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Page 3-2 Paragraph L Sentence l- should read ". . '. two

scale reference sticks, with One metre Tength marked

between paínted. ends and a mídd7e (haJ,f metre) mark,

$¡ere placed on the slope . . . - "

Page 3-2 Paragraph 2 Sentence 2 shoul-d read

shots usually could not be taken utíth the
parallel to the sloPe face - - - - "

Page 3-58 Paragraph 2 Sentence 5 should read rr

any small- correlation of gtading with depth

disappear. "
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Page 3-58 ParagraPh 2

reasonable Iikelihood
Sentence 6 should read " -. -.
of valuation bY area beÍng

valid for the newest

page 3-60 Figure 3-L8 is incorrect in the lower rÍght
hand graph. The graPh should be:

Porticle Size (.rn)
100 1 000 1 0000

Page 3-72 Figure 3-26 should have (a) beside the
upper graph and (b) beside the lower-

Page 7-f3 Table 7-1 should have the description "6 9r
Pegmatíte" for materÍal MG08.
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ABSTRACT
One of the most visible features of a mining operation is
the heaps of loosely dumped overburden and non-ore-bearing
rock. Until recently, these blere handled mainly on the
basis of minimising operating costs, and were left as-
dumped at the completion of mining. However, with grobling

community demand for adequate rehabilitation of mined landt
a need is developing for more active design and management

of such features. Based on Ranger Uranium Mine, Northern
Territory, this thesis examines the analysis of structural
slope stability of waste-rock dumps, including the effects
of weathering on rnaterial properties.

A procedure of slope photography and computer-based image

analysis vtas developed to measure particle size
distributions for waste-rock after various periods on the
dumps. l"lineralogical data vtrere obtained for corresPonding
subsamples collected from the dumps, and for supplementary
samples, including some rePresentative of more advanced

stages of weathering. Laboratory compaction and triaxial
compression tests þ¡ere performed on fourteen selected
materials.

The collated results showed that within the first ten years
of exposure weathering of waste-rock is primarily manifest
as disintegration of larger fragments, which leads to
decreases in both friction angle and shear intercept. In
the older mine materials production of clay minerals is
pronounced and correlates v/ith a further decrease in
friction angle but an increase in shear intercept, as

cohesion becomes significant.

Finite element modelling of dump slopes suggested that
under sustained moisture conditionç the dumps at Ranger

wilI be stable at their current configuration throughout
the intended life of the mine, and that the proposed
rehabilitated landforms wiII be indefinitely stable against
mass slippage. Batters are closest to instability in the
period 5-10 years after dumping, and at aII stages the
critical mode of failure is sliding along a softened base.
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1 IÌSTRODUCTION

1 - 1 Background

WaeÈe-rock consists of overburden and rock excavated during mj-nLngr 1n

which the content of the object mLnerals ls insufficlent for economl-c

recovery. Open-pl-t mlnl-ng methods, employed in many mines throughout

Auetralia, produce massl-ve heaps of such spol-l materlal. As unusable by-

product.e of minLng actívity, waste-rock dumpe (or spoil heape) have

tradltlonally been handled sole1y on the basis of mJ-nlmising operating

costs¡ and geoteehnlcal desl-gn has been generally superficial. Eowever,

1n response to growing coomunity awarene6s of the vulnerability of

natural environments, the minl-ng lndustry is accepting a responsibtltty

both to ml-nl-mlse envirorrmental disturbance during uiníng and to leave

the site in a state suitable for future alternative use' In t'hiE context

there is a growing need for more rl-goulous desl-gn of, and active

Danagement etrategl-es for,'¡¡aste-rock dumps'

From a geotechnical engineering perspeetive, waste-rock dumps present

certain features not generally encountered in natural slopesr cuttingst

and fill embankments, whl-ch are the usual subjects of slope stability

analysis. Primarlly, waste-rock 1s a unlque Daterialt located ln the

uncertain area bet¡yeen soil and roek, and therefore difficult to

classify and quantify. (For example, is it more relevant to eieve the

fine particles or core the boulders?) Seeondly, mechanical effects of

the mining operations, together with the eubsequent exPosure often Ln

severe cllmates, can make Lt susceptJ-ble to much more rapid degradation

Lhan the elow natural weathering of rock into soil' The dump structure

is also different in that, natural sPatial variabilLty is removed, but is

not replaeed w-ith the engineered uniformity of a normal f111' Finally'

dumps are now often subject to tlro design regimes: the innnediatet

etrongly economic constraints of an operating mine; and the eventual,

more eneompassing (and so more conservative) philosophy of safety and

facility to the general eommunity. The analysis of structural slope

stability of waste-rock dumps, covering the life of the mine and

extending to the rehabilitated errvirongentr forms the subject of this

thