

l high regression coefficients. On the other hand visual inspection 
~ 

r 

indicates that the trend is appropriate but the potential regression 

error still remains large. It should be emphasized, however, that 

the equations presented in Table 9.1 still provide a good basis for 

preliminary design, as the equations provide a means of obtaining an 

average value for backfill strength for a given cement content and 

curing periode 

CURING TIME 90% CONFID. INTERVAL 90% CONFID. INTERVAL 
INTERVAL FOR AS ~ 0 OF INTERVAL FOR AS ~ 

0 OF 
IIAII "Amean" "B" "Bmean" 

------------- ------------------------ ------------------------
7 DAYS .0153 - .0272 :.!::28.0 1.239 - 1. 545 ±11.0 

14 DAYS .0163 - .0325 ±33.1 1.257 - 1. 625 ±12.8 
28 DAYS .0165 - .0267 ±23.6 1. 532 - 1. 789 ±7.70 
90 DAYS .0202 - .0400 ±32.9 1. 356 - 1.767 ±13.2 

TABLE 9.2 Assessment of Data Scatter for Cement Addition 
Correlation ta uniaxial Compressive strength 
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Figure 9.5, represents the empirical curves for each curing 

period on the same graphe It is noted that only a small increase in 

strength is obtained as the material cures from 28 to 90 days. This 

is consistent with experience in concrete technology where 80% of 

con crete strength has been found to be gained in the first 28 days 

of curing. It is also noted from Figure 9.5 and regression constant 

"B", in Table 9.1, that an increase in curvature is observed with 

increased curing. This implies that the effects of an incremental 

increase in cement content, particularly for cement contents above 

10% (1:10, cement:tailing mixes by weight), are more pronounced at 

longer curing periods. This is a significant fact as the survey of 

Quebec and ontario mines indicates that 59% of Quebec and 29% of 

ontario mines presently use uncemented backfills, see Table 4.1. 
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Furthermore, the data related to the Ontario mining industry 

i indicates that 88.5% of the cemented backfill in use employs less 

.. 
1 ... 

than 10% cement, see Table 4.2. The implication Qf this is that 

the cement additions presently being used do not provide maximized 

marginal strength increases. That is, an increase of .6 MPa is 

observed for an increase of 2 percentage points in cement addition 

from 10 ta 12%. Similar increases in backfill strength are observed 

for increases in cement additions from 6 to 10% thus indicating that 

cement additions above 10% are twice as effective as similar 

additions below 10%. 

The series of equation presented in Table 9.1 provides 

valuable insight into the behaviour of cemented backfill and the 

influence of cement addition. However, the scatter of data as 

reported in Table 9.2 curve indicates that these curves are not 

suitable for refined design applications. The curves illustrated in 

Figure 9.5 apply ta particular curing periods, furthermore the 

uneven spacing between the curves indicates a non-linear relation 

between curing time and backfill strength. The combination of 

distinct curing periods and their non-linear relation to strength 

makes the interpolation to intermediate values of curing difficult. 

The problem is further compounded by poor correlation (R=.531) when 

curing is incorporated into the equations described in Table 9.1. A 

different approach was thus required to refine these backfill design 

equations. The new approach must fulfil two criteria; reduce the 

amount of data scatter while maintaining acceptable regression 

coefficients and reduce the effect of curing time on the regression 

equations. 
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It was found that by incorporating the initial moisture 

content; the moisture present when the material is being introduced 

into the stope, the observed scatter from the design equations is 

subsequently reduced as account is ta ken of one further controlling 

parameter, the moisture content. The use of W/C ratios is 

consistant with those analysis conducted for concrete design, (202), 

(203) and the backfill analysis, based on limited backfill data, 

reported by Manca (65) • The moisture content is incorporated by 

means of a water to cement ratio (W / C). Figures 9.6 to 9.9 

illustrate the regression prediction equations along with the raw 

data for 7, 14 ,28, and 90 days curing. These curves relate 

backfill strength to the W / C ratio. Each of the curves 

illustrates a much tighter packing of raw data around the prediction 

equation than did the simple cement addition analysis. 
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where: 

CURING TIME 

EQUATION FORM: S = A*(W/C)~B 

S = UNIAXIAL COMPRESSIVE STRENGTH 
W/C = WATER:CEMENT RATIO 

A, B = EMPIRI~AL CONSTANTS 

A B R 
----------------------------------------------------1---------

7 DAYS 
14 DAYS 
28 DAYS 
90 DAYS 

3.055 
4.232 
5.280 
5.200 

-1.449 
-1.479 
-1.553 
-1.458 

1 - 0.093 
1 - 0.927 
1 - 0.916 
1 - 0.877 

TABLE 9.3 Regression Equations For Uniaxial Compressive 
strength vs. Water:Cement Ratio 
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---------------------------------------------------------------
CURING TIME 90% CONFID. INTERVAL 90% CONFID. INTERVAL 

INTERVAL FOR AS % OF INTERVAL FOR AS % OF 
"A" "Amean" "B" "Bmean" 

------------- ------------------------ ------------------------
7 DAYS 2.307 - 3.803 ±24.5 -1. 59 - -1.31 +9.50 

14 DAYS 3.212 - 5.250 ±24.1 -1.61 - -1. 35 +8.80 
28 DAYS 4.312 - 6.247 ±18.3 -1.65 - -1.45 +6.50 
90 DAYS 3.420 - 6.980 ±24.3 -1. 63 - -1.28 +12.0 

TOTAL DATA 3.208 - 4.194 ±13.3 -1. 48 - -1. 34 +5.10 
---------------------------------------------------------------

TABLE 9.4 Assessment of Data Scatter for W~ter: Cement Ratio 
Correlation to Uniaxial Compressive Strength 

Table 9.4 represents the 90% confidence interval for the "A" 

and "B" regression constants reported in Table 9.3. The reduced 

scatter is evident in the decreased length of the confidence 

interval for the A and B regression coefficients, Table 9.4. This 

table indicates a reduction in the scatter of the A and B regression 

coefficents when compared to similar parameters in Table 9.2 . 

Compressive strength decreases with increased W / C ratio. This is 

to be expected as both increased cement addition and decreased 

moisture have a decreasing effect on the W / C ratio while 

maintaining a beneficial effect on backfill strength. The 

relevant equations are summarized in Table 9.3. 

The regression constant "A" varies from 3.06 to 5.28 while 

the "B" coefficient shows a smaller variation between -1.45 and 

-1. 55. The small variation in both the A and B constants suggests 

the entire backfill strength data base is amenable to analysis as a 

whole regardless of curing time. This is supported by Figure 9.10, 

which illustrates that a variation still exists between compressive 

strength and curing period, but has been substantially reduced from 

the previous analysis which considered cement content alone as the 

independant variable. Having said this, an analysis on the data for 
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aIl curing periods has been performed. The analysis produced the 

curve illustrated in Figure 9.11 and equation 9.1. Equation 9.1 

also yields a regression coefficient of -.931, indicating a strong 

negative correlation. In addition the scatter is further reduced 

when compared with the curves relating the W/c ratio to compressive 

strength for individual periods, this is also illustrated in Table 

9.4. 

UCS = 3.70 (W/C)-1.41 . • . •• 9.1 

It is further noted that if the averaged regression 

equation is compared to each of the curves described in Table 9.3 

the estimation error due to curve averaging, which represents the 

elimination of curing time as a variable, can be measured. Figure 

9.12 has been produced to represent the estimation error encountered 

by curve averaging. It is further noted that the estimation error 

is dependant on the curing curve being considered and the range of 

W/C which is of interest. Using the 28 day data as a yardstick, and 

if we consider a 10% cement mixed in a 60% pulp density (W/C=4) the 

estimation error associated with Equation 9.1 in relation to Table 

9.2 is consistantly below 20% and is 8.22% for this example. Figure 

9.12 further indicates that that for W/c ratios greater than 4 the 

estimation error is reduced below 8%. It should be noted here that 

error induced by the elimination of curing is smaller than that 

associated with the 90% confidence interval. thus this error need 

not be considered separately as it faiis within the prescribed 

confidence limits. This is of inter est as the bulk of data 

represented in Figure 9.11 is for W/C ratios above 4. 
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FIGURE 9.12 Estimation Error For Equation 9.1 

The conclusion must thus be drawn that for the range of 

backfills involved in this study the effect of curing would seem to 

be negligible. This conclusion would seem to be inconsistant with 

the expected trends observed in concret,e design technology 1 thus the 

conclusion warrants further investigation. We must first recognize 

that cemented fine grained backfills attain their strength by the 

addition and hydration of Portland cement. Furthermore, any part of 

a sample preparation or field implementation procedure which 

directly affects the distribution of Portland cement or the 

hydration process itself will have an effect on the the compressive 

~ strength of the backfill. It is with this in mind that the apparent 
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inconsistancy is investigated, vi th further examination of the 

effect of W/C ratio on compressive strength and by the investigation 

of excess vater on the hydration process of Portland cement. 

Teychenne (202) found that al though most concrete is mixed 

at a w/c ratio of .5 some of the variations in concrete strength can 

be accounted for by variations in this ratio. He found that as the 

W/C ratio increased then the compressive strength correspondingly 

decreased, this trend is consistant vith that reported in this 

chapter. Figure 9.13 i11ustrates this finding and shows consistent 
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FIGURE 9.13 Eifect of Curing and W/C Ratio on 
Compressive strength, After 
Teychenne (202) 

222 



trends for aIl curing periods. Although the actual curing periods 

are not illustrated in Figure 9.13 a further trend is revealed. 

These curves indicatr a trend towards convergence as the W/C ratio 

increases. It is further noted that the W/C ratios illustrated in 

Figure 9.13 extend to a maximum of .9. In fact, the preliminary 

data presented by Manca (65) applies to W/C ratios between 1.25 and 

1. 75 which rema ins • These ratios remain too low to observe the 

reduced effect of curing. The data base for cemented fine grained 

backfills in this study, however, indicates a range of W/C ratios 

between 2 and 14. Thus the convergence indicated by Figure 9.13 in 

more pronounced and the curing curves will be more tightly packed at 

the W/C ratios normally encountered in cemented mine backfills. The 

tighter packing of the curing curves indicates that at higher W/c 

ratios such as those encountered in mining backfill practice the 

effects of curing would be much less pronounced than at low W/C 

ratios, thus supporting the authors hypothesis that the effects of 

curing are negligible. 

Further reference to research on the hydration process of 

Portland cement, is relevant to the mine data analysis. IIlston 

(203), on conunenting on the limits of Portland cement hydration, 

suggested that at high W/C ratios there will exist capillary space 

not reached by the cement gel at the end of hydration, thus yielding 

a weaker, hardened cernent pas te , hcp. Furthermore, this inherent 

weakness becornes the predominant control of hcp strength at high W/C 

ratios. This in turn will weaken the concrete or backfill matrix. 

This also reinforces the conclusion that at high W/C ratios (>2) the 

predominant contraIs on backfill strength is the effect of excess 

water on the hydration process rather than the curing time. 
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Tb~ only remaining limitation of equation 9.1 is related to 

the reduced scatter still remaining in the data. This is not viewed 

as significant when the variations in sample preparation and testing 

techniques exist for the procedures employed by the 30 authors from 

whom the original published data has been extracted. Although, the 

results of the regression analysis yielded satisfactory results and 

the observed trends and conclusions seem reasonable, it was further 

felt that a series of controlled verification tests were required. 

To this end a series of 50 uniaxial compression tests were conducted 

( for a 5\ Portland cement mix over a range of curing time and 
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moisture. The results of these tests were plotted against equation 

9.1 and are represented in Figure 9.14. The laboratory data is 

presented in Appendix 11. The close correlation illustrated 

between laboratory test data and equation 9.1 further increases our 

confidence the final design equation. 

It shoud be noted that although equation 9.1 has been made 

independant of curing, part of the residual scatter illustrated in 

Figure 9.11 is due to curing and is not representable in 

mathemathical forro for this database. Equation 9.1 is presented 

thus as an acceptable means of prediction of backfill strength 

characteristics from physical parameters. The implications of this 

design criterion will now be considered. 

There are several profound operational implications of 

equation 9.1 which should be explored in further detail. The 

objective of backfill design in light of equation 9.1 should be to 

decrease the W/C ratio. This can be achieved in two ways; by 

increasing the cement content or by decreasing the water content. 

Illston (203), suggests that a minimum W/c ratio of .4 be maintained 

to ensure that complete hydration of Portland cernent occurs. The 

curve forro further indicates that maximized marginal increases in 

compressive strength are achieved for W/C ratios below 3.5, see 

Figure 9. 15. 
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FIGURE 9.15 Sensitivity Analysis Of Equation 9.1 

From an operational point of view this wouid imply that for 

typical mining pulp densities of 65% (moisture: 35%) cement 

additions above 10% provide maximized marginal increases in 

compressive strength. It should further be noted that such a 

backfill system couid further be optimized by increasing the pulp 

density to 68.5 (moisture: 31.5%). In so doing the same backfiii 

compressive strength can be achieved with 9% cement addition, 

resulting in a saving of 1% point in cement content. It is aiso 

evident from Figure 9.15 that W/C ratios above 6 are to be avoided. 

The previous example iIIustrates a means of predicting 

backfill strength given a set of physicai parameters. However, from 

a design point of view it is required that Equation 9.1 be reworked 
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so that the W/C ratio can be calculated from a desired uniaxial 

compressive strength. 

Equation 9.2 

This has been done and represented in 

W/C = 2.53 (UCS)-·709 • • • •• 9. 2 

The use of this equation provides a means of determining the 

required W/C ratio to achieve a desired strength. One further step 

is still required to convert the W/C ratio to operational parameters 

such as cement content and pulp density. Such a conversion would 

enable the optimized desl.gn of backfill with respect to cement 

content and pulp density. Figure 9.16 has been plotted for W/C 

ratios between 1 and 6, the curves have been cut -off at cement 

contents of 20% and pulp densities of 40% as any values beyond this 

are considered impractical. 

The use of Figure 9.16 for optimizing backfill design is 

best illustrated by an example. Given that a cemented backfill with 

a '.niaxial compressive strength of .79 MPa is required. This 

requirement is inputted into Equation 9.2, also provided on Figure 

9.16, ta determine a necessary w/C ratio. The ratio for a uniaxial 

compressive strength of .79 MPa is 3.0. It is further noted that a 

W/C of 3.0 can be obtained anywhere on the line labeled "3" on 

Figure 9 .16. Thus, both a combination of 20% cement at a 40% pulp 

density or a cernent content of 8% at 76% pulp density would yield 

the Si lme resul ts. It would then be up to the design engineer to 

determine the optimum combination of pulp density and cement 
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content. This decision should be based on a marginal cost benefit 

analysis between increasing the pulp density with the associated 

costs of plastizers in transportation lines or dewatering using 

tailspinners versus the option of increasing cement content. 

The discussion to date has centered around the relation 

between uniaxial compressive strength and the W/C ratio. However, 

it is often required to use a backfill stiffness for modelling 

purposes. The literature, however, does not contain the abundance 

of stiffness data which was available for uniaxial compressive 

strength. Swan (189) has produced a relation between backfill 

stiffness and uniaxial compressive strength. This empirical 
{ 
\ relation has been presented here as Equation 9.3. 
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E - 210 (UCS)1.44 • • • •• 9.3 

where: E and UCS are the stiffness and uniaxial compressive 

strength respectiveIy, MPa. 

Equation 9.3 has not. been verified in the Iiterature and 

the specifie test conditions have not been outlined. The 50 

uniaxial compression tests which were used to verify equation 9.1 

were also instrumented so that the material stiffness could be 

measured. The measured stiffnesses and uniaxial compressive 
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strengths were plotted against Equation 9.3 to verify its 

applicability and reliability, as illustrated in Figure 9.17. This 

figure shows that the Swan model consistantly under - predicts the 

material stiffness as illustrated by the laboratory data. 

The data obtained from the laboratory study has thus been 

analyzed in order to develop a new relation, Equation 9.4. This 

equation has subsequently been plotted against the raw data in 

Figure 9.18 and produced a correlation coefficient of .918. 

E = 484.8 [UCS] - 1.89 • • • •• 9.4 
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Equation 9.4 can be combined with eQuation 9.1 to form the 

basis of stiffness design fram the physical parametersi moisture and 

cement contents. This procedure has been summarized in equation 

9.5. The form of this equation implies that an increase in void 

ratio also decreases the material stiffness. 

E = 1793.8 [ W / C ]-1.41 - 1.89 ••... 9.5 

A final transformation may now be undertaken so that 

equation 9.5 can he used in a design role, i. e. to determine the 

operational parameters which are required to achieve a given 

stiffness. This is a simllar procedure to that used for the 

unconfined compressive strength. The relevant equation for backfill 

stiffness is given in Equation 9.6. This equation can be used to 

determine the required w/c ratio to achieve our goal. Figure 9.16 

may subsequently be used to determine the appropriate combination of 

pulp density and cement content. 

W/C = 202.7 [ E + 1.89 ]-.709 • • • •• 9.6 
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9.1.2 Uncemented Fine-Grained Backfills 

Uncemented backfills compr lse 59% of backfills used in 

Quebec and 29% of those employed in ontario. Despite the 

significant usage of uncemented backfill, the geomechanical 

properties of these materials have been investigated by few workers 

and the literature contains little data on these materials. A 

laboratory testing program was thus initiated to provide the 

required geomechanical data. 

The previous section has dealt with the geomechanical 

behaviour of cemented fine-grained backfills. It was found that 

although physical material parameters such as void ratio may have an 

effect on the geomechanical properties, the effect of such 

parameters are dwarfed by that of cement and moisture content. The 

strength and stiffness of cemented backfills increase with increased 

cement content and decreased moisture. The effect of moisture on 

geomechanical properties does not relate to mechanical influence, 

rather moisture effects backfill strength and stiffness through its' 

influence on the chemical reaction of Portland cement hydration. 

Excessive water during curing effectively weakens the rigid 

structure formed by the cement gel. 

The geomechanical properties of uncemented backfills on the 

other hand are governed by the physical characteristics of the 

material alone. The parameters which are of greatest interest are 

the material grading, Cc and Cu' void ratio, V rand moisture 

content. The effect of moisture content on uncemented granular 
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materials relates a mechanical process, thus the moisture content 

alone does not adequately describe the mechanical process. A more 

appropriate parameter would incorporate both the moisture content 

and the volume available to accomodate the moisture. The correct 

parameter is thus the degree of saturation, Sr. The strength and 

stiffness of uncemented backfill is also governed by the stressed 

condition of the potential failure plane, Sn. 

The testing program to be undertaken, thus had to encompass 

the measurement of each of these required physical parameters along 

with the continuous measurement of the stress environment during the 

test. Related to the geomechanical properties of interest for 

uncemented backfills is the failure envelope, defined by the angle 

of internaI friction and material cohesion. A further parameter, 

describing stiffness is aIse require. To this end a series of shear 

box tests were conducted for a range of material gradings and 

moisture contents, see section 6.2 for details. 

Four parameters were measured dur ing the shear box tests, 

i.e. the normal and shear stresses as weIl as the normal and shear 

displacements. The horizontial displacement was used to correct 

the shear stress for changing cross-sectional area during the test 

and ta plot the shear displacement shear stress diagram from 

which the peak shear stress and shear stiffness was deterrnined. The 

horizontial displacernent was also used to correct the normal stress 

for changing area and thus provide a means of tracking the change in 

normal stress throughout the test. The horizontal and norrna l 
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displacements were also used to monitor the void ratio throughout 

( the test. Figure 9.19 provides the summarized data plot for one 

such test. It further indicates that having determined the peak 

shear stress, the void ratio and normal stress existing at peak 

shear can be determined. Similar data for each of the 220 tests is 

provided in Appendix 12. 

The data was subsequently grouped according to intital void 

ratio, moisture content and material origine This was then used to 

develop a material failure envelope, see Figure 9.20 and Appendix 

13. Table 9.5 summarizes the angles of internaI friction, cohesion 

and the uniaxial compressive strength for each of the material 

groups tested. It is noted that the uniaxial compressive strength 

is estimated graphically from the failure envelope diagram, by 

( plotting the circle which passes through the origin and is tangent 

to both the shear strength axis and the failure envelope. 

The data summarized in Table 9.5 is combined with the 

backfill physical properties reported in Tables 7.4, 7.8 and 

Appendix 8. This combination of data enabled the characterization 

of the geomechanical properties by physical parameters. Empirical 

design equation were then developed which relate the cohesion and 

the angle of internaI friction to physical material properties. 

It was 

wi th the degree 

found that material 

of saturation. 

cohesion linearly ccrrelated 

Figure 9.21 and Equation 9.7 

describe the relation between degree of saturation and cohesion. 

The relation indicates that increased cohesion resul ts from 

increased degree of saturation. 
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FIGURE 9.20 Material Failure Envelope 

SAMPLE SERIES ANGLE OF INTERNAL 
FRICTION 

COHESION 
(MPa) 

DENA5 
DEl-tA50 
DENA100 
DENB20 
DENB50 
DENB100 
LAC5 
LAC50 
LAC100 
SIG5 
SIG50 
SIG100 

34.11 
36.21 
34.04 
36.36 
34.72 
37.50 
33.97 
37.19 
31. 78 
34.75 
34.74 
33.92 

2.34 
2.33 
3.53 
1.59 
2.52 
2.69 
0.87 
0.0 
4.36 
0.21 
0.85 
4.08 

0.24 

UCS 
(KPa) 

70 
70 

101 
38 
49 
50 
27 
o 

120 
10 
25 

121 

TABLE 9.3 Summary Of Strength And Frictional Properties 
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FIGURE 9.21 Cohesion Design ~urve 

It was further found that the angle of internaI friction 

was not only dependant on the degree of saturation but also on the 

material grading chacteristics, Cc and Cu. The sarne trend w i th 

degree of saturation was observed with cohesion as for the angle of 

internaI friction. In addition increases in either of the grading 

coefficients resulted in an adverse effect on the angle of internaI 

friction. Figure 9.22 and and Equation 9.8 describe the 

relationship derived. 

CR=. 9 ) • • • •• 9. 8 

"f 
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FIGURE 9.22 Design Curve For The Angle Of InternaI Friction 

Finally, a similar regression analysis was carried out for 

the dete~ination of shear modulus values for the materials tested. 

The test data was again grouped by inital void ratio, moisture 

content and material origin. Each of these material groups were 

analyzed separately and it was found that the material stiffness was 

governed by the degree of saturation, void ratio, specifie gravit y 

of solids and the existing state of stress as defined by the nO.rmal 

load. Increasing the normal stress and the specifie gravit y of 

solids increased the shear modulus. Conversely, an increase in void 

ratio and degree of saturation resulted in a reduction of the shear 

modulus. Figure 9.23, illustrates one such analysis and the 

rernainder are reported upon in Appendix 14. Table 9.6 surnroarizes the 

regression constants for each of the backfill groups tested. 
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FIGURE 9.23 Sample Analysis Of Shear Modulus 

SAMPLE SERIES A B 

DENA5 
DENA50 
DENA100 
DENB20 
DENB50 
DENB100 
LAC5 
LAC50 
LAC100 
SIG5 
SIG50 
SIG100 

212.5 
115.7 
138.6 
126.8 

94.3 
179.6 
118.2 

99.7 
67.6 

133.7 
52.4 

239.1 

651. 7 
695.6 
548.5 
958.1 

1016.0 
1012.4 
1055.4 

921.2 
723.0 
898.0 
984.6 
720.5 

1.6 

R 

.947 

.948 

.942 

.913 

.941 

.907 

.925 

.914 

.977 

.919 

.962 

.960 

TABLE 9.6 Regression Analysis Surnmary For Shear Modulus 
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Table 9.6 further illustrates that good correlations can 

be achieved with a linear curve form for specifie test conditions. 

It is thus concluded that the determination of the shear modulus by 

the method described above i8 repeatable. It is further recommended 

that similar relations be developed on a site specifie basis as wide 

variation in the "A" and "B" parameters are evident. However, a 

preliminary design equation has been developed using the combined 

database for aIl samples tested. A linear regression proved to be 

equally effective in analyzing the entire aatabase. The results of 

this analysis are summarized in Equation 9.9 and illustrated in 

Figure 9.24. 
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9.1.3 Uncemented Rockfills 

Uncemented rockfills comprise 21% and 12.5% of backfills 

used in Quebec and Ontario respectiveJ y. The main attraction of 

this material is its' low cost and availability. Geomechanically it 

is characterized by its' lack of cohesion and low stiffness. The 

only property which may be designed for is the angle of internaI 

friction as uncemented rockfill, as a class, behaves like a granular 

material. This leads to the conclusion that this rnaterial is 

unsuitable for use where exposed fi Il faces are required since the 

maximum angle at which this material will stand freely is equal to 

the angle of internaI friction. 

The intent of this section is to provide a guideline for 

maximizing the angle of internaI friction of uncemented rockfills. 

To this end 100 laboratory tilt box test were conducted. The 

samples were compacted to different porosities, and were tested dry. 

The porosities as calculated and reported in Table 9.7 are based on 

the assumption that the individual rockfill particles contain no 

voids inaccessable to the helium gas employed in the pycnometer 

test. This assumption may create slight inaccuracies in the 

calculated porosities. This material is characterized by a nonlinear 

failure envelope. The implication of a nonlinear envelope is that 

the angle of internaI friction is dependant on the normal stress. 

The forro of the curve indicates that the angle of internaI friction 

decreases with normal stress. The angle of internaI friction has 

been related to Barton's (5) equivalent strength parameter (S) and 

roughness coefficient (R), as weIl as normal stress and base 

friction angle. The relation has been summarized in Equation 6.2. 
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Figure 9.26 illustrates the curves generated using Equation 6.2 

and laboratory test data for the four rockfill marterials tested, at 

their natural gradation and no compact ion. The natural porosities 

for these four materials range between 34 and 53%. 

The curves generated in Figure 9.25 require three 

parameters to be know; coefficient of roughness, equivalent 

strength and the base friction angle. These parameters have been 

reported in Table 9.7 for each set of test conditions. 

The base friction angle has been determined from the joint 

shear box test on sawcut rockfill material. This parameter is a 

basic material parameter and as such little can be done to increase 

the inherent value which the available material exhibits. 

Increasing the equivalent strength parame ter increase the 

total undrained friction angle. It is estimated from the uniaxial 

compressive strength, which has been determined from point load 

test, and the materials' USO • The uniaxial compressive strength is 

again an inherent parameter, however the equivalent strength 

increases with a decrease in USOI see Figure 6.1.. 

benefits are achieved with USD' s lower than 50 mm. 

imply that the angle of internaI friction can be 

crushing the rockfill material finer. 

The greatest 

This would 

increased by 

Increasing the roughness coefficient also increases the 

angle of internaI friction. Figure 6.2 provides a means of 

~ estimating the roughness coefficient from the porosity and a visual 
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TABLE 9.7 Frictional Parameters For Uncemented Rockfills 

{ 
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assessment of particle angularity. A back calculation technique h&s 

been used, however, based on the tilt box test. Figure 9.26 

illustrates the effect porosity has on the angle of interna1 

friction. As the other parameters are kept constant on Figure 9.6 

the conclusion can be made that a decrease in porosity increases the 

roughness coefficient. It was a1so found that the range of test 

conditions used in this test program comp1emented the existing 

rockfil1 dam data. Figure 9.27 illustrates the lower and upper 

ranges of mine rockfil1 friction angle characteristics as observed 

from the test program and the equivalent rockfill dam data as 

reported from Leps (4). This figure indicates that the upper range 

of the test data reported in Table 9. 7 corresponds to the 10wer 

range of the avai1able rockfill dam data. This is to be expected as 

tp , (degrees)) 
45r-------------------------------------____ ~ 

35~. 
\~ 34 % 

Porosity 

~----------------
37% 
41 % 

25 
43 % 

15~--------~1.----------L---______ ~ ________ ~ ____ ~ 
o 0.5 

FIGURE 9.26 
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Normal stress (MPa) 
2 

Effect Of Porosity On The 
Angle Of Interna1 Friction 
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Barton (5) reports typical porosit!es between 18 and 31%. It is 

also noted that the upper ranqe of porosities for the rockfill dam 

data corresponds with the lower range of porosities for the mine 

backfill. 

In essence two basic methods of increasing the angle of 

internaI friction for uncemented rockfills are possible. These 

relate back to equation 6.2, which implies an increase in the angle 

of internaI friction is obtained by increasing the equivalent 

strength parameter or the equivalent roughness coefficent. In 

J.' practical terms the equi valent strength parameter can be increased 
{ 
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by regrading or regrinding the backfill material. Additional 

increases in the angle of internaI friction can be obtained with an 

increase in the equivalent roughness, this parameter too is a 

function of the ~aterial grading characteristics and the degree of 

compaction. 

9.2 Correlation Of Laboratory And In situ Data 

This chapter to date has centered around the evaluation of 

laboratory data. It is evident however that if this data is to be 

useful it must he correlated to the field environment. The overall 

project has focused on this concept. This chapter section examens 

the relation between laboratory strength, stiffness and frictl0nal 

properties and similar properties measured in the field with the 

pencel pressuremeter, reported in Chapter 8. 

The correlation of field and laboratory data resui ts from 

220 laboratory tests and 100 field pressuremeter tests. After data 

reduction, however, fewer points are available for laboratory to 

field data extrapolation. strong correlations, however, were 

achieved, with this limited data. 

9.2.1 stiffness Correlations 

The deformation modulus is rneasured in the field by the 

Menard modulus, Em' and are surnmarized in Table 8.2. A s irni Iar 

pararneter, the Iaboratory shear rnodulus, Gp ' has aiso been rneasured . 

The unconfined laboratory shear rnodulus proved to be a effective 
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index for predicting the field modulus. It should be noted that the 

... laboratory data remains an order of magnitude higher that the 

r 

measured fields response. Furthermore an exponential curve form 

proved to adequately represent the relation between these two 

parameters. The correlation coefficient for this curve form, 

R=. 990, implies that Equation 9.10 gives a strong positive 

correlation. 

Em = 6.31 EXP [.0092 Gpo ] ; (R=.990) •.••• 9.10 

Equation 9.10 has been represented in Figure 9.28 along 

with the actual data for uncemented materials. 
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45 .,.---------::::---i/ 
40 A = 6.31 

B = .0092. 
35 

E 30 
t.J 

CIl 
::J 
..J 
::J 
Q 
o 
~ 

~ 
CI: o 

2S 

20 

~ 15 
Q 

10 

20 

FIGURE 9.28 

R = .990 

40 50 80 100 120 140 150 180 200 220 

LABORATORY SHEAR STlfTNESS. Cp (MPA) 

Correlation Of Laboratory Shear stiffness 
And Field Deformation Modulus 

248 



,., 

9.2.2 Strength Parameter Correlations 

Two strength parameters have been recorded in the 

laboratory; the uniaxial compressive strength and the material 

cohesion. The uniaxial compressive strength was determined directly 

for cemented backfill materials and was estimated graphically from 

the failure envelope for uncemented fine-grained backfi1ls. These 

two means of determining the same property lead to discrepancies 

which make correlation to field conditions impossible. On the other 

hand the laboratory cohesion for uncemented materials proved to 

correlate well with the pressuremeter limit pressure, see Table 8.2. 

-~ Go 
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a: 
Go 
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~ 
....J 
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FIGURE 9.29 Correlation Of Laboratory Cohesion 
And Field Limit Pressure 
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An exponential curve forro was also used to relate cohesion 

and limit pressure. Equation 9.11 gives the precise numerical 

representation, while Figure 9.29 diagramatically repre3ents this 

relation. 

Pl = .51 EXP [.57 C ] ; CR=.950) • . . .. 9.11 

Equation 9.11 can be combined with Equation 9.7 ,the 

resul ting equation, Equation 9.12, can be used to estimate the 

anticipated 1imit pressure directly from the degree of saturation. 

Pl = .51 EXP [ .37 + 2.74 Sr ] • . . .. 9.12 

9.2.3 Frictional Characteristics Correlations 

The frictional characteristics of uncemented mine backfills 

are defined by the angle of internaI friction. This parameter has 

been determined by two test methods; shear box and tilt box test, 

for unceroented fine-grained and uncemented rockfilis respectively. 

The analysis of the relavent laboratory data for each of these 

rnaterials has been described in sections 9.1. 2 and 9.1. 3 • The 

corresponding field data for uncernented rockfill is ] imited to the 

tests conducted at Chadbourne mine, thus laboratory to field 

correlations for uncemented rockfills was not possible. 
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The extrapolation of laboratory angle of internal friction, 

as determined in section 9.1.2, has been limited to uncemented fine 

grained materials. Figure 9.30 graphically illustrates the relation 

between laboratory and field angle of internaI friction. This 

relation is mathemathically represented by Equation 9.13. 

~field =1.046[ 'lab ]-3.59; (R=.945) .•..• 9.13 

This strong correlation confirms the applicability of 

Equation 5.7 for the determination of the angle of internaI friction 

from the pressuremeter limit pressure. It further allows 

corrections to be made to laboratory angle of internal friction to 
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reflect field conditions. A further modification can be made to 

Equation 9.13 by combining it with Equation 9.8 to yield a field 

value of angle of internaI friction directly from physical 

parameters, Equation 9.14. 

~field = 32.15 + .173 [ Sr / Cc / Cu ] ••••• 9.14 

9.3 Summary 

This chapter has presented design equations for three 

materials; cemented fine-grained backfill, uncemented fine-grained 

backfill and uncemented rockfill. The design properties vary with 

material type, for instance the uniaxial compressive strength, and 

stiffness are the major design properties for cemented fine-grained 

backfills. Design equations for these geomechanical properties have 

been developed for cemented backfill and presented in this chapter. 

Similarly, design equations for uncemented fine-grained 

backfills are based on the material shear modulus, cohesion and 

angle of internaI friction. These geomechanical properties have 

been equated to degree of saturation, void ratio, specific gravit y 

of solids and state of stress. 

The tilt box tests described in sections 6.2.4 and 9.1.3 

have been used to correlate the degree of compaction as defined by 

the void rdtio to angle of internaI friction of the test material. 
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Particular attention has been focused on the relationship 

between laboratory and field observations for uncemented fine-

grained backfills. strong correlation has been observed between 

laboratory shear stiffness and field deformation modulus. Equally 

good correlation was observed between laboratory cohesion and 

pressuremeter Iimit pressure as well as for field and laboratory 

angle of internaI friction. 

The thesis thus far and this chapter in particular has 

focused on the geomechanical properties of existing backfill 

materials. Reference has not yet been made to the interaction 

between these materials and the stoping environment. As such 

conclusions cannat as yet be made of the effectiveness of backfill 

in a ground support role. Chapter 10, will thus investigate the 

effectiveness of backfill under the various enivronments which may 

be encountered. 
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10.0 BACKFILL EFFECTIVENESS AND STABILITY IN GROUND CONTROL 

The focus of previous chapters has been on the 

determination of geomechanical mine backfill properties and their 

relationship to physical properties in order to develop appropriate 

design equations for each backfill type. The effectiveness of 

backfili types in fuIfiIling different ground control raIes in 

various mining environments is important to establish. Only with 

such knowledge can a design engineer define the required target 

properties for a backfill type in a particular environment. The 

objective of this chapter is to investigate the requirements of 

backfill in three significant mining environments. These include; 

rockburst - prone ground, free standing stability and static stress 

redistribution applications. These environments and the modeis used 

to idealize them are described in detaii later in this chapter. 

Included in predictive design methods are any numericai or 

analytical models which attempt ta simulate a mine environment. 

These models include limit equilibrium analysis, used in assessing 

free standing heights, dynamic energy balance approaches for 

assessment of backfiii behaviour in rockburst-prone ground 

displacement discontinui ty or fini te element models for assessing 

stresses arounù mine opcnings and in backfill structures. The 

appropriate choice of model is crucial to the successful prediction 

of backfill behaviour. Such chOlces should thus be based on the 

preconceived backfill function, mining dimensions, geometry and 

geology as weIl as modei validity and costs. 

Modeis can be used ta evaluate the performance of a given 
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fill material. This may be measured in terms of a backfills' free 

standing height, ability of the fill to redistribute stresses or 

other criteria which the backfill designer considers appropriate for 

the preconceived function. Alternately these models can be used in 

an iterative fashion to determine the target mechanical properties 

required to me et a desired performace criterion as described in 

section 3.1.2. 

BACKFILL TYPE COHESION 
(kpa) 

UNCEMENTED 
FINE GRAINED FILL 0 - 45 
MINE ROCKFILL 0 
DAM ROCKFI LL 0 

CEMENTED 
FINE GRAINED FILL 48 - 62 
MINE ROCKFILL 150 -350 

VIBRATED F.GRAIN. 
DOUBLE PLACED R.F. 

38 - 85 
95 - 150 

FRICTION 
ANGLE 

31 - 38 
25 - 35 
35 - 55 

35 - 38 
50 - 55 

35 - 38 
37 - 42 

COMPRESSIVE 
STRENGTH 

(MPa) 
o - .15 

0 
0 

.5 - 2 
6 - 11 

E 
(Mpa) 

2 - 15 
1 - 2 
3 - ~ 

20 - 85 
500-1000 

.4 - 2.8 16 - 117 
1 - 5.5 44 - 230 

TABLE 10.1 Typical Backfill Properties 
For A Range Of Backfill Types 

Each section in this chapter first df>scribes the mining 

environment and modelling method used and then determines the 

required backfill properties for particular design criteria. These 

properties are then compared to a table of typical backfill 

properties, Table 10.1, to determine backfill type suitability for 

each application. This table is an attempt to broadly summarize the 

geomechanical properties of the backfill types and is based on both 

the thesis laboratory and in situ testing as weIl as published work. 

The chapter further investigates the effects of dimensional, 

environmental and saturation conditions on backfill effectiveness. 
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10.1 Pree Standing Height_Applications 

,'" 
\ During pillar recovery against backfill stopes the stability 

of the exposed hackfill faces becomes of critical importance to 

maintain ground support and minimize dilution. Al though backfill 

free standing stability can he analyzed using numerical methods 

(128), simpler closed form solutions exist,such as the two 

dimensional limit equilihrium method (49,50,51,136,137). The method 

stems from the factor of safety equation developed by equating 

driving and resistance forces along an assumed plane of failure, 

Figure 10.1. Failure is assumed to occur at: 

(l' = (45 + cp / 2 ) ••... 10.1 

The problem of free standing heights is illustrated in 

1 '\ Figure 10.1 

,,.,,---- L ----.. ./ 

)C 

-----------

Figure 10.1 Mode Of Failure Diagram 
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The factor of safety equation for this failure mode thus can 

be written as: 

F = CLB/Cos(a) + WnCos (a) Tan(~) 

(LBXy - 2CBX) sin (a) 

... " 10.2 

where: F = factor of safety 

C = cohesion 

L = strike length of exposed fil1 

B = width of block 

a = 45 + l{J /2 

r = unit weight of backfill 

l{J = angle of internaI friction 

and Wn = BLX 

The above equation is applicable to aIl backfill types 

ranging from cohesive backfills, cemented hydraulic and rockfills, 

and cohesionless fil1s su ch as uncemented rockfill. However it 

should be noted that equation 10.2 can be simplified for 

cohesionless materials, and becomes: 

F = Tan_L2J 
Tan (œ) 

. . . .. 10. 3 

Equation 10.3 implies that for cohesionless materials such 

as uncemented rockfill a free standing vertical height is not 

possible. In summary, there is little difference between various 

limit equilibrium equations described thus far. However, 

experience in soil mechanics and analysis of failure moùes in su<..:h 
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structures shows that failure in soils occurs in what is known as 

circular arch failure mode. Hoek and Bray (138) proposed a series 

of design charts for the stability of soil slopes and defined the 

two followlng terms: 

x = c / r H tan ( ljJ ) 

y = tan ( qJ ) / F 

where C = cohesion (kN/m2) 

ljJ= angle of internaI friction 

y= backtill density (kG/m3 ) 

H = vertical height 

F = factor of safety. 

The relationship between the two quantites, X and Y is 

dependant on the slope angle and degree of saturation. A free 

standing height requirement is analogous to a vertical slope. A 

statistical analysis of the Hoek design charts was carried out by 

the author and the following equation developed: 

F = tan CP) (r Htan (qJ) / C ) B 
A 

• . • .. 10.4 

where A and B are regression constants depending on saturation 

conditions. Furthermore equation 10.4 can be used to determine the 

free standing height of a particular material. This ~s done by 

setting F = 1 and rearranging equation 10.4, so that in S.I. units: 

H = 203.9 (A/tan ( qJ ) ) l/B ( C/ Y tan (cp) ) . . . .. 10.5 
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Both equations, 10.4 and 10.5 are applicable over a certain range of 

X values and saturation conditions, defined by the saturation 

number, n. The saturation number represents the fraction of total 

height which is saturated: i.e a saturation number of 8 implies that 

backfill is saturated to 1/8 its total height. These ranges and the 

regression constants are given in Table 10.2. 

------------------------------------------------------------
n X - range A B Coeff. Corr·1 

1 
.07 to .9 .376 -.628 .970 

8 .08 to .8 .379 -.631 .999 

4 .095 to .6 .415 -.616 .999 

2 .13 to .5 .424 -.655 .999 

Table 10.2 Regression Constants For Varying Saturation 

Using equation 10.2, Nantel (51) found that for a backfill 

having a density of 2402 kg/m3 , an angle of internaI friction of 42 0 

and a cohesion of 74.2 kPa. a free standing height of 40 m was 

attainable, assuming pl anar failure. Using these same input 

parameters equation 10.5 can ne used ta estimate the free standing 

height under circular failure conditions. It. was found tha t 

equation 10.5 predicted a free standing helght of 28 m. It is felt 

that as equation 10.5 best represents the failure mode of soil and 

soil - like materials such as backfills, it should be used in place 

of equation 10.2. Furthermore, both of these models have the 

inherant idealization of homogeneous material properties, thus 

segregation or banding, which would reduce the free standing height, 

cannat be modelled. This further supports the use of the more 

conservative predictions provided by equation 10.5. 
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The effectiveness of backfill in free standing height 

applications is dependant on the required height of exposed face and 

the backfill employed. Equation 10.5 was used ta assess the 

backfill property requirements to me et a range of free standing 

height objectives. This equation has also been used to verify the 

sensitivity of free standing height to the angle of internaI 

friction, material cohesion, material density and degree of 

saturation. 

A base series of mode1 parameters, representing vibrated 

cemented fine grained backfill properties, were used. These 

included a cohesion ot 74.2 kPa, angle of internaI friction of 350 

and material density of 2402 kg/m3 . Each of these parameters were 

then varied independantly so that their influence and sensitivity on 

free standing height could be assessed. 

Table 10.1, indicates that the angle of internal friction 

ranges from 25 to 55 degrees for the materials presented. The angle 

of internaI friction has thus been varied from 20 to 60 degrees to 

encompass the entire range. Figure 10.2 il1ustrates the variation 

of free standing height, as predicted by equation 10.5, with the 

angle of internaI friction. It was found that for the range of 

internaI friction angles given above the safe free standing height 

ranged from 16.5 to 41.5 metres. This represents a significant 

variation and the internaI friction angle should thus be optimized. 

The relation shown in Figure 10.2 further indicates a quasi-linear 

relation between angle of internal friction and free standing fil1 

height. The relationship further indicates that a 5m increase in 

free standing height is obtained for each increase of aO in the 
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angle of internaI friction. This relation only indicates the 

sensitivity of the angle of internaI friction on Equation 10.5. 

Material cohesion ranges from 0 to 350 kPa in Table 10.1. 

The higher end of the scale represents cemented rockfill alone with 

the range for the remainder of the backfill types ranging from 0 to 

150 kPa. Furthermore, Equation 10.3 indicates that for cohesionless 

materials a safe condition (F=l) can only be obtained for a face 

angle equal to the angle of internaI friction. This implies that a 

vertical free standing height is not possible for cohesionless 

materials. This would thus exclude aIl uncemented rockfill, or 

uncemented dam rockfill materials for use in free standing height 

appl ica tions • Sorne uncemented fine grained ma'~erials, particularly 
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at low degrees of saturation, as implied by Equation 9.7, would not 

be suitable for free standing heights either. Given the se 

restrictions on material cohesion, a sensitivlty analysis was 

conducted with material cohesion ranging from 30 to 150 kPa. The 

linear relation between cohesion and attainable free standing 

height, Figure 10.3, indicates that a 2m increase in free standing 

height is achieved for incremental increases of 6 kpa in material 
• 

cohesion. Again this relation only represents the sensitivity of 

Equation 10.5 to cohesion. 
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FIGURE 10.3 Free Standing Height Sensitivity 
To Material Cohesion 
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Mater!al dens! ty in equation 10.5 influences the driving 

forces on the failure surface, and as such an increase in density 

will have a detr!mental effect on free standing height. This 

conclusion is seemingly in contradiction to the obj ectives of 

material densification. However, it should be pointed out that as 

the material density increases both the cohesion and angle of 

internal friction increase. The material densi ty was varied from 

1200 to 2700 kg/m3 as this range covers the entire spectrum of 

material densities expected. Figure 10.4 illustrates that a 

decrease in free standing height occurs with an increase in material 

density. The relation shown is notably nonlinear, however, it can be 

linearized for discrete ranges. Backfill densities typically range 

between 1800 and 2000 kg/m3 . If this range is considered a 10% 
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FIGURE 10.4 Free Standing Height Sensitivity 
To Material Density 
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decrease in free standing height is observed. 

Tho sensitivity analysis conducted thus far sheds light on 

the effect of cohesion, angle of internai friction and material 

density on free standing height. It is not possible at this stage, 

however, ta assess the effectiveness of the backfill types 

represented Table 10.1 in a free standing environrnent. Ta this end 

Table 10.3 has been created, which indicates the calculated fre~ 

standing heights for the different backfill types considered in 

Table 10.1 using average backfill properties. In addition it has 

been demonstrated by equation 10.5 and Table 10.2 that the 

attainable free standing height is also dependant on the degree of 

saturation as described by the saturation constant, n. 

Table 10.3 indicates that none of the uncemented backfill 

materials are suitable for free standing height applications, due ta 

their lack of cohesion. Uncemented fine grained backfills 

SATURATION NUMBER, n 
BACKFILL TYPE COHES. FRIC 

(kpa) ANG. dry 2 4 8 
UNCEMENTED HEIGHT (m) 

UNCEMENTED HYDR. 22.5 34.5 9.7 7.8 8.4 9.5 
UNCEMENTED ROCK. 0 30.0 0.0 0.0 0.0 0.0 
UNCEMENTED DAM ROCK. 0 45.0 0.0 0.0 0.0 0.0 
-----------------------------------------------------------------

CEMENTED 

CEMENTED HYDR. 55.0 37.0 25.0 19.9 21.8 24.6 
CEMENTED ROCK. 260.0 47.0 145.7 113.2 128.3 142.8 1 

-----------------------------------------------------------------1 
1 

VIBRATED FILL 61.5 37.0 28.0 22.2 24.3 27.5 1 
DOUBLEPLACED R.F. 132.5 38.5 62.2 49.3 54.3 61.1 1 

TABLE 10.3 Attainable Free standing Heights 
For Various Backfill Types 
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may, however, achieve free standing heights in the range of 10m 

under the best of material saturation conditions, few practical 

applications are foreseen. It was further found that cemented fine 

grained backfills could attaln free standing heigh'l;s of 2 'lm on 

average. This compares with a 40 m free standing height predicted by 

Nantel (51) and Ariaglu (49). In addition, vibration of these fi11s 

would increase the average free standing height by 3m. However if 

the double placed method of placement is used the fill height can be 

increased ta 62m. Finally, the cemented rockfills is the only 

material suitable for free standing heigh~s greater than 100m. This 

conclusion has been supported by field observations at Kidd Creek 

mine, (197,198), where cemented rockfill mixed at a W/C ratio of 1.2 

and containing 5% Portland cement is capable to stand unsupported to 

heights of 100 m and withstand blast vibrations. 

The conclusions drawn thus far have been based on dry fill 

structures. The saturation conditions however, have a significant 

effect on attainable free standing heights. This is evidenced by 

the heights calculated in Table 10.3. It was further found that if 

the intital free standing calculations were based on dry conditions 

th en a simple correction factor could be used to determine the free 

standing height under a range of saturation conditions. This 

relation has been developed using the data in Table 10.3 and is 

graphically expressed in Figure 10.5. This figure relates the 

correction factor to the saturation number, n. The curve 

illustrates that for n=l (fully saturated) the correction factor is 

0.7, implying that a 30% reduction in free standing height results 

due to the saturation condition. On the other hand as lin" 
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approaches 10.8 then the correction factor approaches l, indicating 

that for tin" values greater than 10.8 the saturation condition can 

be considered dry. 
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10.2 Rockburst-Prone Ground Applications 

Rockbursting has been a ground control hazard in bath 

soft and hard rock mines in Canada for over 50 years (83). It has 

been responsible for sever.e losses in production and in several 

instances the closure of mines. Even more significant is its 

influ~nce on the safety and morale of miners. Renewed recognition 

of the need to combat this phenomenon arose after a sequence of 

rockbursting activity in 1984 at several mines, principally in the 

province of ontario. In the Sudbury area a sequence of rockbursts 

up to 2.6 Richter sca1e in maqnitude c'.11minated in the 10ss of four 

lives and the eventua1 closure of the Falconbridqe No. 5 Shaft Mine 

(84). A few weeks later at the Creighton Mine 1n the same area a 

sequence of rockbursts includ ing one of Richter sca1e 4.0 were 

experienced (85). The need to atlleviate the rockbursting hazard is 

further compounded as Canadian mines recognize the future need to 

work with improved safety, productivity and recovery, often at 

increased depth. 

Many Canadian mining camps, soft and ha rd rock, have 

experienced a history of rockbursting problems. In the Maritime 

provinces the coal mining operations have experienced sorne 

significant outbursting and bump activity at depths in excess of 500 

m. The major associated tragedy occured at the Springhill Mine, 

Nova Scotia, where a sequence of bumps culminated on October 1958 in 

the destruction of one entire production district wi th the 1055 of 

75 lives and the eventual closure of the mine (86). Currently sorne 

operating Potash mines in Saskatchewan are experiencing seismic 
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activity in carbonate sandstone and shale horizons, overlying the 

evaporite deposits (87). 

The principal rockbursting activity has been associated with 

hard rock mining in the Canadian preCambrian Shield. Rockbursting 

has been experienced in Newfoundland, New Brunswick and Quebec 

mines. Although Quebec has not yet experienced a major share of 

rockbursting, there have been instances of activity, such as that at 

the East Malartic Mine (88). The main rockburst - prone geological 

structure at this mine was a highly brittle porphyritic intrusion. 

Seismic veloci ty measurements indicated veloci ties in the range of 

6. 1 to 7. 6 km/ s . These very high velocities were indicative of 

highly stressed and competent rock. The measured country rock major 

minor and intermediate principal stresses were 83.1, 69.6 and 74 MPa 

respectively. 

The more proliferous base metal and gold mines of ontario 

however have suffered more frequently and severely. In 1940 a 

growing anxi~ty over rockbursting prompted ontario's Mining 

Association to invite R.G.K. Morrison to apply his expertise, 

developed through exposure to rockbursting on the Kolar Gold Field 

in India, to the Ontario mining env ironment (83). The early 

forties saw initial experimentation wi th microseismic monitoring 

systems in mines of the Sudbury and Kirkland Lake areas. An 

inability to predict bursting appears to have led to their 

application lying dormant until the late seventies (89). In the 

intervening peri()d rockbursting activity continued in ontario mines, 
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e.g. 22 of 208 fatalities due to falls of ground arose from 

( rockbursts in the period 1960 - 1979 (90). 1984, however, saw 4 

fatalities arising from rockbursts in Ontario. serious sequence of 

( 

seismic activity have been experienced in fourteen mines in the last 

two years in ontario. The principal affected mining districts have 

been Sudbury (83,84), Elliot Lake (91), Red Lake (92) and Kirkland 

Lake (93). Although only the rockbursting histnry of Canadian mines 

has been described, problem of rockbursting extends across 

international borders. A long history of rockbursting exists in 

South Africa particularly the Val Reefs and Western Deep Levels 

regions. The brittle rock sequences of the Coeur D'Alene region in 

Idaho have also exhibited much rockbusrting and has been the subject 

of much research. 

Backfill as a support unit in rockburst-prone ground may be 

subjected to dyanamic as weIl as static loading. In this light the 

design of backfill will differ according to the type of loading 

being considered. 

10.2.1 Dynamic Interaction 

In the case of dynami c loading one must first concede the 

occurence of a seismic event. The backfill is designed so as to 

minimize the damage to the underground opening by reducing closure. 

On this basis the author has developed a series of design equations 

relating stope geometry and orientation, seismic velocity, and 

backfill material properties to stope wall closure. The peak ground 

( velocity, V, is used as the major design parameter for determining 

" 
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stiffness, E, in equation 3.1, which was developed as part of this 

study. 

E = (2A8+ (2600) v2 / d) /82 ••••• 10.6 

In this equation "A" is a parameter dependant on roek mass 

weight and stope inclination, S is the acceptable closure of the 

opening as strain, d is the original size of the opening, V is the 

peak ground velocity and E is t~e stiffness of the support, in our 

case the support is backfill. with this equation a number of design 

curves have been developed. 

The role of backfill can be considered both a strategie and 

tactical measure for rockburst alleviation. In the broadest sense 

backfill may be considered a strategie support system when the 

original design of backfill is based on a pre-set failure criteria 

which accounts for rockburst conditions. Such a failure criteria 

may concede a rockburst and attempt to reduce the extent of damage 

to the stope opening under dynamic loading. Similarly, the initial 

objective may be to alleviate rockbursts under a prolonged or 

gradually increasing static load. In both these cases the original 

design of the backfill to meet these failure criteria can be 

considered as strategie design. 

Often, however, it is not possible to encompass every 

eventuality into an original design, or to consider possible local 

variations. It is therefore quite possible that the original 

failure criteria be exceeded at sorne point, in such a case rernedial 

~ measures rnay have to be taken. Such as stiffening of the backfill 
l, 
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over a localized area where the original design was inadequate. 

Such a rernedial design of backfill would be considered to be 

tactical. 

Regardless of whether backfill design is based on a 

strategie or tactical philosophy the failure criteria and prevalant 

stress conditions forrn the basis for design. In this vein two 

scenarios are considered. The first looks at the behaviour of 

backfill once a rockburst has or.cured. In such a case the backfill 

is under adynamie load, as a predeterrnined block of ground is 

accelerated into the opening at an anticipated ground velocity. 

Under such loading conditions, a failure criteria would be based on 

the arnount of closure which would be deemed acceptable. The 

relevant equations for such a senario have been developed and are 

based on an energy balance approach (100). 

The second scenario occurs when, at the outset, backfill 

design is being used to alleviate rockburscs. In such a case the 

energy balance of interest is that at stable and unstable 

equilibriurn of the rock masse The introduction of backfill into 

this energy balance and the subsequent design of backfill aims to 

turn an unstable or rockburst condition into one of stable 

equilibriurn. This case clear1y illustrates that failure of the 

bé'ckfill occurs when it is incapable of absorbing enough energy to 

transforrn an unstable equilibrium to a stable one. Another approach 

has been taken by sorne authors where the degree of closure has been 

related to the occurence of rockbursts. When such data is available 

the failure criteria for rockhurst alleviation becomes the closure 

at which rockbursts occur. 
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The dynamic loadinq case ia first considered. The basic 

premise of such a design is that a backfill column Md" mett."es in 

length and having a cross-sectional area of lm is dynamically loaded 

by a column of rock having the same dimensions. The rock - backfill 

system is arranged in such a vay that the rock mass lies in the 

hanqingwall. The rock mass, on initiation of the rockburst, has an 

initial velocity of "V" mIs. The energy balance of such a system 

yields the required backfill stiffness to obtain a desired closure . 

Figure 10.6 illustrates this problem in two dimensions. l'he rock 

mass has at the beginning of impact a velocity, V, and the b~ckfill 

column is stationary. During the short interval of impact the rock 

mass is rapidly decelerated and the backfill column is rapidly 

accelerated until a new velocity, V' is obtained: from conservation 

of momentum we thus have: 

• • • •. 10.7 

FIGURE 10.6 Two Dimensional Representation 
Of Dynamic Loading 
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Equating the work done by all forces the change in kinetic energy of 

the system is obtained for: 

-.5 (MS + Kr > ([Mr ]2 V2 ) /(Mr + Ms)2 = 

-fo~ (x) dx + Mrgcsin (a) + MsgcSin (13) ..... 10.8 

Since Ms «Mr ,equation (10.8) can be simplified and rewritten as 

follows: 

c 
.5 (Mr V2 ) + Mrgcsin(a) =lFs(X) dx ••••• 10.9 

o 

If we now consider the in place backfill to behave linearly then 

F(x) = Ex and equation (10.9) can be simplified. The integral on 

the right h~,d side of equation (10.9) ~ecomes: 

thus 

and 

.C 

LEX dx 
o 

c = .5 Ex / 
o 

= .5 EC2 

I~-------------------
C =(MrgSin(œ) + '/(Mrgsin«()') )2+EMr V2) / E .••.• 10.10 

Assuming a failure or yeild zone around the opening, d, the cross 

sectional dimen~ion of the stope. 
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~ 
then 

Mr = Pd" 1"1 ••••. 10.11 

Then if equation 10.11 is inserted into equation 10.10 and both 

sides of the equation is divided by the st ope dimension "d" we 

obtain 

S = CId = (pgsin(œ)+ J (pgsin(œ) 2 + EP v21 d )1 E ...•. 10.12 

At this stage equation 10.12 is in terms of closure strain rather than 

absolute closure. Furthermore if 

A = p gsin(a) • • • •• 10.13 

then 

S = (A + (A2 + E P v2 Id) .5) / E 

The trivial solution E = 0.0 is not useful for practical purposes 

then 

••••. 10.14 

returning to equation 10.14 œ = 90 - r where, r = stope dip 

angle, and assuming p = 2600 kg / m3 then: 

A = 25500 Cos (y) • • • •• 10.15 
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Equation 10.15 was subsequently used to develop Figure 10.7, for 

( 2 stope angles ranging from 0 to 90 degrees. Next if Z = V / d in 

( 

equation 10.14 then equation becomes a linear function of "A". 

Figure 10.8 provides a rapid means of determining Z, for stope 

dimensions between 1 and 20 metres and ground velocities between .1 

and 6 rn/s. 

Equation 10.14 thus becomes: 

E = ( 2AcS + PZ) / cS 2 • • • •• 10.16 

Constructing graphs, for specifie values of A, with "z" as 

the independant variable for closure strains 8, then the required 

stiffness corresponds to the Y - axis. 
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The use of Figures 10.7, 10.8 and 10.9 in backfill design 

can best be illustrated through an example. Given that an orebody 

dips at 450 in a rock mass of specifie gravit y of 2.6 and stope 

dimensions of 8m. If the design objective was for the backfill to 

withstand a peak ground velocity of 4 mis then the required fill 

stiffness could be derived, for example, if 5% closure of the 

opening was considered to be the limit of acceptable deformation. 

The first step would be to determine the "A" parameter from 

Figure 10.7 Given that p = 2600 kg 1 m and r = 450 the "A" 

parameter becomes 18000. Similarly the Z parameter is obtained from 

Figure 10.8, given a design velocity of 4 mis and an 8m stope width 

we find that Z = 2.04. The next step is to go to Figure 10.9, which 

is designed for an "A" value of 18000, and using the calculated "Zif 

value and the 5% acceptable closure given, then the "E" value 

related to these conditions can be derived. For this example a 2.8 

MPa fill stiffness would be required to meet the preset failure 

criteria. 

The prededing design process was based a peak ground 

velocity. It is, however, possible to design to a Richter magnitude 

of seismic event occuring at a specified distance from the opening. 

It has been proposed (101) that peak ground velocity can be 

correlated to local Richter magnitude, ML' and distance from the 

source, R, bl' the equation 10.17. This equation implies that a 5 

Richter Magnitude rockburst occuring 100 m from a stope would yield 

a 6 mis ground velocity at the stope wall. 
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Log (R x V) = 3.95 + .57 ML ..... 10.17 

In summary, given that a rockburst of a given Richter 

magnitude will occur at an anticipated distance from an opening we 

are now in a position to design an adequate backfill to maintain 

stope closure within specified limits. Conversely, given the same 

information we are also equipped to predict stope wall closure 

knowing that a fill of specified stiffness is being used. 

This thesis section has developed a series of backfill 

design curves for use under dynamic loading. It has also reviewed 

the implications of designing backfill to reduce seismic activity in 

mining. The two methods, although they are both derived from energy 

balances, are for the design of backfill under different conditions. 

The first is used to design backfill to reduce closure resul ting 

from a seismic event. As such the energy balance is based on 

kinetic energy. The design criteria used in this case is closure, 

under a pre-defined seismic environment and stope dimensions. 

The use of backfill in rockburst prone ground requires 

that a precise purpose be defined prior to design. Two purposes are 

outlined in this chapter and include backfills ability to absorb 

strain energy in its' role for rockburst prevention. In addition 

backfill may be used in a dynamic role to limit the amount of 

damage caused by a rockburst which has occurred. This role is 

termed "dynamic interaction" as a ground velocity is generated at 

the rockbursts' epicenter which wi Il cause a net closure of the 
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stope walls. The total closure is dependant on the magnitude of the 

ground velocity at the stope boundaries, and the backfill stiffness. 

Thus from a design point of view the required backfill 

stiffness depends primarily on the closure expectations or 

requirements and the anticipated ground veloci ty. The required 

stiffness is also dependant on the stope angle and width. As such 

each of the four design parameters have been used as part of a 

sensitivity analysis on the effect of these parameters on the 

required stiffness. 

The parameters mentioned above fall into two categories 

including stope geometry, described by the stope width and the dip 

angle and the environmental expectations for both the backfill 

material in terms of required closure and the anticipated ground 

velocity. Again, a series of base parameters incl uding a stope 

width of 4m, stope angle of 450
, ground velocity of 4m/s and a 

design closure of 5%, have been employed. 

Keeping aIl other parameters constant, the stope angle was 

varied from 200 to 900 to encompass a wide range of stope 

orientations. Equation 10.6 was then used to perform a sensitivity 

analysis with respect to stope inclination. Figure 10.10 

illustrates the variation of required stiffness with stope 

inclination. It illustrates a 1 mPa variation, from 4.1 to 5.1 MPa 

over a 700 range in stope angle. Thus the required stiffness 

appears to be relatively insensative to stope inclination. The 

required stiffness tends to rlecrease with an increase in stope 
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angle. 

A similar investigation of the effect of stope width on 

required stiffness was conducted. The stope widths were varied 

between 2 and 13m. The effect of stope width is illustrated in 

Figure 10.11. This figure indicates increased sensitivity of 

required backfill stiffness with a decrease in stope width. It was 

further found that over the range of widths covered in this 

analysis 1 the required stiffness ranged from 2 to 7 MPa 1 thus 

illustrating a relative insensitivity of required stiffness to stope 

.,.... 
~ :: ...... 
(fi 
(fi 
lAI 
Z 
"-110 ;:: 
(fi 

0 
lAI 
~ 

a 
lAI 
0: 

STiFFNESS VARL~TIONS Rç.-QUIRElvlENTS 
5 2 WITH --;TO~E ~HQlE . 11--------------------~~~~~--------------~ 
5.1.1---_ 

1 ~.'-.-
5 J "-"'-.'-..,. 

1 -~ 
1 "" 

"~ 
"'.9 

= "m 

"'.B 

4.7 WIDTH 

'-, 
.... , 

...... 

"''''-" 
'" 

"'.B ~vELcclrr = 4m/:; 

4.' j CLOSU.' 

,,-" 1 

= 5~ 

'~''', 4.3 j-
"'.2 ~ 

"'.1~-----r-----.-----;------.-----._----._----~ 
20 40 BO 

STOPE ~NGLE Cd.gr •• :;) 

BO 

FIGURE 10.10 stiffness Requirement Sensitivity 
To Stope Inclination 

280 



( 

( 

( 

liS & jlW1_"'__..._ .. __ .... s:: .... __ .-......-__ .. " 

STIFFNESS VAR!ATIONS REQUIRE~AENTS 
\\IITH STC?E \YI DTH 

6.NGLE 

VELOCITY = 4m/S 

7 
CLOSURE = S'li: 

:~ 
<4 

3 

2~!----~--~--~----~--~---.----.----.--~----r==-~ 

2 B B 10 12 

STOPE WIDTH Cm) 

FIGURE 10.11 Stiffness Requirement Sensitivity 
To Stope width 

width. Furthermore, as the stope width approaches 13m, it is found 

that the required stiffness approaches 2 MPa for the stope 

inclination, seismic environment, and desired closure requirements 

listed in Figure 10.11. This is a significant fact when taken in 

the context of Table 10. l, as i t would imply that under these 

conditions any of the listed materials would be suitable in a 

dynamic role. 

Although both the stope inclination and width have an 

effect on the required stiffness the most significant effects result 

from the expected ground velocity and the closure which is 

considered acceptable. The effects of ground velocity for a range 
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between .5 to 11 mIs have been illustrated in Figure 10.12. The 

required stiffness ranged from 1 to 32 MPa over this range of 

qround velocities. This indicates increased sensitivity of 

required stiffness to anticipated ground velocity. Figure 10.12 

further illustrates that if 5% closure is deemed acceptable in a 4m 

st ope inclined at 450 then uncemented backfills may have some 

applicability jEor reducing damage which may be caused by dynamic 

loadinq. This is a significant conclusion as pariseau (36) found 

that if stope 1111all closure in a cut and fill mining environment is 

limited to below 5% the damage to host rock remains insignificant. 

It is noted that uncemented rockfills may be applicable for ground 

velocities up to 2 mis. A regrading and cornpaction of this material 

to properties similar to that of rockfill dam materials would 

increase the uncemented rockfills' applicability to 
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velocities up to 4.2 mis. In addition uncemented fine grained 

backfills are applicable for ground velocities up to 7.5 mis. It 

is further noted that any of the cemented backfills would perform 

satisfactorily for ground velocities up to 11 mIs. 

The parameters discussed thus far reflect the in situ 

environment or anticipated conditions in the case of ground 

velocity. The acceptable closure, however, is a parameter which 

reflects a design requirement rather than an in situ condition. The 

required material stiffness was found to be most sensi ti ve to the 

design closure, or acceptable closure. A wide range of acceptable 

closures have been illustrated in Figure 10.13. The design closures 

on Figure 10.13 range from .7 to 8% acceptable closure. The figure 
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further illustrates that a de crea se in acceptable closure requires 

stiffer materials. In addition design closures below 1% are 

impractical and design closures of .75% approach the limit of 

present backfills available. It should further be noted that the 

limit of practical design closures increases with an increase in 

anticipated ground velocity. The 1% limit on design closure is 

applicable for the conditions set out on Figure 10.13. Cemented 

fine grained materials are applicable for design closures in excess 

of 1.1%. vibrated fills on the otherhand can extend the design 

closure down to .9%. A further decrease in acceptable closure is 

indicated ~.::o be achieved if the double placed method of fill 

placement is used. Lastly, cemented rockfills would appear to be 

the only practical materials for use in design applications 

requiring less than .8% closure . 

It has thus been concluded that although stope angle and 

widths have some influence on required backfill stifffness, the 

predominant effect is that of ground velocity and acceptable 

closure. The ability of the materials listed in Table 10.1 to 

reduce wall closure to acceptable limits has only been touched upon. 

It is the objective of the remainder of this section to more fully 

explore the applicability of the rnaterials in Table 10.1 for closure 

control in rockburst prone ground. To this end two case studies 

have been examined: the first is a narrow stope 2m wide dipping at 

200 and the second is a 6m wide stope dipping at 750 • These two 

cases represent two possible extremes geornetry. In addition a 

ground velocity of 6m/s and design closure of 3% is used to access 

the effectiveness of the rnaterials in Table 10.1. In the first 

284 



or 

{ 

....... 
~ 
~ ...... 
(II 
(II 

'" 2 
U. 
u. 
t= 
(II 

0 
u. 
~ 

a 
'" 0: 

SCot} -----:-----------------------~ 

\ 
\ 

o 

FIGURE 10.14 

500 
1 
1 

1 

\ 
1 

4ùO J 1 

\ 
300 J 

\ 
20(1- \ 
100 

FIGURE 10.15 

2 B B 

ACCEPTABLE CLOSURE 'Ill) 

Stiffness Requirements For Shallow, 
Narrow stope Arrangement - Ground 

Velocity = 6m/s 

ACCEPTABLE CLCSURE (Ill) 

stiffness Requirements For steep, 
Wide stope Arrangement - Ground 

Velocity = Grois 

285 



instance it is observed, see Figure 10.14, that for narrow, shallow 

dipping stopes in evironments of anticipated ground velocities of 

6m/s the limiting design closure is 1. 2%. This implies that 

extremely stiff fill materials are required for limiting closures 

below 1.2%. Under similar seismic conditions the limiting design 

1 CLOSURE 
1 
1-------------------
1 
1 
1-------------------
1 3%-4% 
1 
1 4%-5% 
1 
1 5%-7% 

STOPE ARRANGEMENT 

WIDTH = 2m 
DIP = 200 

WIDTH = 6m 
DIP = 750 

REQUIRED STIFFNESS (Mpa) 

30 - 55 10 - 17 

20 - 30 6.5 - 10 

9.5 - 20 3 - 6.5 

TABLE 10.4 stiffness Requirements For Ranges Of Design 
Closures - Ground Velocity = 6 mis 

closure, from Figure 10.15, approaches .5% for the second mine 

geometry. This drastic decrease in unrestrainable closure is also 

reflected in stiffness requirements for the entire range of design 

closures. Table 10.4 summarizes the required stiffnesses for ranges 

of closure requirements for both case studies. 

Figures 10.14, 10.15 and Table 10.4 indicate that for 

gently dipping narrow stopes then cemented backfills should be used 

exclusively for aIl design closures. The lone exception is the use 
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of uncemented fine grained backfills if design closures in the range 

of 7% become acceptable. Conversely, if a wide, steeply dipping 

stope orientation is considered then a wider range of materials 

becomes applicable. For instance if large closures in the order of 

5\-7% are acceptable, then uncemented rockfills, graded and 

compacted to dam rock densities are indicated to be suitable 

choices. Furthermore, uncemented fine grained backfills could have 

applicability down to 3% closure. In addition to providing a means 

of backfill selection, the contra st illustrated between the two case 

studies indicates that although the required stiffness is relatively 

insensitive to both the stope angle and stope width a significant 

effect is observed when the two extremes are combined. 
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The design process outlined for the two case studies above 

starts from the basis that a seismic event of known magnitude occurs 

and that the applicability of the different backfills in Table 10.1 

is verified. However. it may be required in some instances to limit 

closure where the seismic evironment is not known. The objective of 

design in this instance is to determine the maximum magnitude of 

seismic activity which can be supported by the materials in Table 

10.1 and still limit closure within deemed acceptable norms. 

Figures 10.16 and 10.17 have have thus been developed. These 

figures represent the required stiffness for a particular design 
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closure (3%) and geometric stope arrangements. The required closure 

is illustrated as a function of anticipated ground velocity. In this 

way the maximum seismic ground velocity can be determined for any of 

the materials in Table 10.1 for a 3% closure requirement. The 

maximum stiffness scales on Figures 10.16 and 10.17 indicate a 

three-fold difference between narrow and wide stope arrangements. 

This again reflects the combined influence of stope dip and width. 

The data from Figures 10.16 and 10.17 has been surnrnarized for 

distinct ranges of ground velocities, see Table 10.5. 

STOPE ARRANGEMENT 
------------------- -----------------------------

1 GROUND VELOCITY 
1 (mis) 
1-------------------
1 
1 

1-------------------
1 2 - 3 
1 
1 3 - 7 
1 
1 7 - 11 

WIDTH = 2m 
DIP = 200 

WIDTH = 6m 
DIP = 750 

REQUIRED STIFFNESS (MPa) 

7 - 15 2.5 - 4.8 

15 - 70 4.8 - 24 

70 - 175 24 - 59 

TABLE 10.5 stiffness Requirements For Ranges Of 
Anticipated Ground Velocit~.es 

Closure = 3% 

Table 10.5 indicates that if a maximum 3% closure is 

required, which is in keeping with Pariseau's (36) minimum 

requirement for reduction wall rock fail ure in a narrow stope 

arrangement then uncemented fine grained backfills are suitable for 

ground velocities up ta 3 mis. The other uncemented materials are 

not sui table for ground veloci ties above 2 mis. Cemented fine 
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grained backfills are applicable for ground velocities up to 7 rn/s. 

The usefullness of cemented backfills can be extended to Il mIs if 

special placement techniques (vibration, double placement) are used. 

If the same design requirments are placed on a wide, 

steeply dipping stope then, the backfil1 material applicability can 

change. For instance, uncemented rockfills, both regular and 

compacted, have sorne degree of applicability for gr:'')1lnd velocities 

up to 3 mIs. Uncemented fine grained backfills have sorne 

applicability for ground velocities between 3 and 7 rn/s. Beyond 

this range, cemented backfills must be used to met the design 

requirements. 

This section has thus reviewed the role of backfill in 

rockburst prone ground and its dynamic interaction with the 

surrounding rock masse Sorne general comments as ta the 

applicability of the materials in Table 10.1 have been made for 

particular mine geometries. Generally, as stope dimensions increase 

then weaker backfills appear ta gain sorne applicability. 

Furthermore, a sensitivity analysis revealed that the required 

stiffness is primarily dependant on the design closure and 

anticipa ted ground veloci ty. In addition the required stiffness 

showed little sensitivity to the stope width and dip when considered 

independantly. However, the data produced from the two case studies 

indicates that when stope width and dip are taken in cornbinations 

which form extreme cases the total effect becomes significant. 

Lastly, aIl of the materials presented in Table 10.1 appear ta have 

sorne applicability in rockburst prone ground. 
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10.2.2 static stress and Enerqy Reduction Applications 

The trend towards increased mining depths and ore recovery 

has led ta the need to design for high effective stresses in mining 

abutments. Blake (204) suggests that when the stresses in mine 

abutments is in excess of the rock strength and the stiffness of the 

abutment is greater than that of the static system of rock and 

support, th en a rockburst situation exists. Thus as mining depths 

increase and the rock mass becomes more highly stressed then a 

rockburst-prone situation exists. The need exists to be able to 

predict such stress in advance of mining. The introduction of 

backfill as a structural component in such models has given rise to 

questions of backfill in situ support capabilities and actual in 

situ properties. 

Methods used to assess rockburst potential include the use 

of numerical models to determine the stresses generated by the mine 

opening. These model types may also be used to incorporate backfill 

and evaluate its effectiveness at stress redistribution. An 

alternate model considers the energy release rate of the rock mass 

as a means of assessing rockburst potential. 

A number of numerical models will be reviewed in this 

section and include a displacement discontinuity model (MJNTAB), a 

two dimensional linear elastic finite element model (SAP2D), a two 

dimensional non-linear elastic finite element model (ADINA) and 

three dimensional non linear elastic and non linear 

elastoplastic and visco - plastic models (NONSAP, ASQUARE). It has 
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previously been noted that "calibrated" two dimensional linear and 

non-linear elastic models have performed weIl in backfill stoping 

environments (36), (37) , (128) . On the other hand, the use of the 

more complex model types presented here have not been supported by 

field calibration, rather they have been used to compare data with 

other complex models. The use of three dimensional models have not 

as yet been widely accepted due to computer memory requirements and 

runtime constraints. 

A finite element model was used by Beer (47) to measure the 

effect of crown pillar removal on regional stability and the 

feasibility of mining under in place backfill. The concern was the 

stability of a baekfill plug, see section 3.3.8, upon removal of a 

an underlying confining pillar. An elaborate, elasto-visco-plastic, 

two dimensional finite element program was used under plane strain 

conditions. Beer found that upon complete removal of the crown 

pillar, an extensive failure of the backfill material occured. 

This, however could not be verified in the field as the complete 

extraction of the pillar was not undertaken. He further pointed out 

that the backfill was modelled as an elastic, perfectly plastic 

material and that a yet more elaborate model, accounting for strain 

- hardening of the backfill, would have enhanced the results. 

A more simplified technique was used by pariseau (36), (37) 

for Inodelling stresses generated in sill pillar abutments between 

steeply dipping eut and fill stopes. Pariseau recognized that 

backfill is essentially non - linear and thus approximated its 

behaviour as being bi - linear in a two dimensional linear elastic 
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finite element mode!. He reported that the model was capable of 

predicting wall closures to within 10% and fill pressures to within 

15% of observed field values. He further noted a significant 

decrease in sill pillar stress when backfill was used. 

The case study described by Pariseau (36,37), illustrates that 

good correlations between predicted and measured in situ closures 

and stresses is possible. with the use of such models Pariseau 

concluded that pillar stresses could be reduced by 5 to 24% for 

ranges of backfills with stiffness between 6 and 60 MPa. The 

effects of backfill stiffness on maximum pillar stress is 

illustrated in Figure 10.18. This figure represents the variation 

in peak pillar stresses in a cut and fill mining situation for the 

range of backfill stiffness previously mentioned. Such 

stiffnesses represent backfills ranging from uncemented to cemented 

fine grained backfills. Under similar mining conditions Van 

Eeckhout (127) modelled backfill using ADINA, a non linear 

elastic two dimensional finite element code. This work considered 

the use of various backfill types, ranging from conventional fine 

grained hydraulic backfill to double placed backfill. It was found 

that the maximum abutment stresses could be reduced by 7 to 27% over 

the no backfill scenario, depending on the backfill type used. 

The stress reduction observed by Van Eekhout is consistant with the 

findings of pariseau (36,37). Using a different approach Hustrulid 

(39) considered Blakes' (204) assessment of conditions for rockburst 

potential and concluded from a closed form non-linear elastic 

solution for stress around a slender slot, that this rockburst 
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potential can be reduced in two ways. The f irst suggested method 

was to reduce the stiffness of the abutments so that the abutment 

stiffness is less than that of the loading system. secondly the 

stiffness of the loading system was suggested to be increased, to 

this end he suggested that IIhigh modulus ll backfills be used. 

The three case studies present r i thus far are two dimensional 

and illustrate that backfill 

redistributing stresses. 

is an effective means of 

Coulthard (128), on the other hand, attempted to model a 

fill pillar by three dimensional linear elastic finite element 

modelling. These results were compared with a two dimensional model 

of the same pillar. He observed that the two dimensional analysis 

showed that displacements on exposed faces of backfill pillars were 

greater when the analysis was performed wi th non - l inear rather 

than linear elements. That is, an apparently larger stiffness is 

simulated with linear elements as compared with non-linear. He 

extrapolated this to his three dimensional linear elastic model and 

recommended that non - linear three dimensional calculations, using 

a fine mesh, be used before predicted behaviour can be relied upon. 

The programming case studies described thus far have been 

for various finite element codes. Yu (42) illustrated the use of a 

displacement discontinuity model for backfill assessment. A trial 

analysis for the Copper Cliff South Mine, assessed the effect of 

varying backfill to rock stiffness ratios. These were varied from 

.01 to .1, and it was concluded that the larger ratios provitled 

greater 
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resistance te stope wall c10sure and reductiens in pi11ar stresses. 

It was feund however that for the stiffest fi11 material 

investigated the resul tant reduction in pi11ar stresses was in the 

range of 2%, this is in contrast to Van Eeckhout's (127) findings of 

a decrease of 7 ta 27% in maximum pil1ar stresses. This difference 

is one illustration of how opinions as ta the effectiveness of 

backfill in stress redistribution currently vary. Furthermore these 

discrepancies may have occured due ta the use of different backfill 

properties in each case or as a result of the model formulation. 

It is not possible to accurately comment on the over-riding factor 

for the dicrepancy as Van Eeckhout does not present the backfill 

properties used in his model. 

These programs, be they fini te element or displacement 

discontinuity, are prone to a number of possible sources of 

numerical error. In the mining environment, the prevalent sources 

of error in finite element simulations stem from the idealization of 

mine structures. Two categories of such errors exist, idealization 

of mine opening geometry and idea1ization at mesh boundaries 

through the assumption of virqin principal stress at the boundaries. 

These are also sources of error for the displacement discontinui ty 

model. Boundary stresses are applied to the structure, compatible 

with the virgin stress reported by Herget (94). 

other idealization errors result from simplification of 

material behaviour. It has already been previously discussed that 

idealization of backfill as linear elastic material does not 

represent the non-linear plastic behaviour of mine backfill 
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observed in reality. It has been shown by Piciacchia (135), 

however, that for backfills confined at pressures of 2.75 MPa, the 

mater ial response rem a ins l inear up to 3% strain and 1.6 MPa 

applied stress. 'rhis represents 40% of the failure strain and 50% 

of the confined failure stress. other material idealization errors 

occur as a result of modelling the rock mass as a uniform structure, 

thus no account is taken of the possible effects of j ointing and 

faulting. Furthermore, the zones directly surrounding the mine 

openings are often fractured and destressed. Account is often not 

~aken of this facto 

In view of the number of possible idealization errors which 

can occur with these numerical codes and the ability of particular 

models to cope wi th these possible errors to varying degrees, the 

observed discrepancies as to backfills' effectiveness for 

redistribution of stresses around mine openings is not surprising. 

Perhaps the most logical means of overcoming these idealization 

errors is to calibrate the model by reference to field measurements. 

The model presented by pariseau (J6) (37) is one such model. In 

view of the remaining discrepancy between the conclusions drawn by 

Yu ( 42) and the othe::- three case studies presented, the following 

comments are presented in partial explanation of the disparities: 

- MINTAB uses a linear elastjc formulation for 
representing material properties while the other 
case studies presented are aIl non -linear and thus 
represent the material characteristrics more 
accurately. 

- The presented idealization errors may have effected 
each of the case studies to differing degrees. 
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- ~he range of material properties varied from case 
study to case study. 

Having considered the possible explanations for the 

discrepancy between Yu (42) and the other three casestudies, 

particularly the first, and considerinq in conjunction with this the 

calibration procedure carried out by pariseau (36) (37), the author 

concludes that linear elastic models are not suitable for modelling 

backfill materials. This conclusion is supported by Coul thard 1 s 

(128) findings that linear elastic models tend ta be more 

conservative than non-linear models. 

In the second instance, we are concerned with the 

redistribution of strain energy. Rock masses in their virgin state 

have a certain amount of strain enerqy stored within, due to their 

own weight and tectonic history. Furthermore, as a block of ore is 

removed from the original rock mass through mining then changes in 

the energy balance take place. Firstly, the strain energy 

previously stored in the ore removed must be dissipated. Secondly 

the system must achieve a state of energy equilibrium. It is on 

this basis that the effectiveness of backfill ta reduce seismic 

activity is measured. Hedley (43) has expressed the energy balance 

whieh oeeurs as a result of mining. It is possible on the basis of 

this energy balance ta evaluate the effectiveness of backfill in 

absorbing strain energy. 

The assumption is made that as a block of ore is removed, 

the only two means for energy dissipation is as seismic energy or in 

campressing the backfill. Therefore if we ensure that more of the 

available enC'rgy released goes into eompressing the backfill then 

298 



( 

( 

less energy will be available to be dissipated as seismic energy. 

The strain energy redistribution equations indicate that seismic 

activity can be reduced by destress blasting, a practice being 

examined at the Campbell Red Lake mine, as this would reduce rock 

mass stiffness, or by stiffenening the backfill. Furthermore a 

combination of the two techniques would be most effective. We also 

note that at lower r~ck mass stiffnesses the energy balance 

equations become more sensitive to backfill stiffness. Hence, 

another conclusion that can be drawn is that the benefits of 

stiffening backfill are more apparent in lower modulus rock masses 

or in a destressed rock mass. This conclusion is consistant with 

Blakes' (204) theory of rockburst conditions and with Hustrulid' s 

(39) recommendation of reducing pillar stiffness or increasing the 

stiffness of the loading system. 

Hart (205) used a non-linear energy balance approach te 

assess the effectiveness of backfill for reducing the total stored 

energy in the rock masse Figure 10.19, illustrates the comparison 

between a stope which is fill with backfill (case C) and one which 

is not (case B). The figure illustrates that as a mining stage 

occurs the total stered energy increases te a peak value. Over 

time, between mining pilases, a graduaI ajustment and energy balance 

is observed, a new mining sequence brings the total energy above the 

old peak value. Hart concluded that backfill effectively lowered 

the energy release rate by 20% through its ability to absorbing 

energy which weuld etherwise be released if no backfill was present. 
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FIGURE 10.19 Stored Energy Buildup with and 
without Bacfill, After Hart (205) 

The objective of this chapter was to determine the 

effectiveness of backfill in various roles in the mine environment. 

The applicability of backfill in its' role as a free standing pillar 

has been examined. FUrthermore, the applicability of backfills in 

dynamic interaction wi th the surrounding rock mass in rockburst 

prone ground has been investigated. Lastly 1 the applicability of 

various fill materials for stress reduction in has been examined. 
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Backfills role in free standing applications is 

particularly sensitive to material cohesion, density and angle of 

internaI friction. Uncemented rockfill have no free standing 

applicability due ta their lack of cohesion. The remainder of the 

:t ill materials have limited applicability, defined by the maximum 

attainable height, see Table 10.2. 

decrease in attainable height 

corrections are made. 

Furthermore, 

is observed 

as much as a 30% 

when saturation 

The raIe of backfill in rockburst prone ground has also 

been examined. It was found that as stope dimensions increase then 

weaker backfills gain sorne applicability. Furthermore, a 

sensitivity analysis revealed that the required stiffness is 

primarily dependant on the design closure and anticipated ground 

velocity. In addition the required stiffness showed little 

sensitvity to the stope width and dip when considered independantly 

however, two casestudies indicated a significant effect is possible 

when the effects of these parameters are considered in combination. 

The materials presented in Table 10.1 aIl have sorne applicability in 

rockburst prone ground. 

The published works investigating the effectiveness of 

backfill for the redistribution of stresses and energy absorption, 

seems to come to sorne contradictory conclusions. However, the 

comprehensive modelling study and field calibration reported by 

pariseau implies the applicability of cemented and uncemented fine 

grained backfills. This conclusion was further supported by a 

similar study conducted by Van Eeckhout (127) and a study by 

Hustrulid (39). 
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The effectiveness of backfill in rockburst-prone ground 

judged on the basis of energy absorbtion have been illustrated by 

Hedley (43) and Hart (205). Their findings concur with those of 

Pariseau (36), (37), Van Eeckhout (127) and Hustrulid (39). Their 

conclusion was that backfill can be an effective means of decreasing 

pillar stress and absorbed energy for rockburst applications. The 

literature, however, contains scant information on the precise 

relationship between backfill stiffness and ~ffectiveness. This 

should he the aim of future research. 
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11.0 SUMMARY AND CONCLUSIONS 

The backfill design procedure comprises material design, to 

account for the selection of backfill type and material properties, 

as weIl as transportation and placement design. There exists a need 

for an integrated approach to backfill design. A design rationale 

has been presented, the structure of which could be contemplated as 

an backfill design expert system, based primarily on geomechanical 

considerati['7"ls. 

The main obj ecti ve of this thesis was to develop a 

backfill design criteria based on backfill function and material 

physical characteristics. This objective was met by the formation 

and analysis of a backfill geomechanical and physical properties 

~ database from which design equations were developed. The database 
l 

required the development of an insitu and laboratory testing program 

of backfills from ten mines, together with reference to other 

workers. These equations are to be used within the framework of the 

design rationale to be applied to target mechanical properties, 

which are dependant on backf ill function and mining environment. 

The effectiveness of backfill in different mining roles has thus 

also been investigated in order to relate backfill properties to 

function and demonstrate the concept of defining target material 

properties. 
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11.1 Pressuremeter Usage And Applicability 

Mono - cellular and Tri - cellular pressuremeters have been 

used in geotechnical engineering for over 25 years, but have only 

been introduced to the underground mining sector in this decade. 

Their applicability and limitations in mining environments justified 

a full assessment. 

The pencel pressuremeter, a mono-cellular probe, was used as 

part of this study in a program of 100 pressuremeter tests, 

conducted at 17 different mine test sites in conjunction with 7 mine 

operators. 

Two empirical equations for pressuremeter data 

interpretation have thus been proposed in this thesis. These 

include a simplified correlation between Ko and the limit pressure, 

Pl' equation 8.2. Secondly the existing available undrained shear 

strength equations give a wide dispersion of predicted strength for 

identical input data, as great as 40%. A new equation, 8.1, has 

been proposed which reduces the scatter to a maximum of 20%. 

Several other conclusions can be drawn on the application of 

the pressuremeter and the interpretation of its data. 

- The pressuremeter has proven itself, through the 
course of this study, to he a reliable and 
highly applicable tool for determining field 
geotechnical properties of backfills including: 

- angle of internaI friction 
- shear and deformation moduli 
- Ko parameter 

undrained shear strength 
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- The use of the Pencel pressuremeter indicates 
that natural data scatter to the extent of 12% 
is to be expected 

A series of tests were conducted in which two 
distinct material bands in a backfill mass were 
tested. The difference in material properties 
was detected and measured 21%. This implies that 
measured variations of +21% or greater represent 
actual variations in material properties. 

Variations of less than ±12% cannot be 
construed as actual variations in material 
properties. Unfortunately, no comment can be 
made of data variations between 12 and 21%. 

It is recommended that laboratory pressuremeter 
testing should be conducted to more accurately 
quantify instrument sensitivity and data 
repeatability under controlled conditions. 

The Po value from the pressuremeter curves has 
been used to determine the total lateral pressure. 
This total pressure along with the K 
parameter have been used to calculate ~otal 
absorbed stress by the backfill material. However, 
it is not possible to verify the predicted total 
lateral stress due to lack of availability of field 
measurments . 

It is recommended that the applicability of 
the FDPMT for measurement of total lateral 
stress become the focus of a future study. 

The testing procedure itself has been 
improved by eliminating the pressure calibration 
of individual membranes, see Figure 8.2. 

Furthermore, prior to the work carried out in 
this thesis it was not possible to conduct FDPMT 
in confined environments such as those encountered 
in underground mining. A new system was thus 
developed which could contend with the 
space and transportability requirements for 
underground usage, section 5.4. The system 
described in section 5.4 proved to reliably 
fulfil these requirements. 
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Several theoretical equations have been developed 
since the pressuremeters' inception. The aim of 
these equations has been to de scribe the stress 
and strain distributions which are generated 
around the pressuremeter probe upon inflation. 
It is noted, however, that the pressuremeter 
instruments for which existing equations have been 
developed are of the tri-cellular variety and are 
not applicable to other probe types. 

The deformation of mono-cellular probes is 
elliptical. As such, the existing equations 
do not adequately represent the stresses and 
strains which are generated around a mono-cellular 
probe. Several equations have thus been developed 
which assume the deformation geometry of mono
cellular to be elliptical. These equations 
indicate that if a length to diameter ratio of 
greater than 6.5 is maintained the difference in 
deformation over the length of the probe is 
negligible and the generated stress tends towards 
uniformity. 

When the Pencel is inflated such that the internaI 
pressure reaches the quoted instrument capacity, 
2500 kPa, the stress at 2.5 pressuremeter diameters 
from the probe has fallen off to 5% of the internaI 
membrane pressure. 

In light of the stress regime about the inflated 
pressuremeter probe, it is thus recommended that if 
closely spaced tests are required, they should be 
spaced no cl oser than 17.7 cm, assuming an angle 
of internaI friction of 32 0 . 

It is recommended that the stress and deformation 
equations developed as part of this thesis 
be verified with laboratory tests. This would 
include comparing laboratory measured stresses and 
strains within a test media during a pressuremeter 
test to predicted values of theoretical equations. 

It was not possible within the scope of this thesis 
to assess the material damage generated by 
instrument insertion. This should be the scope 
of an extensive laboratory study with the aim 
of providing insertion damage correction equations 
for limit pressure and modulus of deformation. 
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11.2 In situ Geomechanical Data 

There has been and still exists a large deficiency of 

backfill fie/.d data. The data presented as part of this study 

represents the most ambitious Canadian undertaking for the 

determination of in situ mine backfill properties on record. It 

forms the foundation for a future database of in situ geotechnical 

backfill properties. It is recommended that this database be 

further expanded to include a wider variety of backfill types and 

conditions, relating to the proposed backfill classification scheme. 

A summary of conclusions drawn form the present database is 

outlined: 

the addition of flocculants can significantly 
increase material stiffness without additional 
cement. 

A series of tests conducted in differently aged 
backfills indicates that the curing characteristics 
of in situ backfills may be retarded due to high 
initial moisture contents and their effect on the 
hydration process. 

It was found that the 
is a good indicator 
The following ratios 
tested 

pressuremeter Em / Pl ratio 
of backfill material type. 
are typical for the materials 

- uncemented rockfill: 4 --> 8 

- uncemented fine grained backfill: 
10 --> 15 

- cemented fine grained backfill: 
15 --> 24 

This ratio may thus be suitable for use in quality 
control applications or for detecting segregation 
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Backfill limit pressures have been measured as 
.3 to.4 MPa for uncemented rockfills, with a 
notable increase to .6 to 1.5 MPa for uncemented 
fine grained materials. The limit pressures for 
cemented fine grained materia1s ranged from .75 
to 2.5 MPa. Similarly, the deformation modulus 
followed the same trend. 

Although, it has already been mentioned that 
the reliability of the Pencel for measuring total 
lateral stress has not been verified, the present 
data point to some interesting trends. It idicates 
that lightly cemented backfill (5% wt.), absorb as 
much as three times the stress than uncemented 
backfills. It is recommended that this observation 
be investigated further. 

The influence of environmental and geological 
factors on measured stress is also concluded to 
justify further work. 

Study of a possible correlation between measured 
stress and cement addition would appear to be 
of significant interest and should be the object 
of further in situ investigations. 

Laboratory Data And Field Correlations 

A laboratory testing program formed the basis for 

developing design equations for three backfill types. The work on 

uncemented fine grained backfills produced laboratory design 

equations relating physical and geomechanical properties. The 

laboratory equations have also been related to field conditions via 

appropriate correlations. Laboratory design equations for cemented 

backfills have been developed but field extrapolation, however, was 

not possible due to lack of in situ test data. Lastly, the data for 

uncemented rockfill serves purely as a guide to determining the 

angle of internaI friction from porosity. Data for cemented 
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rockfills is particularly sparse and it was beyond the scope of this 

4[ study to consider these materials. It is, however, recommended that 

each of these study areas be brought to a more final state of 

completion comparable to that of uncemented fine grained materials. 

It is further concluded of the analysis conducted for 

uncemented fine grained backfills that: 

The analysis of the uncemented fine grained 
backfill can be extended to relate the base 
friction angle to particle angularity. 

The data correlations and design equations for cemented 

fine grained backfills have been developed mainly from a data base 

of published work. The initial analysis consisted of direct 

correlation of strength to cement addition for distinct curing 

( periods. 

( 
• 

It was noted that the scatter reported in Table 9.2 
was in excess of desired limits although the 
correlation coefficients proved acceptable. 

A second analysis was performed using water to 
cement ratio, W/C, which yielded equally good 
correlations whilst the observed scatter was 
substantially reduced. 

Subsequently, if was found that when the data is 
presented in this format the effects of curing are 
minimized. 

Distinct curing curves tend to converge as W/C 
ratios increase. This accounts for the decreased 
influence ofcuring at common W/c ratios used in 
mining. 
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It was found that an averaged curve, relating 
strength to W/C, could be used to represent the 
entire body of data with only a nominal error 
resulting due to the elimination of curing 
characteristics and the scatter is aiso further 
reduced. 

The averaged curve is represented as equation 9.1. 
adequately predicted the strength of laboratory test 
specimens cured for different curing periods and 
moisture contents. 

This equation was then used to develop a backfill 
design procedure aimed at optimizing the selection 
of cement addition and pulp density. 

Guidelines for the selection of W/C ratios arose from 
a sensitivity analysis. It was found that W/C ratios 
below 3.5 are required in order to maximize marginal 
from increases in cement addition or increases in 
pulp density. It was also indicated that W/c ratios 
greater than 6 should be avoided. 

It follows that at normal pulp densities (65%) 
optimized mariginal increases in strength can 
only be achieved at cement additions above 10%. A 
10% cement addition is at the boundd of economic 
limits for bulk fills. 

Cement additions above 10% are not part of present 
practice and the conclusion thus follows that 
present cement addtions fail to provide optimized 
marginal strength increases. 

Recent research has trended towards increasing the 
pulp densities in the range of 78%, this would enable 
optimization of cement additions as low as 6%. 

Equation 9.4 was developed to relate the material 
stiffness to uniaxial compressive strength. Exisiting 
equations tend to underextimate the material 
stiffness. The equaiton was reworked so that the 
material stiffness could be predicted from the W/C 
ratio. 
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It was found that the literature contained a marked 
absence of data on the compressive strength and 
stiffness charateristics of uncemented fine grained 
backfills. A study of these parameters was thus 
undertaken, and included extensive pressuremeter 
and laboratory shearbox testing. The parameters 
of interest in the laboratory study included the 
material cohesion, angle of internaI friction and 
the shear stiffness. It was found that each of 
these parameter correlated best with different 
physical properties. strong correlations were 
found between thefollowingphysicaland 
geomechanical properties: 

- cohesion with degree of saturation 

angle of internaI friction with degree 
of saturation, Cc ' Cu 

- shear modulus with void ratio, degree of 
saturation, specifie gravit y of solids 
normal stress 

- The laboratory data for individual mine siteswas 
studied with parallel in situ data, resulting 
in effective correlations. This is considered to be 
an important contribution as it enables field response 
to be predicted from laboratory testing. Three 
correlations studies have been made, including: 

- laboratory cohesion with limit pressure 

unconfined laboratory with in situ stiffness 

- laboratory with in situ friction angles 

- It is recommended 
be reinforced with 
data. 

that the observed relationships 
additional in situ and laboratory 

The tilt box test (5) was applied to determine the angle of 

internaI friction of uncemented rockfill. The testing program 

undertaken enabled characteristic angles of internaI friction to be 

determined for materials having different porosities. The 
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repeatability and reproducibility of tilt box data suggests the 

applicability of this technique for determining the angle of 

internaI friction of uncemented rockfills. The measured angle of 

internaI friction at normal loads of 1. MPa for the Chadbourne mine 

material is in the order of 300 , this is compared with 27 0 as 

estimated from the pressuremeter data. It is recommended that a 

full parametric study be undertaken so that the angle of internaI 

friction can be determined directly from physical parameters. 

11.4 Backfiii Effectiveness In Ground Control 

In addi tion to developing design equations for three 

backfill types this thesis has investigated the effectiveness of 

backfill materials in different structural ~oles in the underground 

environment. These include: 

backfills' role in rockburst prone-ground 
free standing height applications 
backfills' ability to reduce static stresses 

Free standing height applications are the first to be 

considered and a curvilinear model is developed and useà to 

represented the backfill material. 

the curvilinear approach has found to be yield more 
conservative free standing heights than the linear 
modeis available 

the estimated free standing heights for cemented 
rockfiiis are consistant with observed field 
evaluations 
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The curvilinear failure mode represented by 
Equation 10.5 illustrates that cohesionless 
backfill materials such as uncemented rockfills 
are not suitable for free standing height 
applications as a free standing height is not 
possible due to their lack of cohesion. 

This equation further showed a significant 
sensitivity to the angle of internal friction, 
the material cohesion and to a lesser degree the 
backfill density. 

Table 10.3 was developed, which illustrates the 
nominal expected heights which can be achieved 
for various backfill types. It indicates that: 

- uncemented fine grained backfills 
are stable to heights of 10m. 

- cemented fine grained materials would 
increase the attainable height 25m. 

- double placed rockfill or 
rockfill materials would 
standing heights of 60 

cemented 
yeild free 

and 100m 

It was further found that these values are dependant 
on the degree of saturation of the backfill 
material and a saturation correction curve has 
been presented, Figure 10.5. 

Backfill may also be required to perform in rockburst prone 

environments where it may be required to serve to counteract dynamic 

and/or static loading. In the first instance a dynamic model based 

on energy conservation has been developed in Chapter 10. The model 

has subsequently been used to predict backfill stiffness 

requirements for limiting closure to dp.sired levels for given 

seismicity and geometry. 
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A sensitivity analysis revealed that the required 
stiffness is insensitive to the stope inclination 
and width, when these parameters are considered 
separately. The cornbined effect, however, can 
become significant. 

The general trend revealed that as stope width 
and inclination increase then the required stiffness 
decreases. 

The required stiffness is most sensitive to the 
anticipated ground velocity and design closure 
limite 

It was found to be impractical to design for 
closures below 1% for some values of ground 
velocity. 

Two case studies were contrasted for different stope 

dimensions and inclinations. Two al ternate design processes were 

investigated for each of these environments; design for an 

anticipated ground velocity (6mjs) and a range of design closures; 

or design for a desired closure (3%) and a range of seismic 

environments. The fixed velocity design process indicated that: 

In narrow, shallow dipping stopes for 6 mis, 
ground velocity, then cemented backfills should 
be used exclusively. 

The use of uncemented backfills for stope wall 
closures of 7% is considered the lone exception. 

Within this environment a limiting design closure 
of 1.2% is noted, where extremely stiff fill 
materials are required beyond this limite 

A similar analysis was conducted for a wide, steeply 
dipping stope in the same seismic environment as the 
narrow stope. It was apparent that the required 
stiffness was substantially reduced, and the use 
of uncemented rockfills became acceptable for 
closures between 5 and 7%. Uncemented backfills 
become acceptable for closures as low as 3%. 
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The second design process, a fixed closure method, 

indicated that: 

Uncemented 
applicable 

fine grained backfills are 
for ground velocities of 2 - 3 rn/s. 

Cemented materials are recommended for ground 
velocities greater than 3 rn/s. 

The analysis of wide, steeply dipping stopes 
illustrated that uncemented rockfills May be 
applicable for ground velocities as high as 3 rn/s. 

Uncemented backfills are acceptable for ground 
velocities between 3 and 7 m/s. Beyond this range 
cemented backfill materials are exclusively required. 

The analysis conducted indicatedavarieddegree of 
backfill applicability in rockburst-prone environments 
depending primarily on geometric considerations, 
support expectations and seismic intensity. 

The effectiveness of backfill for stress and energy 

redistribution has been reviewed from the literature. It was found 

that differing opinions on backfills' effectiveness in 

redistributing stress still exists. However, the evidence seems to 

indicate that backfill is an effective means of stress and energy 

redistribution. The following detailed conclusions can thus be 

made: 

- Pariseau (36) (37) and Van Eeckhout (127) both 
concluded that cemented fine grained backkfills 
could effecti vely reduce the maximum pillaI: stress 

by26%. 

The findings of pariseau and Van Eeckhout have been 
further colaborated by Hustrulid (39). 
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- Although these analyse provided sorne valuable 
insight into the effectiveness of backfills for 
stress redistribution it is recommended that a more 
detailed analysis be conducted. The analysis should 
provide a more realistic representation of rock and 
backfill properties, particularly throught the use 
of non-linear models. 

- A rational approach for model development and 
selection in studying backfill performance is still 
required. Generally, the use of an F.E.M. program 
should be preceded by a series of field evaluations 
of the major structural components which include: 

- stiffness characteristics of the backfill 
- stiffness chatacteristics of the rock mass 
- the properties of the joint elements 
- the stress environment should measured 
- the underground structure needs to be 

monitored and the monitoring results 
compared with the predicted values 

This approach requires that each of these areas of model 

development, in situ monitoring and properties determination be 

undertaken in parallel. This overall approach has successfully been 

used at the Nasliden mine, Kolsrud (199), and Krauland (200). 

The use of ~mergy balance approaches for the assessment of 

backfill effectiveness has further corroborated the findings of 

pariseau and Van Eeckhout. Hart (205) indicated that the use of 

backfill could reduce the energy release rates by 20%. 

11.5 Summary 

This thesis has developed a series of design equations for 

cemented and uncemented fine grained back~ills. In addition it has 

provided some initial data for the evaluation of uncemented 

rockfills. The properties determined have subsequently been used to 
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evaluate the ground support and stability of these materials in a 

range of rnining environments. 

This chapter first summarizes the use and applicability of 

the pressuremeter for testing backfill materials. Reference has 

been made to the sensitivity, data scatter and practical aspects of 

pressuremeter usage. In addition the implications stemming from the 

developed stress and strain equations for the pressurerneter tests 

are outlined. The in situ properties data base has further enabled 

tha author to provide insight into the effect of in situ curing 

characteristics, the effects of flocculants and the applicability of 

the instrument for quali ty control applications. In addtion the 

data base has provied valuable insight into typical in situ 

properties for different backfill types. 

The development and analysis of a backfill properties 

database forrned the core of the work undertaken. The analysis of 

the data base yielded design equations for cemented fine grained 

backfills. These equations are based on the water to cement ratio 

and were developed from over 500 data records accumulated from the 

literature and from laboratory tests. Similarly, design equations 

have been developed for uncemented fine grained materials. The 

geornechanical properties were related to the physical 

characteristics. The data for uncemented fine grained materials was 

related to parallei in situ characteristics which resulted in a 

design capability to predict filed response from physical 

parameters. In the case of uncernented rockfill materials a series 

of preliminary design curves relating the angle of internaI friction 
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to the normal stress have been presented and the practical 

quidelines for increasing the angle of internaI friction have been 

presented. Lastly, the effectiveness of backfill for free s<:anding 

applications and in rockburst-prone ground has been investigated 

using existing and developed models as weIl as published 

casestudies. 
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APPENDIX 1 

PHYSICAL DESIGN PARruMETERS AND EQUATIONS 

E = Modulus of deformation 
v = Poisson's Ratio 
c :la Apparent cohesion 
t = Filling Time Cycle 
Sb = Surface bearing strength 
Oc = Compressive strength 
T = Shear strength 
~ = Angle of internaI friction 
° 3 = Confining stress 
ab = Blasting acceleration 
Ws = Weight of fill produced 
Ys = In si tu fill densi ty 
G = Density of fill solids 
Cu = Coefficient of uniformity 
K = Permeability Coefficient 
KI = Permeability required to inhibit liquifaction 
Kr = Required permeability 
Kf = Fill permeability 
e = Void ratio 
~p = Specifie surface 
d = Mean inter - 9article distance 
p = Fill porosity 
Vp = Aggregate volume fraction 
Uo = Minimum diameter 
Ul = Maximum diameter 
060 = Particle size passing 60% of the material 
010 = Particle size passing 10% of the material 
y 0 = Ore densi ty 
w = Wa ter densi ty 
Cv = Cement content by volume 
c% = % Cement content by weight 
Pd = Pulp densi ty 
Vv = Volume of Voids to be filIed 
n = Volume of Voids in in situ material 
Hw = Height of excess water 
Hf = height of settted backfill 
Vf = Volume of settled backfill 
Gst = Specifie gravit y of tailings 
A = Plan drainage area 
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APPENDIX 1 

PHYSICAL DESIGN PARAMETERS AND EOUATIO~S 

E = Modulus of deformation 
v 

~ 

°3 
ab 
Ws 
Ys 
G 

Cu 
K 

KI 
Kr 
Kf 
e 

C:p 
d 

P 
Vp 
Uo 
Ul 
°60 

. DIO 
Yo 
w 

Cv 
c% 
Pd 
Vv 
n 

Hw 
Hf 
Vf 
Gst 
A 

= Poisson's Ratio 
~ Apparent cohesion 
= Filling ~ime Cycle 
= Surface bearing strength 
= Compressive strength 
= Shear strength 
= Angle of internal friction 
= Confining stress 
= Blasting acceleration 
= Weight of fill produced 
= In situ fiii density 
~ Density of fill solids 
= Coefficient of uniformity 
= Permeability Coefficient 
= Permeabi1ity required to inhibit liquifaction 
= Required permeability 
= Fil1 permeability 
= Void ratio 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

= 
= 
= 

= 
= 

= 
= 
= 

Specifie surface 
Mean inter - particle distance 
Fill porosity 
Aggregate volume fraction 
Minimum diameter 
Maximum diameter 
Partic1e size passing 60% of the material 
partic1e size passing 10% of the material 
Ore density 
Water density 
Cement content by volume 
, Cement content by weight 
Pulp densi ty 
Volume of Voids to be filled 
Volume of Volds in in situ material 
Height of excess water 
height of settled backfill 
Volume of settled backtill 
Specifie gravit y of tai1ings 
Plan drainage area 
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Cu = D60/o l0 

V p = 0.6 (1 - p - cv/100) 

eN) i = (oui f (u) du 

6 (N) 2 

(N)3 

determine, d from 

1 -
V p = (1 + - d 

2 P 

1 -
+ 

_ d2 
2 

[1 - 1 ] 

GRADING 

(N) 1 1-
+ _ d 3 

P (N) 2 6 

(N) 0 
-) = 1 

P (N)2 

PERCOLATION AND PERMEABILITY 

e = (G * w / ys) - 1 

K = D~O: a' e 2 

[1 - 2] 

WEIGHT OF REQUIRED FILL 

[1 - 3] 

REQUlRED WEIGH~ OF ADDITIONAL MATERIAL 

x 

[1 - 4] 

PULP DENSITY FROM: 

HW Vw I-Pd 
= - = • Gst * ( 1-n) - n 

Hf Vf pd 

Or 
1- Pd 

~'l s «-) • Gst * (l-n) - n) 
Pd 

K " ~ 
G • * st y w (l-n) * A 
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Sc 
TC 
OC 
Oc 
RC 
Fc 
Pc 
Tf 
Sf 
Tv 
Vv 
Ws 
Wa 
Wr 
X 
y 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

= 

APPENDIX 2 

caST PARAMETERS AND EQUATIONS 

Stockpiling cost/tonne of material 
Transportation cost/(tonne * km) 
Cost of cement/tonne 
Cost of disposaI/tonne 
Cost of regrading/tonne 
Cost of flocculants/lb 
Production Costs/tonne of alternate material 
Tonnes of fill produced 
Sheduling of fill production 
Tonnes of m~terial removed from void 
Volume of void 
Weight of fill required 
Total tonnes of availabJe material from plant 
Total tonnes of alternate material required 
% of Wa which is usable 
% of Ws which must be stockpiled 
Fiocculant addition (lbs./tonne) 
Total cost of tailings 
Total cost of flocculant 
Total cost of alternate material 
Total cost of stockpiling 
Total cost of cement 
Total cost of transportation 
Total cost of drainage, bulkheads 
= Total project fill cost 
Cost/tonne of fill 
Cost/tonne of ore removal 
Total transportaion distance (Km) 
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lTEMIZED PROJECT COS"'ING 

Ct 

Cf 

Cr 

Cs 

(2 - 1) 

= (Re - 0 ) * W * X/lOO e a 

[2 - 2) 

= (Fe * Fa> * (W * a 

= Fe * Fa * W s 

= 

= 

= 

[2 - 3] 

Pc * Wr 

[2 - 4] 

(X) 

Sc (Wr + W -) 
a 100 

Sc * Ws * Y/IOO 

[2 - 5] 

[2 - 61 

C% * Wa * Oc 

100 

[2 - 7] 

(X) 

100 
+ Wr ) 

* Y/lOO 

Ctotal = CT + CF + Cr + Cs + Ctr + Cc + Cd 

Ctf = Ctotal/tis 

Cto = Ctf * 1 0 / 1 f 
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MINE BACKFILL QUES~IONAIRE 

General Information 

1. Company Name: 

2. Company Correspondant and Phone Number: 

3. Mining Method (s) (e.g. 50% eut and fil], 50% blasthole): 

4. Type of Mine (e.g. Cu, Ag, etc) 

5. Metric ~onnes/Day Mined: 

6. Access via shaft 0 rampD other D 

7. Kindly describe typical ranges of stoping dimensions. 

8. Do you have a resident ground control engjneer? 
yesO noD 

9. If answer to #8 is yes please give name: 

AB 



»1=== ; 

10. If ground control modei.ling techniques are employed, what 
method (s) are used: 

11. Are insitu rock mechanics measurement used as part of the 
design process? 

yesO noD 

12. If answer to III is yes kindly elaborate on the type of 
instrumentation used and its purpose. 

13. Is backf i Il of any form used at your mine? 
yesO noD 

14. Do you plan to use fill in the future? yesO noO 

If answer to both questions 13 and 14 are no, there is not need 
to continue. 'l'hank you for your cooperation, please return 
questionaire in the sel f addressed envelope. 
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Backfi11 Usage and Handling 

15 • Wh a t type of bac k f i Il i s b e i n gus e d ? ( e • 9 • 7 0 0 m t Id a y 
eemented sandfi Il and 600mt/day uncemented roekfill) 

16. What is the ori9in of this material? 
development, quarry etc.): 

(e.g. tailings, 

17. Kindly describe the surface handling of the backfi1l a10ng 
with a description of the distribution and placement system 
at your mine. 

18. If more than one type of mlnlng method and more than one 
type of fill is used please indicate proportioning. (e.g. 
50% of eut and fill stopes filled wjth cemented sand fill, 
50% wi th rockfi 1 ] ••.•• ) 

AIO 
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Backfill Properties and Design 

19. If backfill is cemented, what cementing agents is (are) 
used, and in what quantities? Ce.g. lOOmt/day portland 
cement, lOOmt/day pozzolans etc.): 

20. In what proport!~'.3 are the cementing agents added? 
(e.g. 3% portland cement and 3% pozzo1ans): 

21. What is the chemical/mineralogical composition of the fil1 

material used? 

22 • Wh a t i s th e gr a i n s i z e dis tri but ion 0 f th e ma t e d a 1 use d ? 
(attach graph if a vai lable) 

23. What is the moisture content of the insi tu fill? 

24. What is the void ratio of the insi tu fill? 

25. What perco1 a tion rates does your fi 1 l (s) typically exh ibt t? 

26. Are these percolation rates attained w.ith the use of 
flocculants? 

yesO noD 

All 
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27. If answer to #26 is ves, please provide details? 

28. What backfill properties are known? 
(if known give details) 

Shear strength: 

Uniaxial compressive strength: 

Triaxial compressive strength: 

Other: 

29. By what means were the properties in #28 determi.ned? (e.g. 
Soil shear box, plate load test etc.) 

30. rf modelling is used, is the backfill material regarded as a 
structural component in your models? 

yesO noO 

31. If answer to #30 is yes, what properti.es is the fill being 
assigned? 

32. If answer to 'Il is yes, have any backfilled stopes been 
monitored in the past or are being monitored present1v? 

yesO noD 

A12 



33. If insi tu fi Il pressures have been measured, p1ease gi ve 
netails? 

34. What do you consider to be the prob1ems associated with 
backfi11 design, in order of significance. 

1) 

2) 

3) 

4) 

Backfill Safety 

35. Has bulkhead failure been a prob1em at your mine? 
yesO noD 

36. P1ease provide detai ls of your bul khead design and any 
prob1ems related to bulkhead performance? 

A13 



37. What do you consider to be the prominent safety hazards 
related to the use of backfil1? (e.g. oxygen depletion, 
slippery s~rfaces etc) 

1) 

2) 

3) 

4) 

A14 
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DEFOPMATION AND STRE;; EGUATION~ 
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ln the case ofthe above deformation geometry: 

then, 

We further note that at: 

then, 

a=b=r +8 o 

L 
x = O· y = r . Z = -

, 0' 2 

L 
c =------
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Having determined constants a, band c defining the ellipl:ioid, we can now 

determine the volume of the shaded coordinates. 

Firstly, 

x = r cos a, y = r sin a ; z = z 

.1 [ 1 ? 2 2 ,) 1 z = C v 1 + - a
2 

{r~ cos a + r sm ~ e} 

z = C vi 1 + [ - :: J [{ cos
2e + sm 

2 
e} 1 

f 
2n f r 0 + fi ( r

2 

V = 2C da Vl - - ) rdr 
o r a 2 

o 

2r 
du = - - dr 

) 
a-

2 
r 
o 

1- -
2 

a 
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This simplifies ta: 

I
2n 

1

0 

o de u 15 
2 

r 
a 

1- -
2 

a 

= 

2a
2
C[ ( r~)151 Volumeofdeformatwn = 6.V= - -3- 0 - 1 - "2 [2nl 

a 

It has already been shawn that: 

Then, 

a=r +ô, 
a 

L 
c= 
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2nL 
ÂV= - (r + ô)2 

3 a 

2nL ( 2?) 2nL ( ? 2 2 2) A V = - (r + ô) - r~ = - r- + 2 r 0 + 0 - r 
3 0 a 3,0 0 0 

ÂV= 2nL (2r 0 + Ô2 ) => 3ÂV = 2 r Ô + ô2 
3 0 2nL 0 

If, for simplification, we let: 

the n, 

and 

Using the quadratic solution: 

3 AV 
K= --

2 nL 

K = 2r Ô + 62 
o 

2r 6 + ô2 
- K = 0 u 
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-b ± Vb2 + -lac 
le,,------

2 

',8 = 
2 

= 2 

= -------
2 

the only physically correct solution. 

- 2r + 2V r 2 + K 8 = __ 0 ___ 0 __ 

2 

8= 

~V 
2 (r2 + 3/2 _)t - 2 r 

o nL 0 

2 
8 @z = 0 {orgwen ~V 

ma.:A: 

8 = (r2 + 3/2 ~ V )t _ r = 8 
o nL () ma:c 

(1) 

At this stage, given a particular instrument, Le. Land ro are fixed, we can determine 

B (displacement) for any injected volume, ~ V. 

Equation 1 illustrates that the final diameter, 
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6V 
a = li + r = (,2 + 3/2 -) t 

mat 0 0 CIL 

1. In determining ~ V, we assume symmetrical deformation. 

2. Also, the deforrnation relation is applicable only to ômax at z = O. 

Using points 1 and 2. we can 

3. reduce the equation for ellipsoid to z = O. 

4. Express deformations for z = -LJ2 to z = Ll2 in terms ofSmax at z = O. 

Therefore, the initial equation, 

( X)? (V)? (Z),) 1= - -+ ":... -+ - -
a ,b c 

reduces to: 

We a150 note that the final radius is given by ft y". 

Therefore, we rearrange this equation in terms of "y": 

Renee, the displacement is given by: 
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We can now expand this equation by substituting a and c: 

a = r + li 
o max 

aL 
c = at.l V = 0 and c = 00 

2v'a2 _ r 2 
o 

? ? 2 a- = r- + 2r li + li 
o 0 max max 

The next step is to substitute first c and then a into Equation 2: 

. /.) .) 

[ (
2Va--r- 1 

o(z) = a 1 - aL 0 Z y t - ro 

a[?2 2? 21t o(z) = - a-L - 4(a - r- l Z - r 
aL 0 0 

1 ') 2 2 2') t 
8(z) = -[r-+2r B +0 IL -4(2r 8 +8 lZ-I-r 

LOO max max 0 max ma.l: (J 

(3) 

1 2 2 2 .) ,) t 
8(z) = - [(r + 2r Ô + 8 }L - ol( 2r 0 + Ô- lZ-1 - r 

LOO max max 0 max ma.t Il 

We have, further seen that: 

.) ~V t 
1) = (r- + 3/2 -) - r 

max (J nL 0 
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Furthermore, -
ô2 = (r2 + 3/2 _A_V) _ 2 r (r2 + 3/2 _A_V) l + r 2 

max 0 nL 0 0 nL 0 

By substituting Bmax and Bmax2 into Equation 3, o(d V,Z). 

Let's look at simplifying each of the temlS in Equation 3 separately. 

First term 

.... 
r + 2 r Ô + ô2 

o 0 ma:c max 

? ? AV t L\V ') AV! 2 = r- + 2r [ (r- + 3/2 -) - r ) + 3/2 - - 2r (r- + 3/2 -) + 2r 
t) 0 0 fIL 0 fIL 0 0 nL 0 

? 2 AV J.. AV 2 AV J.. ? = r- + 2r (r + 3/2 -) ~ - 2 r + 3/2 - - 2r (r + 3/2 -) ~ + 2r-
U ou nL 0 nL 00 aL 0 

IlV ? 
= 3/2 - +r- ~ A 

nL 0 

IlV 
= 3/2 - - ~r ~ B 

nL 0 

A2J 
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'%#- Second term 

-

-..... 

Firstterm 

2 2 ~V ~ ~v 2 av t 
2 r 8 + 8 = 2r [(r + 3/2 -) f - r 1 + 3/2 - - 2,' (r + 3/2 -) 

o nuu: max 0 0 nL 0 nL 0 0 nL 

2r 
o 

r + 2 r 0 + 82 
o 0 mlU max 

= r2 + 2r [ (r2 + 3/2 à V) t _ r 1 + 3/2 ~ V _ 2r (r 2 + 3/2 ~ V) t + 2r2 
() 0 0 nL 0 nL 0 0 nL 0 

~V 6V av 
= r 2 + 2r (r2 + 3/2 -) ~ - 2 r + 3/2 - _ 2r (r2 + 3/2 -) ~ + 2,2 
000 nL " nL 00 nL 0 

= 3/2 ~ V + r 2 ~ A 
nL 0 

Second term 

~V ùV ÛV 
2r 8 +82 =2r [(r2 +3/2-)1'_ r 1+3/2- -2r (,2+ 3/2 -). 

o max max 0 0 nL 0 nL 0 0 nL 

2r 
o 

2 ûV 1. 
(r + 3/2 _Il" 

o nL 
.) 6V 2 6V ~ 

2 r- + 3/2 - - 2r (r + 3/2 -) 
(j nL 0 0 nL 
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~v 
= 3/2 - - 2r => B 

nL (J 

Substituting A and B back into Equation 3, we obtain: 

2 
1 1 ( ~ V 2) 2 6~ VZ 1 o(~ v, Z) = - 3/2 - + r L - t - r 
L nL 0 nI. 0 

The final form of Equation 4 can be simplified by rearranging the terms in the 

equation and yields the following: 

(4) 

(5) 

We can verify this equation by checkmg three conditIons: Z = 0, Z = U2 and ~v = 0 

= [3/2 ~ V + r2 1 t - r = Ô nL (J 0 max 

1 [~V L2 
1 o(.~ V, L/2) = - 3/2 - (L 2 - 4 -) + r2 L 2 t - r = r - r = 0 L nL 4 0 0 () (} 

A2S 

--
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A Slight Diversion 

One concern in presuremeter testing is the uniformity ofloading or straining of the 

soil being tested. It has been shown by "Briand" that the lId ratio for mono-cellmar 

probesshould be.> 6.5; this wasdone experimentally. Now, usingEquation 5, we 

can make theoretical analyses. 

Ifwe look at a particular point on the surface ofthe pressuremeter and compare it 

with 8max or expansion, we can see the influence ofL/d ratio on the difference 

between the two points. In our example, i.e. 8(d V, L/4) - 8(Â V, 0), in order to obtain 

constant straining, this difference should approach 0, so we can see for "practical 

reasons" what L/D ratios would yield satisfactory result. 

2 
L 1 [ AV 2 L 2 .)) L o(A V -) = - 3/2 - (L - 4 -) + r L - , - r 

, 4 L nL 16 0 0 

= [9/8 A V + r2J t _ r 
aL 0 a 

L 9 AV 2 t AV 2 t 
o(AV,-)-ô(AV,O)= (--+r) -r -(3/2-+r) +r 

4 8 nL a a nL U 1) 
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If n = L/d = L/2ro, then 2nro = L 

= 
_9_I1_V_ 2 t 311 V 2 t +r)-(--+r) 
16nnr 0 4nnr 0 

o 0 

We find that this principal difTerence is still dependant on the initial diameter. This 

is consistent with uBranidsu conclusions. 

Graphs 1 and 2 show consistency with that which was found by Hartmon, Branid 

which recommends and LlD ratio in the range ofB.B. 

Ifwe look at a particular pressuremeter type, say the npencel" which has the 

following specifications: 

d=3.52cm:::>r = 1.76 cm 
o 

Volume initially 230cc and r interior = LB cm 

230 
~L = = 28.60 

(1 6)2 n 
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Hence LID ratio = 28.60/3.52 = 8.12, which is above that which is recommended by 

Hurtman, Branid. 

Given the pressuremeter parameters, we can simplify Equation 5,first by putting 

everything in terms of L/D ratio ~ L = 2nro 

1 [ 3 ~ V ( 2 2 2) ] 2 4] t o(~ V, Z) = -- - - 4n r - 4 z + n n r - r 
2nr 4 nr 0 0 0 

o 0 

Equation 5 in terms ofL/D(n) equation: 

8(A.V,Z) '= _1_ [~~V (n 2r2 _ z2)] + n2r41 t _ r 
n r 4 nr 0 0 r) 

o 0 

The relevant values for the pencel are: 

n = 6.7144 and ro = 3.52 

This one in particular is shown in Figures 3 and 4. 

After sorne expansion, we have 
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2 222 
r - (r + 5l - (r - y) - r 

o 0 

2? 2 2 t 
r - (r - r- - 2r Ô + 5 + r 1 = y 

o 0 0 

2 2 t r - (r - 2r Ô - Ô) = y 
o 

r - [r2 _ 5 (2 + 5 )Jt = Y 

Then the circumferencÎal strain: 

y r - [r
2 

- 5(2 + 5ll! 
e ---
e - r- y - [r2 _ 8(2 + 5ll! 

= _ 1 + r [r2 _ 8(2 + ~))] - t 

1 
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2+0 
e = -1 + [1 - Ô(--)j-t 
9 2 r 

2+0 
e = [1 - ô( --) 1-t - 1 
9 2 

r 

(Ga) 

AIso, 

(1 + e ) (1 + e ) = 1 
a r 

then, 

1 2 + Ô 
e = -- - 1 = [1 - o( --) ]t - 1 
r 1 + ea r2 

(6b) 

We have already seen however that B(û V,Z), hence: 

2 + ô (AV Z) 
ea(AV,Z)= [1 - ô (AV,Z)( 2 ' )]-t - 1 (7) 

r 

and 

2 + ô (AV Z) 
e
r 

(AV,Z)= [1 - ô (AV,Z)( 2 ' ) Ji - 1 
r 

(8) 

where 

--

A)O 



This was defined as Equation 5 previously. The equations developd by Palmer were 

done so for the tricellur type probe as such they are not a function oCZ' the complex. 

1 has been shown by Palmer that: 

Equilibrium equation: 

stress gradient => (a r - a el = <p(ee) 

ci - C + Dl + Dy + El- Ey 
= .v (y - l)(y + 1) 

1 = (C + D + E)i + (D - E)y - C 

1 
C+D+E=O~E+E=I~E=-

2 

....,. 1 
i 
~ 
!l 

" ~ 
1 
:6 , 
} 

~ 
1 
~ 

~ 
~ 
t 
J 
~ 
• 
~ 
~ , 

J , 
,; 

" j 
~ 

1 
~1 
~ 
1 

1 



.... 

rdo 
r - = a - 0 = -<I><e ) dr 9 r 9 

Furthermore, 

do 
r 

and 

The result of this in tegral becomes: 

(9) 
<1>(8) = S(1 + 8) (2 + S) \v' (8) 

where ais given by Equation 5 as: 

If we consider a particular umono-cellular" instrument (i.e., we fix ro and L) and 

consider a particular horizon across the instrument, we can defien two constants. 

Ifwe let: 
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Equation 5 becomes: 

From Equation 7, 

(ô + 8)2 _ 8 2 

----=~V 
A 

[ 
ô(2+ô) J-t 

ee(~V)= [1 - 2 - 1 
r 

1 [(2 ô + ô
2
) 1 - 4>[ -1 + [1 - -t dr 

r r2 

We must make substitutions throughout: 

[ 
(2 ô + ô2

) 1_ t 
ktx = [-1 + [1 - r

2 

A)) 

........ 



-

(x + 1)2 (2 0 + (2) 

(X + 1)2 - 1 

r = [ ex + 1)2 ~2 0 + (
2

) 1 t 
(x + 1) - 1 

r 3 = [ (x + 1)2 ~2 0 + (
2

) 13/2 
(x + 1) - 1 
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l 
(2 Ô + 82

) 
dx= - 1- -------

(x + 1)2 (2 8 + S2) 

(x + 1)2 - 1 

1 [ 
(2 Ô + 82) 

-312 -2-2 

[ (x T 1) :,2 8 T 8 ). ] 312 

1 f + ll~ - 1 

[
(x + 1)2 - 1 J 312 f (x + 1)2 (2 S + 82

) J 3/2 2 
d X = 1 - - - (2 cS + Ô ) dr 

(x + 1)2 (x + 1)2 - 1 

2 2 2 2 
d x = [ (x + 1) - (x + 1) + 1 1-312 [ (x + 1) (28 + ô) 1-312 (28 + S2) dr 

(x + 1)2 (x + 1)2 - 1 

= 

l 
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[
(x + 1)2 - 1 1 

= [(x + 1)2 - 1) (x + 1) 2 2 t 
(x + 1) (2 Ô + B ) 

dr 

= [ (x + 1)2 - 1) (x + 1) 1 ~ dr 

[ ') ]1 = (x- + 2x + 1 - 1) (x + 1) -; dr 

dx = [ x (x + 2) (x + 1) 1 ~ dr 

The integral requires the integration. Boundaries to be redefined as weIl. 

f
8 1 

IV(Ô) - oh = <I>(x) dx 
o x (x + 2) (x + 1) 

It follows that: 

1 
ur' (B) = '+'(8) 
T ô (Ô + 2) CO + 1) 't" 

and -

AJ6 



<t> (B) = 8 (8 + 2) (8 + 1 )lp' (8) 

This is identical to Equation 9 which was found by Palmer Palmer further found 

that by expressing B in terms ofvolume injected, Le. 

8 = (1 - il V IV) - t - 1 (in case tri- cellular probe) 

He found that 

This was done 50 that if 

2 
8<8 + 1)(8 + 2) = ---

d[log (AV/V] 

fix) = B(B + 1)(8 + 2) 

then we seek a function g(x) such that: 

and hence. 

We have already shown that 

1 1 
j{x) = - -+g'(x) = -

g'(x) ((x) 

g'(x) = f 2-
((x) 

A)1 
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This can be expanded to: 

[ 
AV ~v 1 B (AV Z) = = 3/2 -- L 2 

- 3/2 - 4Z2) + r 2 L 2 t - r 
• 3 3 0 0 

nL nL 

Ifwe define three constants: (each ofwhich can be defined by instrument line): 

3 -6 2 2 
ABC r L = 2nL' = nL 3' = a 

(11 ) 

We can make a further simplification by rendering Equation Il inde pendant of Z, 

i.e. letting: 

D =A + BZ2 

Then, 

B(AV) = [DAV + C1t - r 
a 

.. ... First, we simplify 

AJa 



S(S + 1)(8 + 2) 

8 = [D ~ V + Clt - r 
a 

S(o + 1) (0 + 2) = (52 + o)(ô + 2) = 83 + 3ô2 + 28 

+ 3[D~V + Cl- 6r [D6V + C]t + 3r2 + 2[D~V + Clt - 2r
2 

o 0 a 

[D~V + Cl 312+ 3 (1 - r )[D~V + Cl + [3r2 - 6r + 2)[D~V + Clt _[r3 
- 3r2 + 2r ) 

a a 0 a 0 0 

Then we have: 

[D~V + CI~2+ E[D~V + Cl + F[D6V + clt + G (12) 

AJ9 
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-.... 

E = 3 (1 - r ); F = [3r2 - 6r + 2), G = _[ra - 3r2 + 2r ) 
o 0 0 0 0 0 

Ifwe now go back to Equation 10, we find that 

where f(x) is defined by Equation 12. 

g(x) = f_1 
f(x) 

f 
1 

g(x) = d(t:. V) 
[Dt:. V + C1 3I2+ E[Dt:. V + CI + F [Dt:. V + Cl t + G 

Let u = DA V + C 

d u = D d (t:. V) 

1 f 1 g~)= - du 
D u3l2+ Eu+ Fut + G 

1 f 1 [ ut 1 g(x) = - - du 
D u 3l2+ Eu+ Fut + G ut 

1 
dx = -u -t du 

2 
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2 f x g(x) = - dx 
D x3 + Ex2 + Fx + G 

We must first simplify 

3 2 x + Ex + Fx + G 

Let us first make the substitution y = x· e/3; the equation above reduces to: 

i =ay + b 

where 

1 1 
a = -(3F - E2); b = -(2W - 9EF + 27G) 

3 27 

where E, F, and G have been previously defined as: 

E = 3(1 - r ). F = (3r2 - 6r + 2) G = _(r3 
- 3r

2 + 2r ) 
o' 0 o' 0 0 0 

Then a becomes: 

1 ? ? 
a = -(9r· - 18 r + 6 - [9{1 - 2r + rw}J) 3 0 0 0 0 
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l 
= -(9r2 -18 r + 6 - 9 + 18r - 9r2) 3 0 0 0 0 

a = -1 

1 
b = - (2 27 (1 - r )(1 - 2r + r 2

) - 9(3[1 - r )[3r2 - 6r + 2]) 27 a a 0 0 0 0 

3 ? + 27 (- r + 3r- - 2r )) 
o 0 0 

== ~[54 - 162r + 162 r 2 
- 54r3 + 81r3 

- 243r2 + 216r - 54 27 0 0 0 0 0 0 

3 ? 
- 27r + 81r- - 54r 

a 0 0 

b=O 
Then: 

_ y3 - -y 

Then 
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E 
y+ -

g(x) = g(y) = ! l 3 dy 
D yly-l)(y+l) 

2 f ydy Ef 1 = - + - dy 
D y(y-l)(y+l) 3 y(y-1)(y+1) 

We must first solve each of these by partial fraction. 

Therefore, the first integral: 

1 A 8 --------- = + ----
(y-l)(y+l) (y-l) (y+1) 

Ay+A + 8y- B 
= 

(y - 1) (y + 1) 

Then 

1 = (A + 8)y + (A + Hl 

Then, 

A + B =- 0 -+ A = - 8 and A - 8 = 1 

Incorporating the two equations: 

l 
- 28 = 1-8 = --

2 
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l 
Then A = -

2 

The second integral becomes: 

Thus the integral: 

1 C D E 
-----=-+--+--
yCy-l)(y+l) y Cy-l) Cy+ll 

1 
D-E=O --. D=E D=-, 2 

-C=l--.C==-l 

2 [ f dy E f dy j 
== D Cy - 1)Cy + 1) + 3" y Cy - 1)(y + 1) 

2 [ 1 f dy 1 l dy E { f dy 1 l dy 1 1 l dy } 1 
= D 2" (y-l) -2 Cy+l)+3" - -;+2 (y-1) + 2 (y+ll 

2[1 (Y-1) E{ 1 }I = - -ln -- + - -lny+ -ln[Cy - l)Cy + 1)/ 
D 2 y+1 3 2 
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2[1 (Y-l) E{ 1 1 }I = - -ln -- + - - - lny+ -ln[(y - O(y + 1)] 
D 2 y+l 3 2 2 

= ~ [ ! ln (y - 1 ) + ~ ln { (y - 1) (y + 1) } 1 
D 2 y+l 6 Y 

..!:. ln ( y - 1 ) +..!.. ln { (y - 1) (y + 1) } J 
D Y + 1 3D Y 

We now have to rnake sorne back substitutions. First, 

Back-substitute. 

Equation 13 becomes: 

E 
x- - -1 

1 ( 3 ) E -ln +-
D E 3D 

x- - + 1 
3 

E 
y=x- -

3 

..!:.tn(3X-E-3) + ~ ln{ (3x-E-3)(3x-E+3) }1 
D 3x - E + 3 3D 3(3x - E) 

Then we back substitute 

A4S 
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x = ut and u = D ~ V + C 

1 (3(DAV+C)t- E - 3 ) E {(3(D~V+C)t-E-3)(3(DAV+C)t-E+3)}1 
-ln + - ln 
D 3(D AV+ C)t - E + 3 3D 3(3(D AV+ C)t - E) 

Then: 

1 ( 3( D ~ V + C)t - E - 3 ) 
g(~V,Z) = -ln 

D 3(D~V+C)t -E+3 

+.!!... ln{ (3(D AV+ C)~ - E - 3) (3(D ~V+ C)t_ E + 3) } 1 

3D 3(3(D AV+ C)t - E) 

2 3 -6 
D=A+BZ 'A= - B=-

, 2nL ' nL3 

D= _3 __ ~Z2 
2nL nL3 

C = r 2 L 2 
Q 

E=3(1-r) 
a 

A46 
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.+- (a v z) _ dqs 
't' 1 - dg(a v, Z) 

where g(~ V, Z) is gi ven hy Eq uation 13 

g(~ V, Z) can he simplified for individual instrument, concentration on the Pencel, 

where: 

AIso, 

Equation 15 hecomes: 

r = 1.76 cm, L = 28.6 cm 
o 

167 - 816Z2 

D = 0167 - 0000816Z2 = -----
10,000 

C = 2533.7 

E = - 2.28 

[ 
167 - .816Z

2 Jt 
3[DaV + Clt = 6V + 4388 5 

5773.5 

----ùV + 4388 5)t - .72 [( 
167 - 816z

2 
1 

10,000 ( 5773.5 ) 
g(aV, Z) = ln 

167 - .816Z
2 

( 167 - .816Z
2 )t 

----ùV + 4388 5 + 5 28 
5773 5 

A41 
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f , 
! , 

, , 

.,.,. 

[( 167-.816Z2 ~v+4388.5)t-.721 [( 167- 816Z
2 
~V+4388 5)t+5 28 1 

7600 5773.5 5773 5 --------ffi---------------------------------------------------
167 - .816Z

2 
( 167 - .816Z

2 )t 
57735 + 4388 5 +684 

Lastly, 

ct> (!J.V Z) = d41 
Pencel ' dg (il V Z) 

p , 

where gp(à V,Z) is defined by Equation 16. 

We also note that if 'li is the measured pressure, we ean see that 'li as a funetion of Z 

is de pendant on the deformation. We have have already found 8(~ V,Z) 

then 

2 3 ~V 1-
lp(r + - --)~ 

o 2 nL 
w = ---------------------r ? 

!. [(r2 + ~_!J.V )L2 _ _ S!J._V_Z_-It 
L.02nL rIL 

-+-(!J. V Z) _ dw 
't' , - d ( !J. V Z) gp , 

'lIr ean be further simplified for a specifie instrument: 

A48 
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1 

1 

._"'---_ .................. _-

Houlsby round: 

where 

li' = r 

tp' (16.6 + .089 ~ V)t 

[<2533.7 + 13.65AV)- 067AVZ
2 }t 

1 - sin <p 
N = ~$ = angleofinternalfnctzon 

1 + sm<p 

We substitute Equation 17 into Equation 19 

This implies 

[rOJI-N 4' - =0 
r r r 

1 

(18) 

(19) 

(20) 

and that Or is not only dependant on 4> measured but aiso on il V and Z which figure 

in Equation 17. 1 



If Equation 18 is inserted inta Equation 19, we have a version of Equation 20 which 

is particular to thge pencel pressuremeter. 
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KIENA MINE 

;r. 
-5l. , , , 

/ 

/ , 
/ 

, 
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1 

/ 
" , , 

" ~ 
! 
1 
1 

' ... .20 nua 17.50 17.80 

PROcrOR MOISTURE " 
C 100S 

PROCTOR TESTS 
K1ENA MINE 

r:a 

1 

~ 

, ' 

:J=::: 1 
3.3 -+J -----r-------,.--------r------r--------r-----"-.~., 

8.40 13.,J0 14.20 tS.6O 17.50 t7.60 

PROCT'OR MOlsnJRE " 
100S + 80S () 60" A 40" X 20S v os 
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PROCTOR TESTS 
LAC MATAGAWI MINE 

~.~----------------------------------------------------~ 
1 

~.A.8 -

~.4-a -
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~ • .:3. j 
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5.~ -
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~.:! -
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!.2! - , 
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/ 
/ 

/ 
.' 

~~--------------~----------~------------~I~----------~ 
9.96 12.88 12.87 13.:0 13.79 

PRCCTOR MOISTURE % 
C 100% 

PROCTOR TESTS 
LAC MATAGAMI MINE 

!5.~ 
cs 

~.4 ~ 
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5.;; ~ 
1 
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: ~ 
.... S 

: 
, 

~7t=: 
.... 6 

9.96 12.88 12.87 13.30 13.79 

PROCTOR MOlsruRE " 
100X + 80X <> 60X A 40)1; X 20X V OX 
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SIGMA MINES 
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1 . 
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,/ 
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pl 
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~1ïl--~r---r---'----Ir---r---~--'----r--~---'--~ 

100x 

t': 1:5 15 17 

+ 80X 

UCISfURE CONTEH1' ("> 
c 100X 

SIGMA MINES 
PROCTOR TESTS 

t.&OlSTURE CONTENT (::) 
o 80" A.o4OX 
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APPENDIX 8 

1 MINE LOCATION DRY DENSITY MOISTURE VOID RAT ID PoROS!TV: 1 

CONTENT Y. ï. 
:----------------------------------------------------------------------: 

SIGMA 

AlOI) 1. 50 18.24 .r:. 42.20 
BIOO 1. 51 11. 7q .72 41. 86 
EIOO 1. 5~ 15.67 .71 41. 5~ 
E50 1. 45 7.51 .79 44.1::: 
8~"" Ji:! 1. 43 4.25 .e: 45.05 
A45 1. 43 8.19 .82 45.05 
E20 1. 44 :::. 15 .81 44.75 
B5 1. 45 2.01 .79 44.1::: 
A5 1. 4::: 1. 16 .8~ 45.03 

LAC MATAGAMI 

BI00 2. 19 9.4::: .6:' :::8.65 
EIOO 2. 1 :. 12.-::! .44 :'1).56 
AIOO 2.19 12.21 .6:' :'8.05 
E50 2.17 4.67 .65 -:'9.-:'9 
A50 2.28 1. :'1 .57 -:'6.-:'1 
960 2.~O 4.79 .62 :::8.27 
A5 2. 15 2.89 .66 :::9.76 
E5 2.21 • 1 ~ .62 :'8.'27 
85 2. 15 .063 .66 -:'9.76 

OENISON CLS. 

AIOO 2.06 10.7:' • :. 1 2:'.66 
ElOi) 1. 95 7.91 .::8 :27.54 
8 HI!) 1. 92 6.7'2 .41 '29. ')8 
A50 2.07 5.07 .:'0 :2:' • () 8 
B5t) 1. 99 

.., -., .:'6 26.47 J.. • _1 J. 

E5t) 1. 98 -:.. 16 .::6 26.47 
AS 2.08 1. 57 .30 ~::. 1)8 
B5 1. 99 .77 .::6 ~6.47 

E5 2.(10 .96 '7'C' 
1 _'...J 25.9:: 

DENISON UNC. 

AIOO 1.70 15.78 .59 -:. 7. 11 
ElOI) 1. 67 14.09 .6:::; -:'9.27 
BI00 1. 62 12.03 .67 4'). 12 

A60 1. 71 10.66 .58 -:'6.71 
B80 1. 65 9.-:'8 .64 -:'9.02 

E50 1. 67 7.27 6" 
• J-

-:'9.27 
....". A2!) 1. 74 -:.. 18 ""C' 

• J,J 
-:'5.48 

E5 1. 67 1. S5 .6~ :,8.27 

B~O 1. 6 '3 ~.9: .66 -:'9.76 
----------------------------------------------------------------------
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) 
----------------------------------------------------------------------

1 MINE LOCAT ION DRY DENS !TY MO 1 STURE VOID RATIO POROS ITV: 1 

CONTENT 7. 7. 
:----------------------------------------------------------------------: 

HBI1~S INSITU 

NO VIBRATION 2.22 .57 36.31 
15 SEC. VIS. 2.34 .49 -; 2. 89 
30 SEC. VIS. 2.43 .41 -;0.07 
60 SEC. VIB. 2.68 • :'0 2::.08 1 

HBM~S COMBO _1 

NO VIBTATION 1. 78 .96 48.98 
15 SEC. VIe. 1. 98 .76 4:' • 18 
10 SEC. VIS. :.10 .66 :'9.76 

60 SEC. VIS. 2.21 .57 36.31 

HBMttS +1/4 

NO VIBRATION .97 ~. 59 72.14 
15 SEC. VIB. 1. 07 '") "'''' .... ~..J 69.2:' 

30 SEC. VIS. 1. 14 2.05 67.21 

60 SEC. VIS. 1. 25 1. 78 ~4. u:' l 
HBM~S -3/4. +112 

,;. 

NO VIBRATION 1. 41 1. 47 59.51 

15 SEC. VIS. 1. 47 1. :'7 57.81 
JI) SEC. VIS. 1. 51 1 • :'0 56.5: 
60 SEC. VIS. 1. 65 1. 11 52.61 

HBM~.S -112, +~ 
-' mesh 

NO VIBRATION 1.12 1. 64 6~. i2 
15 SEC. VIB. 1. 37 1. 54 60.6:-

~O SEC. VIS. 1. 47 1. :'7 57.81 

60 SEC. VIS. 1. 53 1. 27 55.95 

HBM~S -3 mesh, +4 mesh 

NO VI BRATI ON 1.63 1. 1:' 5:'. u5 

15 SEC. VIS. 1. 75 .99 49.75 

10 SEC. VIS. 1. 85 .88 46.81 

60 SEC. VIS. 2.05 .70 41. 18 

CHADBOURNE 2.11 .62 ::8.27 

SELSAIE 1.77 .69 40.83 

BOUSQUET 1. 27 1. 17 5::.92 ,~ 
.s' ----------------------------------------------------------------------
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Campbell Red Lake - Corrected Data 
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~ TABLE A -1 Huslcr table for cemf'nled mUI ta 1 1 ln g:; r dl 
Part 1 

,~ 
( Sec explnnatory notc'!> on p. A -- 1 r; ) 

:----------_._-------------~-------------------------------------------: 
( 1 ) ( 2 ) ( 3 ) ( 4 ) ( 5 ) ( 6 ) ( 7 ) (8 ) 
ID Ref. T / c Cement lJnlaxial compreSSIve strength 

No. ra t 10 content 7 days 11 days 2H dnys DO clay!> 
(by hl t ) ( "0 by w l) : (~1ra ) 0'1Pa) OH'a) (r·lra) 

1 1 30:1 3.23 0.14 O. H; (). 1 7 o '1 ... 
2 1 30:1 3.23 0.14 0.18 0.21 0.23 
3 1 30:1 3.23 0.12 0.14 O. 14 
4 1 30:1 3.23 O. Il 0.13 0.15 O. 15 
5 1 30:1 3.23 0.27 0.32 0.3fi 
6 1 30:1 3.23 0.05 0.06 0.07 0.1 
7 1 30:1 3.23 0.12 0.14 0.19 
8 1 30:1 3.23 O. 1 0.1 0.13 o . 11} 
9 1 30:1 3.23 O. 12 0.14 0.19 O. 17 

10 l 30:1 3.23 0.1 O. 111 O. 17 () • 1 fi 
Il 1 30: 1 3.23 0.12 0.12 (). l '1 0.111 
12 1 30: 1 3.23 0.14 0.17 o . 1 ~J 
13 1 30:1 3.23 0.13 0.16 0.19 0.18 
14 1 30: 1 3.23 0.16 0.17 0.21 
15 1 30:1 3.23 0.12 O. 13 O. 16 0.17 
16 1 30: 1 3.23 0.12 0.17 0.21 
17 1 20:1 4.76 0.15 0.19 0.19 0.2 

.,-', 18 1 20:1 4.76 0.26 0.32 0.38 
19 1 20:1 4.76 0.26 o rI') . , .. 0.11 
20 1 20:1 4.76 0.23 o . ~ f; 
21 1 20: 1 4.76 0.22 0.25 0.31 0.37 
22 1 20:1 4.76 0.26 0.28 
23 1 20:1 4.76 0.42 0.49 0.61 
24 1 20:1 1}.76 0.23 0.25 0.32 
25 1 20:1 4.76 0.22 0.3 0.35 0.4:3 
26 1 20:1 4.76 0.3 0.35 0.34 
27 1 20:1 4.76 0.09 O. 1 O. 1 1 O. 1 If 
28 1 20:1 ·1.76 o. :1 O. :ni O. :II! 
29 1 20:1 4.76 0.2 0.25 
30 1 20:1 4.76 0.33 
31 1 20: 1 4.76 0.25 0.27 O. 3 0.35 
32 1 20:1 4.76 0.21 0.23 0.26 0.28 
33 1 20: 1 4.76 0.22 0.27 0.28 0.32 
3 ,1 1 20: 1 4.76 0.17 o '1 " • t.. .. 1 

35 1 20.1 4.76 0.2 0.24 0.29 0.32 
36 1 20: 1 4.76 0.12 0.28 
37 1 20:1 4.76 0.26 0.31 0.38 
38 l 20: l Il.7f) O.2H O. ~ O.~II 
: ~ f 1 1 :'0: 1 ,1 . 7 r, Cl, III () • :' 1 Il : ' ~ Cl '1 

·1 U l 15: 1 U .) ,. 
• _",-J (J • !, , j U • '/ ~ 

41 1 15: 1 6.25 0.39 o . 6:~ 
42 1 10: 1 9.09 0.61 0.73 0.88 o . !) ] 
43 1 10: 1 9.09 0.79 0.87 

---------------------------------- -----------------------------------
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m.- ~ 

TAII I.! A -1 ~!astcr tab 1 c f( r cemented mlll tnilin~s fi 11 
Part 1 (contillued) ....-.. 
(See explanatory notes on p. A-l6) 

~ 
, ----------------------------------------------------------, 

(l) ( 2 ) (3) ( 4 ) (5) (6) (7 ) (8 ) 
ID Ref. T 1 C Cemen t Uniaxial compress l ve strength 

No. ratio content 7 days 14 duys 28 days 90 dGys 
(by wt) ( .~ by wt) : (MPa) (MPa) n·1P8 ) (MPa) 

'H 1 10: 1 9.09 0.72 0.8H 1. 02 
.1 r) 1 10: 1 9.09 0.75 0.87 
-tG 1 10: 1 9.09 0.64 0.74 
!Ji l 10: 1 9.09 0.57 0.7 0.81 
48 ] 10: 1 9.09 0.19 0.27 0.34 0.52 
4'1 1 B: 1 11 . Il 0.54 0.65 0.76 0.83 
50 1 8:1 Il. 11 0.72 0.83 0.91 
51 1 8:1 11.11 0.81 1. 03 1. 19 
52 J 8:1 11.11 1. 12 1. 43 
53 ] 8:1 Il.11 0.86 1. 0 1 1 .23 
5,' 1 8:1 11.11 0.65 0.8 0.93 
55 1 8:1 11.11 0.57 0.65 0.79 
56 1 8: 1 Il. 11 1. 41 
57 1 8:1 11.11 0.88 1. 05 1. 27 
58 4 30:1 3.23 0.08 
59 -l 30:1 3.23 0.28 
60 <1 30: 1 3.23 0.09 
61 4 30: 1 3.23 0.13 
62 4 30:1 3.23 0.19 
6~ '1 4.00 0.31 , . 
64 4 8.00 1. 03 
65 4 12.00 2.07 
66 4 16. 00 3.52 
67 6 3.00 0.05 0.05 0.07 
GH 6 3.00 0.05 0.05 0.07 
69 0 3.00 0.07 0.09 0.14 
70 6 6.00 0.12 0.16 O. 19 
71 r, G.no O. 111 O. 1 Fi 0.22 
72 (j G.OO o . 1 (j O.~::! O.J~ 

73 6 9.00 0.23 0.35 0.42 
74 6 9.00 0.22 0.32 0.39 
75 6 !L 00 0.34 O. il ~~ 0.61 
76 6 12.00 0.65 0.84 0.99 
7; 6 12.00 0.49 0.70 0.82 
78 6 12.00 0.47 0.63 0.75 
7n 7 20:1 4.76 0.47 
80 Î la: 1 9.09 0.78 
81 7 5: 1 16.67 1\.27 
),rJ 

1 •• 1 Cl Il o· 1 :~ . ·1-1 O.Ol 
BJ lU :.l () : l 3.:!:.J O.~H 

8-1 10 20:1 4.76 0.48 
85 la 10: 1 9.09 0.69 
86 10 8:1 Il. 11 1. 38 

--------------------------------------------------------------------
"")' 

~ 

A4J8 



TABLE A -1 ~1as ter lable for cemented mlll tall1Clf{s fi Il 
...... Part 1 (contlnued) 

(See explanatory notes on p • A- 16) ...... 
:-----------------------------------~----------------- -----------------: 

(l) (2 ) (3 ) (4) ( :5 ) (6) (7 ) (8) 
ID Ref. T / C Cement Uniaxial compreSS1V~ strensrth 

No. rQtlo content 7 day~ 1·1 dnys 28 clay:. ao dnys 
(by wt) ( .~ by \'1 t ) : n·IP a ) (MPa) OIPo) (r-IPn) 

87 10 12.50 ~.O7 

88 10 6:1 14.29 2.76 
89 la 5: 1 16.67 3. ·15 
DO 10 2:1 33.33 17. 2·1 
91 10 40:1 2.44 0.28 
92 10 30:1 3.23 0.118 
93 10 20:1 4.76 0.69 
94 10 10:1 9.09 1. 38 
95 10 8:1 Il. Il 2.07 
96 10 12.50 2.7 (j 

97 10 6:1 14.29 3.'15 
98 10 5:1 16.67 tl.lll 
99 11 10:1 9.09 O. 71 0.98 1.2 

100 Il 40:1 2.44 0.08 o.oa O. 1 
101 11 40: 1 2.44 0.11 0.21 0.37 
102 Il 30:1 3.23 0.21 0.25 0.26 0.29 
103 Il 25:1 3.85 0.14 0.3 0.34 
104 11 25:1 3.85 O. 15 o. la 0.2 - 105 11 20:1 4.76 0.36 0.4'1 0.5 0.64 

""'- 106 11 15: 1 6.25 0.37 0.5 O.5G o. 7:~ 
107 11 7. 14 0.51 0.56 0.72 0.92 
108 11 10: 1 9.09 0.6 0.84 0.95 
10D Il 6: 1 14.29 1. :32 1. 38 l . 7 2.05 
110 13 4.00 0.06 0.09 O. 1 O. 1 tl 
III 13 6.00 O. 14 0.24 0.41 0.76 
112 13 8.00 O. 32 0.tl7 0.66 0.137 
1 13 13 10.00 0.28 0.'16 0.711 1. Il 
Il ·1 13 15.00 O. 71 1. 1 tl 1. 86 3.57 
115 14 40:1 2.44 0.1 
116 14 40:1 2.44 0.08 
117 14 40:1 2.44 0.06 
118 14 40:1 2.44 0.22 
119 14 20:1 4.76 O. 15 
120 Itl 20:1 1J.76 0.21 
121 14 20:1 4.76 0.66 
122 14 20:1 4.76 0.23 
123 14 7.00 0.4 
12·1 111 7.00 n.2Fi 
1 'or • 1 1 ·1 7.00 () ·1 (, 
l:;G 1<1 10. l ~. U ~J () .1," 

1"'" _1 14 1 0: 1 9.09 0.4 
128 18 10:1 9.09 0.67 
129 18 8: 1 Il. 11 2.9 

----------------------------------------------------------------------
...... 
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.. ------------------------_. __ .-._----.... 

TABLE A -1 Master table for cemented mil! tailings fil! 
Part 1 (continued) 
(See explanator'y notes A-lS) 

....... 
on p. 

~. 

---------------------------------------------------------------------
( 1 ) (2) ( 3 ) (4 ) (5) (6) (7) (8) 
ID Ref. T / C Cemen t Uniaxial compressive strength 

No. rot io content 7 days 14 days 28 days 90 days 
(by wt) C,. by wt) : (MPa) (MPa) (MPa) (MPa) 

130 18 6: 1 14.29 4.3 
131 18 5: 1 16.S7 5 
132 18 4: 1 20.00 8.3 
133 18 3: 1 25.00 12.2 
134 18 2:1 33.33 13.7 
135 19 30:1 3.22 0.17 
136 19 4.40 0.28 
137 19 5.00 0.3 
138 19 16:1 5.90 1. 07 
139 ln 16: 1 5.90 0,1)<) 

140 19 6.00 0.56 
141 19 6.00 0.28 
142 19 8.00 1. 08 
143 19 10.00 1. 65 
144 21 30:1 3.23 0.14 0.21 
1015 21 20:1 4.76 O. 17 0.23 
146 21 12: 1 7.69 0.27 0.41 
147 21 H: 1 11 . Il 0.48 0.63 
148 22 25:1 3.85 0.22 .... 
14!) 22 25:1 3.85 0.14 
ISO 22 25:1 3.85 0.1 

.. -
151 22 15: 1 6.25 0.43 
IS2 22 15: 1 6.25 0.3S 
153 22 15:1 6.25 0.28 
154 22 10: 1 9.09 0.63 
155 <)<) 

L. ~ 10:1 9.09 0.63 
IS6 22 10:1 9.09 0.72 
157 J2 20: 1 4.76 0.22 0.28 
158 32 10: 1 9.09 O. 7 0.93 
lS9 32 S: 1 14.29 1. 37 2.18 
160 32 20:1 4.76 0.40 0.38 0.41 
1 fi 1 32 30: 1 3.23 0.22 0.28 0.3 
162 32 40: 1 2.44 0.19 0.22 0.21 
163 32 12:1 7.S9 0.46 0.S4 
1S·1 32 8: 1 Il. 11 0.89 1. IS 
165 32 lS: 1 S.90 0.32 0.4 
166 32 4.00 O. 15 0.19 
167 32 3.03 O. Il 0.16 
Ir.n ') ') .. 10: 1 '1.0'1 O.r.1 O,HH 1. n:l 
1 (J ~ J :!:.! :JO:l ~f • :! J O. (J ~J (). J 1\ O.l!J 
170 32 30: 1 3.23 0.09 O. Il 
171 32 20:1 4.76 0.15 0.17 
1-'" 1 .. 32 10: 1 9.09 0.45 1. 03 

----- ----------------------------------------------------------------

1. 
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.;_r,.... 

TABLE A -1 Master table f0r cemented mill tailings fill 
Part 1 (continued) 
(See explanatory notes on p. A-16) 

:---------------------------------------------------------------------: 
( 1 ) 
ID 

173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 

( 2 ) 
Ref. 

No. 

32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 

( 3 ) 
T .1 c 

(4) 
Cement 

ratIo content 
(by wt) (% by wt): 

6: 1 
30:1 
20:1 
10:1 
30:1 
20:1 

8:1 
30:1 
30: 1 
15: 1 
10: 1 
10: 1 
10: 1 
30:1 
10: 1 
20:1 
30: 1 

6:1 
10: 1 
20:1 
30: 1 

111.29 
3.23 
4.76 
9.09 
3.23 
4.76 

Il. 11 
3.23 
3.23 
6.25 
9.09 
9.09 
9.09 
3.23 
9.09 
4.76 
3.23 

14.29 
9.09 
4.76 
3.23 

(5) (6) (7) (8) 
Uniaxial compressive strength 

7 d a y s 1'1 ri a y s 2 B ri a y s 90 d n y'~ 
(MPa) (MPa) (MPa) (MPa) 

O. 85 
0.07 
O. 15 
0.31 
O. 14 
0.23 
0.81 
0.14 
0.08 
0.35 
0.35 
0.65 
0.54 
0.12 
0.42 
O. 14 
0.08 
1. 05 
0.48 
0.26 
O. 14 

1. 1j4 

0.1 
0.3 

0.54 
O. 19 
0.35 
1. 13 
0.19 
O. Il 
0.1\7 
0.1\3 
0.82 
0.68 
O. 15 
0.54 
O. 19 
0.12 
1. 28 
0.67 
0.4 

0.26 

0.14 
0.37 
0.8 

0.72 
0.21 
O. 111 

0.55 
0.34 

:---------------------------------------------------------------------: 
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TADLE A -1 Mllster table for cemented mill tnilings fll1 
Part 2 
(See explanatory notes on p. A-l6) 

....., ~ 
:---------------------------------------------------------------: 

(1) (9) (10) (11) (12) (13) (14 ) (15 ) ( 16) 
ID l'ail. Cu Cc Spec. Unit Pulp Water \'1 / C 

III Grav. wei1.ht dcns. con t. ratl.o 
(g/cc) 0' .. ) UÔ) 

7 2.41 1. 00 1. 1) fi fiH 12 !). q2 
2 5 9.67 1. 27 1. 30 68 32 !J.92 
3 68 32 9.92 
4 8 3.79 0.96 68 32 9.92 
5 68 32 9.92 
6 68 32 9.92 
7 68 32 9.92 
8 68 32 9.92 
9 3 3.26 0.95 1. 57 68 32 9.92 

10 2 4.30 0.96 1. 62 GR :12 !l.Q2 
Il 4 14 1. 79 1. 31 68 ~~ 2 9.92 
12 68 32 9.92 
13 6 9.50 1.11 1. 47 68 32 9.92 
14 68 32 9.92 
15 1 7.27 0.89 1. 39 68 32 9.92 
16 68 32 9.92 
17 4 14 1. 79 1. 31 68 32 6.72 
1~ 68 32 6.72 
19 68 32 6.72 ,,~. 

20 68 32 6.72 
21 3 3.26 0.95 1. 57 68 32 6.72 
22 68 32 6.72 
23 68 32 6.72 
24 68 32 6.72 
25 2 4.30 0.96 1. 62 68 32 6.72 
26 68 32 6.72 
ry~ 

~ 1 68 32 6.72 
28 68 32 6.72 
29 68 32 6.72 
30 8 3.79 0.96 68 32 6.72 
:n 7 2.44 1. 00 1.19 68 32 6.72 
:~ 2 CH :l2 rj.72 
33 5 9.67 1. 27 1. 30 68 32 6.72 
34 68 32 6.72 
35 6 9.50 1.11 1. 47 68 32 6.72 
36 68 32 6.72 
37 68 32 6.72 
38 68 32 6.72 
~I 'j 7.';.7 n.R,") 1 • :!'I GB "Jf, r;.72 • J ~i 

·10 U J.7~ O.UG bB J~ !j.!:! 
41 1 7.27 0.89 68 32 5.12 
42 68 32 3.52 
43 . 68 32 3.52 

;---------------------------------------------------------------: 
~, 

--v.' 
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TABLE A -1 Master table for cemented mi 11 tailings fili ....,.. Part 2 (Colltinued) 

(See explanatory notes on p . A-16) 
• Ji' 

:----------------------~------------------------------ ----------: 
( 1) (9) (10) ( Il) (12) (13 ) (14 ) (15 ) (16 ) 
ID Tail. Cu Cc Spec. Unit Pulp Water W 1 C 

ID Grav. weight dens. cont. ratio 
(g/cc) (~ ) (% ) 

44 68 32 3.52 
45 68 32 3.52 
46 68 32 3.52 
47 68 32 3.52 
48 68 32 3.52 
49 1 7.27 0.89 1. 39 68 32 2.88 
50 5 9.67 1. 27 1. 30 68 32 2.88 
51 3 3.26 0.95 1. 57 68 32 2.88 
52 68 32 2.88 
53 7 2.44 1. 00 1. il!) 6U :l~ 2.HH 
54 6 9.50 1.11 1. 47 68 32 2.88 
55 4 14 1. 79 1. 31 6B 32 2.88 
56 8 3.79 0.96 68 32 2.88 
57 2 4.30 0.96 1. 62 68 32 2.88 
58 55 45 13.95 
59 75 25 7.75 
60 60 40 12.4 
61 65 35 10.85 
62 70 30 9.3 

'-" 63 6B 32 fi 
64 68 32 4 
65 6B 32 2.67 
66 68 32 2 
67 36 3.05 1. 13 
68 37 3.56 1. 16 
69 38 5.08 0.88 
70 36 3.05 1. 13 
71 37 3.56 1. 16 
72 38 5.08 0.88 
73 37 3.56 1. 16 
74 36 3.05 1. 13 
75 38 5.08 0.88 
76 38 5.08 0.88 
77 37 3.56 1. 16 
78 36 3.05 1. 13 
79 4.7 0.81 3.01 1. 96 26 5.24 
80 4.7 0.81 3.01 1. 96 27 2.72 
RI 1\.7 O. fi 1 1.01 l . 'Ir. ? '1 1 . 1\ 7 
li:! 
83 
84 
85 
86 

:----------------------------------------------------------------; .-
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'f ABLE A -1 Master tab!e for cemented mi11 taillngG f!ll 
Part 2 (Cc'ntinued) .,y. 

(See exp1anntory notes on p. A-lG) ----------------------------------------------------------------
( 1 ) (9) (10 ) ( 11) (12 ) (13 ) (14 ) (15 ) (16) 
ID Tail. Cu Cc Spec. Un i t Pulp Wuter W / C 

ID Grav. weight dens. cont. ratio 
(g/cc) ( ~ô) (~) 

B7 
8B 
8Q 
90 
QI 
92 
93 
94 
95 
n6 
97 
98 
9!l 42 9.64 1. Il 72 28 3.08 

100 43 5.15 1. 43 72 28 11. 48 
101 42 9.64 1.11 72 28 Il.48 
102 72 2U 8.68 
103 42 9.64 1.11 72 28 7.28 
104 43 5.15 1. 43 72 28 7.28 
105 72 28 5.88 

....... 

lOG 72 28 4.48 ,f_~ 

107 72 28 3.92 
108 43 5.15 1. 43 72 28 3.08 
109 72 28 1. 96 
110 
111 
112 
113 
1 11) 

,l; 115 70 30 12.3 
116 70 30 12.3 
117 70 30 12.3 

.~ 
118 
119 70 30 6.3 

rj 120 70 30 6.3 
1 121 

122 70 30 6.3 
123 70 30 4.29 
124 70 30 Il.2n 
1 ',r: •• 1 70 'w 1) • :~" 

l:.!ti 7U :30 :.1,3 
1<)" .. 1 70 30 3.3 
128 
129 

---------------------------------------------------------------

1 
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"''''\1- TABLE A -1 r.1aster table for C'pm('J} t l'd mi Il laillllg~ fi J 
Part 2 (Conlinued) 

"t!,.; 
(Sec explûnatory notes A-16 ) on p. 

,-------------------------------------- -----------
( 1 ) un ( 10) ( JI) ( l2 ) ( l :3 ) ( 1'1) ( 15) ( 16) 
ID Tai 1. Cu Cc Spec. Il n 1. 1 l'nI" Wall'l' W 1 C 

ID Gr'av. \"Cll~h L cl.!n'..; . cont. ratio 
(g/cc) ( ~O ( !'O ) 

130 
131 
132 
133 
134 
135 
136 
] 37 
138 
139 
140 
141 
142 
143 
144 45 4.19 1. 34 3.72 65 35 10.85 
1 15 45 4.19 1. 34 3.72 65 35 7.35 

...r<>. 146 45 4.19 1. 34 3.72 65 35 4.55 
1 ~ 7 45 4.19 1. 34 3.72 6r. ,) 35 3.15 

~ 148 48 5.73 1. 24 68 32 8.J2 
1·19 47 2.75 1. 38 68 32 8.32 
1'30 46 8.96 0.64 68 32 8.32 
151 48 5.73 1. 24 68 32 5. 12 
152 47 2.75 1. 38 68 32 fj • 1 2 
153 46 8.96 0.64 6R :~ 2 Ij. 12 
154 47 2.75 1. 38 Cil 32 :.L 52 
155 46 R • !)fj 0.6/1 68 32 3.52 
15G ,18 5.73 1. 24 68 32 3.52 
157 56 2.76 0.98 2.84 1. 55 
158 56 2.76 0.98 2.84 1. 55 
159 56 2.76 0.98 2.84 1. 55 
160 2.85 78 22 4.52 
161 2.85 78 22 6.82 
162 2.85 78 '7'7 9.02 ~ ... 
163 62 5.12 1.2 2.97 68 ~f 7. Il . J r; 
164 62 5.12 1.2 2.97 l;B '1'1 ", :~ . Il i~ 

165 62 5.12 1 • 2 7..fJ7 LI! :$ 2 5.41) 
IFlR r. :~ Ij. 1 :~ J " .... 2.!J7 68 32 8 
1 f;7 L:! 5.12 1.2 2.97 68 32 10.SG 
1 li 13 2.84 
169 2.84 
170 2.82 58 42 l ~L 02 
171 2.82 !jB /12 8,H2 

172 2.U2 58 42 4.62 ...... - -- - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - -- - - - - - - - - - - - - - - -- -. - - -- - - - -- -.-



TABLE A -1 r·1 a!~ ter tabLe for cemr:!ntf:d ml11 tai1ings fill 
Pal't 2 (Continued) 
(See explanatory notes on p. A-lB) 

'''-

:----------~------------------------------------------ ----------; 
( 1 ) (9) (l0) (lI) (12 ) ( 13 ) (14) (15 ) ( 16) 
1 fi T ::ut. Cu Cc Spcc. tIn 1 t Pu1p h'nter W / C 

IIJ Grav. wClght dense cont. ratlo 
(l,/cc) ( o~ ) ( ?o) (% ) 

1 ï 3 2.82 58 42 2.94 
l 7 l 2.96 68 32 9.92 
17S 2.96 68 32 6.72 
l76 2.96 68 32 3.52 
1 .... ~ 

" 178 
179 
180 63 4 0.98 
181 64 3.13 0.91 
182 63 ., 0.98 
183 6tl 3.13 0.91 
184 63 4 0.98 
185 3.02 65 35 3.85 
186 3.02 65 35 10.85 
187 68 32 3.52 
188 68 32 6.72 
189 68 32 9.92 
190 3.4 68 32 2.24 ." 

191 3.4 68 32 3.52 
la2 3.4 68 32 6.72 
193 3.4 68 32 9.92 

- ------ -------------------------------------------------------
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A -1 Master bb le for 
3 Part 

(See explanatory 

eemcn~ed rn 1 1 1 

notes on p. A-16) 

----------------------------------------
(1) 
ID 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
~l f) 

1)0 

41 
42 
43 

(17 ) 
Poros 

(18) 
Pere. 
rate 
(mml h) 

(19) 
DF 

(r.1P a) 

A447 

( 20) 
c 

(MPa) 

( 21 ) 
phl 

(deg.)' 

0.07 33.8 

0.1 12.4 

0.14 25.6 

o J ~ :' Il 7 
0.1" :U,.H 
0.14 26.1 

fil 1 



T.\ IHE A -1 Mnstcr l3ble for cemented mill tnillnRs fill 
P a lO t 3 (C ont i nue (1 ) 
(See explanatory notes on p. A-16) 

------- -- ._- -------------------------- , , 
( 1 ) (17) (18) (19 ) (20) ( 21 ) 
ID Poros. Pere. DF c phi 

rate (MPa) (m'n) (dl'f{. ) 
(mm/h): 

4 ·1 
'15 
" G 
·17 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
7 1 
72 
73 
7'1 
75 
76 
77 
78 
79 0.35 0.82 
80 0.35 0.17 
81 0.35 
le' 
H:3 
84 
85 
86 



#" 

~ 

...". 

TABLE A -1 

( 1) 
ID 

87 
88 
89 
90 
91 
92 
93 
94 
95 
g6 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
III 
112 
113 
l 14 
115 
116 
1 17 
118 
119 
120 
121 
122 
123 
124 
1~r; 

1:.!6 
127 
128 
129 

Master table for cemented mill tailin~s fill 
Part 3 (Continued) 
(See exp1anatory notes on p. A-1G) 

( 17) (18) (19 ) (20) (21) 
Paros. Pere. OF e phi 

rate (MPa) (MPa) ( de g . ) 
(mm/ h) 

0 24 
O. 16 23 
0.24 28.5 
0.32 30 
0.115 31.5 

--------------------------- ------------- ---
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i "Il r. E A -1 ,\1 a s l e r I!I b 1 e for cern e n t e cl m 11 1 t ri 11 i n Ir 5 fil 1 
Part 3 (Con t lIlU.~d ) 

(See explanatory notes on p. A-16) 

:------------------------------------------: 
( 1 ) (17 ) (l8) ( 19) (20) ( 21) 
ID Paros. Pere. DF c phi 

rate (MPa) (r.1Pa) (deg.): 
(mm/h) 

130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
15 :i 
154 
155 
156 
157 0.4542 
158 0.4542 
159 0.4542 
160 
161 
162 
163 
164 361 
165 602 
166 
167 823 
J Idl 

1 il:J 

170 
171 
172 

:------------------------------------------: 

A4,SO 



'",4tt, 

TABLE t\-} 

(1) 
ID 

l7.l 
17,1 
175 
176 
177 
]78 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 

"' .. 191 
ln 

"\ " 
193 

Mn ste r ta b l e for e em~ nt e d mil} t n il i n 1~!1 fi Il 
rar-t 3 (Collttnucd) 
(See exp1nnatory notes on p_ A-16) 

(17 ) (18) ( 19) (20) (21) 
Poros. Pere. DF e phi 

r(l te (MPa) (t·tr'n) (d~tr.): 
(mm/h) : 

A451 



Column no. 

1 

" ,) 

,] 

5 

6 

7 

8 

10 

Il 

12 

13 

III 

If) 

16 

17 

1 R 

l~ 

20 

21 

DescrIption 

Sequential ID number 

Reference number (sec refcrence lIs!) 

Talllnr;s/cemc!nl ratIo by wCIP,ht 

Cement content (% of total dry weight) 
- as reported or calculated from col. 4 

Uniuxiul compreSSIve strength after 7 days 
curing time (MPa) 

Uniaxial compreSSIve strength after 14 days 
curlng time (MPa) 

Uniaxial compreSSIve strenglh after 28 days 
curing tIme (~Pa) 

UniaxIal compressive strength after 90 days 
curing time (MPa) 

Talllngs ID number as pcr Tablc A-2, when 
graIn Slze distrIbution provlded 

CoeffIcIent of unIformlty 

Coefflclent of curvature 

SpecIfic gravIt y of dry taillngs 

UnIt welght of dry tal1Ings (g/cc) 

Pulp denslty of flll ~ mass of SOLlds / mass 
of slurry (%) 

Water content = mass of water / mass of 
slurry (%) 

Water / cement ratlo by wClght 

Poroslty 

P f' rf' n 1 ri 1 ion r n t (' (m m / h ) 

Deformallon modulus (MPu) 

CoheSIon (~1Pa) 

II.n1.)(' of Intprnnl frlC"t.lon «(I.'p,rr-r.r;) 

A4S2 



TABLE A -2 Grain Slze dis t ributions 
(see note p . A -17) 

....... 
-----------------------------------------------------------~---------

(1) (2 ) (3) (4) (5) (6) ( 7 ) (8) (9) ( 10) 
Tai 1. Ref. DIO 030 050 D60 D70 D80 D90 Type 

ID No. 

1 l Il 28 57 80 110 150 220 Talllngs 
2 l 33 67 116 112 175 222 315 Talllngs 
3 l 50 88 135 163 197 245 340 Tall ings 
4 l l 5 Il 14 20 28 46 Tallings 
5 l 6 21 43 58 80 105 140 Tal1lngc; 
6 l 4 13 28 38 53 69 97 Tal11ngs 
7 l 32 50 68 78 87 96 115 Tal11ngs 
8 l 33 63 100 125 150 187 250 Tallings 
9 2 2 8 22.5 34 50 76 115 Tail1ngs 

10 2 5.5 18 36 47.5 65 88 130 Tall1ngs 
Il 2 7 7.5 Il 12.5 15 IR 2R T ~ 1 J 1 Tl Po', 
12 2 4 Il 22 30 40 51 ] ~} 7 'l'nlLlnp,':; 
13 2 3 35 71 92 116 147 197 Tnlllnl{s 
14 2 4 42 83 110 115 190 255 Talllngs 
15 2 30 65 96 117.5 143 175 223 Tal11ngs 
16 2 18 31.5 47.5 59 72 gO 122 Tallings 
17 2 27 43 61 73 88 107 130 Télll1ngs 
18 2 35 55.5 79 95.5 115 137 170 Tadlngs 
19 2 7 53 220 380 585 820 1000 Tallings 

.... 1" 20 2 62.5 126 177 212 255 306 392 T'lllings 
21 <) 25 131 200 237 280 350 485 Nil t. Sands .. 

~t' .,J> 22 2 gO 19b 307 365 1\ ') <) 1\80 5<15 N~ll . Sands 
23 2 122 196 250 277 312 380 50C Na t. S...lnrls 

24 2 152.5 240 330 395 475 585 Nat. Sunds 
25 2 15 43 72 88 102 118 155 Exper. f11 1 
26 2 18.5 47.5 73 82 102 117 1113 Exp(~r. fd J 

27 2 12.5 40 67.5 85 100 117 138 Exper. fIl 1 
28 2 25 54 78 92.5 108 123 145 Exper. fdl 
29 2 53 133 194 225 390 Sandflll 
:w ') 177 23 () 312 :15 () ~(;2 SUlld!"I!1 
31 2 23 77 134 170 205 Talll.ngs 
32 6 15 46 73 87 102 117 140 Exper. fdl 
33 6 12 42.5 70 85 102 117 140 Expcr. fIl l 
34 6 2C 54 82.5 92 108 127 157 Exper. fil l 
35 6 2.5 '2g 95.5 128 162 200 2 <13 TUlllngs 
36 6 58 107.5 154 177 202 228 262 Tallings 
37 6 48 97.5 146 171 196 225 263 Ta111ngs 
38 6 26 55 104.5 132 165 203 257 Talllnl,s 
39 9 2:) ~2 3R 1)1} Ta,llllj.('l 
" () '1 17 "r ... TI .. ~ s ~ '1 '" 1 1 Il 1( ': 

1 1 ~J 1:": :":0 '.!.7,S J ') Joli JI" go. ,) .. 
42 Il 5.5 18 38 53 Tal11ngs 
43 Il 14 38 55 7'2 Talllngs 
·14 17 34 49 72.5 87.5 TUlllngs 

---------- _._--- -- ------------- - - - - -- ------------------------ - - - -

-
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T\flLE A -2 Grain Slze dü I,ributions (cont'd) 

- - - -- ~ - - - -- -- - - --- - -- --- - - - ----- ----- ------- - ---- - ---- -- - ----- -- ----_._- : 
( l ) ( 2 ) ( 3 ) ( tl ) (5 ) (G) (7) (8) (D) (l0) ..... ' 

TQ lI. Re f. DIO D30 D50 D60 D70 080 D ~)O Type 
ID No. 

1 r; ::! 1 21.5 51 77 !JO 112 1118 201) Snndfill 
413 :22 53 127 275 475 625 1050 2250 Sandfil1 
lï '/ <) 150 2!J~.1j 365 412 1\(-)2 ') rJ r-

~l fi 'lI! T~illnl!!": 

'18 f) ,., 30 80 137.5 172 215 265 3tlO TUlllllgs w_ 

·1 '1 :2 :~ 2.5 8 17.5 26 Tailings 
50 '2 ~ 42 58 80 95 Tailings 
51 25 30 72.5 87 90 Tailings 
52 '27 19,'3 50 92 117 Taillngs 
53 30 14 40 67 83 Tail1ngs 
54 30 108 263 485 630 Taillngs 
55 31 37 52.5 72 83 Tailings 
56 32 39 64 91 107.5 125 147 182 Tailings 
57 32 31 52 70 82 96 11~ l~n TUll.ln/{!.l 

58 32 42.5 68 89 97.5 Tail1ngs 
5 fJ 32 350 900 4500 13250 .. Rockflll 
60 32 1610 7700 21700 32200 Rockfll1 
61 32 1935 2330 25700 42750 Rockfill 
62 32 25 62 100 128 163 195 250 Taillngs 
63 32 43 85 140 172 210 Tailings 
6·1 32 32 54 75 100 128 160 203 Tall1ngs 

-----._---------------------------------------------------------------

Note. Cols. 3 - 9: grain Slzes expressed in micrometres 
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TABLE A-3 Master table for cemen ted rockfil1 
(explanatory notes on p. A-16 app 1 y) ..,. 

, ------------------------------------------------------------------- , 
~ 

, , 
( 1 ) (2 ) (3) (4 ) ( 5 ) (6) ( 7 ) ( 8 ) 
ID Rer. T / c C emen t Uniax i al compres si ve strength 

No. ratio content 7 days 14 days 28 days 90 days 
(by wt) (% by wt) : (MPa) (MPn) (MPa) (MPn) 

(%) (MPa) (MPa) (MPa) (MPa) 

1001 7 20 16.6 12.93 
1002 7 10 9.09 5.69 
1003 7 5 4.76 2.33 
1004 8 2 0.63 
1005 8 3 1. 38 
1006 8 6 2.19 
1007 8 8 3.13 
1008 8 10 4 
1009 8 9 1. 27 
1010 8 !) :l . ~ ~~ 
1011 8 9 3.63 
1012 8 9 3 
1013 8 9 1. 77 
1014 45 2.5 2.5 
1015 45 3.5 4.9 
1016 45 5 6.2 
1017 45 6 7.4 
1018 45 7 8 

..,.,.. 1019 45 10 18.3 
10~0 46 3.3 2 - 1021 46 6.8 4.7 
1022 46 Il. 3 12.1 
1023 32 3 1. 44 1.3 
1024 32 4 1. 61 1. 74 
1025 32 5 2.08 2.61 

:-------------------------------------------------------------------: 

A4SS 



• ==44 

TAIIU-: A-il M;lster lnble for fly Qsh 
Part l 
(see explanatory notes on p. A-23) 

!-------------------------------------------------------------------! 
( 1 ) ( 2) 
ID Ref. 

(3) 
T / C 

(4 ) 
Cemen t 

No. ralio content 

3 
il 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1<1 
15 
16 
17 
lB 
19 
20 
21 

23 
2·1 
25 
26 
27 
~B 

29 
30 

l 
1 
1 
l 
1 
1 

32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
:12 
32 
32 
32 
119 
,1 ~) 
49 
49 

(by wt) (% by wt): 

8: l 
8: l 

20: 1 
20: 1 
30: 1 
30: 1 

6: l 
10: 1 
20: l 
10: l 
10: 1 
30: 1 
30: 1 
30:1 
40: 1 
20: l 
30: 1 
10: 1 
20: 1 

6:1 
8: 1 

20: 1 
30: 1 
10: l 
20: 1 
30:1 
20: 1 
20: l 
20:1 
20:1 

Il . 1 
Il . 1 
4.76 
4.76 
3.23 
3.23 
14.3 
9.09 
4.76 
!J. o!) 

9.09 
3. 23 
3.23 
3.23 
2.43 
4.76 
3.23 
a.oa 
4.76 
14.3 
Il. 1 
4.76 
3.23 
9.09 
4.76 
3.23 
4.76 
·1. 76 
4.76 
4.76 

(5) (6) (7) (8) 
28- cl uni a x i a 1 co m p. s t r e n g t h (r-1 Pa) 

f1yash 

1. ·13 
1. 43 
0.49 
0.49 
0.32 
0.32 
2.18 
0.93 
0.29 
O.Uf3 
0.88 
O. 14 
0.14 
0.28 
0.22 
0.38 
O. Il 
1. 03 
O. 17 
1. 54 
1. 13 
0.35 
O. 19 
0.54 
0.19 
0.12 

4.11 
4.4 
4.4 
4.4 

A4,56 

10°.; 
flyash 

1. 32 
1. 3!J 
0.32 
0.29 
0.17 
0.15 

fI yas h 

l . :J a 
1. 28 
0.26 
0.3 

0.18 
0.13 

flyash 

2.02 
0.79 
0.29 

0.32 
0.22 
0.34 

0.1 
0.55 
0.17 
1. 49 
1. Dl 
0.29 
0.14 
0.51 
0.19 

0.1 

~' ... '''' 

, 



-
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TABLE A-4 Master table for fly ash 
Part 2 
(see explanatory notes on p. A-16) 

:-----------------------------------------------------------------: 
(1) (9) (10 ) 
ID 28-day uniaxial 

30% 50~", 

flyash flyash 

1 
2 
3 
4 
5 
6 
7 1. 78 
8 0.77 
9 0.22 

10 O.!i9 
Il 0.9 
12 0.14 
13 O. 14 
14 0.21 
15 O. 17 
16 0.54 
17 0.1 
18 0.55 
19 0.16 
:!o 1. 34 
2] o . 81 
22 0.35 
23 0.14 
24 0.58 
25 O. 15 
26 0.08 
27 2.6 
28 3.8 
29 1.6 
30 3.2 

(11) (12) (13) 
comp. strength (MPa) 

60% 75% 100% 
flyash flyash flyash 

1.6 
2.1 
2.6 
2.4 

0.12 
0.06 
0.22 

A4S1 

0.12 
0.11 
0.08 

(14 ) 
Spec. 
Grav. 

2.84 
2.84 
2.811 
2.nlJ 
2.UIl 
2.84 
2.84 
2.85 
2.85 
2.85 
2.82 
2.82 
2.82 
2.82 

(15) 
Unit 

wcq~h t 
(g/cc) 

1. 55 
1. 55 
1. 55 

• 



-----------------------_._-_. __ . -

TABLE A-4 Master table f)r fly ash 
l'urt 3 
( sec explanatory notes on p. A-16) .... 

;--------------------------------------------------! "" 
( 1 ) ( 1 6 ) (17 ) (18) (19) 
ID Pulp Void W / c Origin of 

df'ns. rati 0 ratio fly ash 
( oC» U~) 

2 ... 
.) 

4 
5 
G 
7 0.83 Thunder Bay 
8 0.83 Thunder Bay 
9 0.83 Thunder Bay 

10 Thunder flay 
1 1 DetrOit 
12 Detrolt 
13 Thunder Bay 
14 78 Type ID, Thunder Bay 
15 78 Type ID, Thunder Bay 
16 78 Type 10, Thunder Bay 
17 58 Type 10, Thunder Bay 
18 58 Type ID, Thunder Bay 
19 58 Type 10, Thunder Bay -.. 
20 58 Type 10, Thunder Bay 
21 Type C ..... 
..,.., Type C ~~ 

23 Type C 
2·1 68 DetrOIt Type c 
25 68 DetrOit Type c 
26 68 DetrOIt Type c 
27 1.2 Type F Source 1 
ZR 1.2 Type C - Source 1 
Z!) l ') Type F - So u r"cc 2 ... 
30 1.2 MIxture Cl + FI + F2 

-------------------------------------------------

1 
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Column no. 

1 

2 

3 

4 

5 - 13 

14 

15 

16 

17 

18 

17 

18 

19 

-

Description 

Sequential ID number 

Reference number (see reference list) 

Tailings/cement ratio by weight 

Cement content po of total dry wClght) 
- calculated from col. 4 

Uniaxial compreSSIve strength after 7 days 
curing time (MPa), with Portland cernent 
replaced with the indicated percentage of fly 
ash by weight 

Specifie gravit y of dry taillngs 

Unit weight of dry taillngs (g/cc) 

Pulp density of fill = mass of SOllds 1 mass 
of slurry (%) 

Void ratio of tailings 

Water / cement ratIo by weight 

Porosity = volume of voids / total volume 

Percolation rate (mm/h) 

Origin and type of fly ash (when available) 

A4S9 
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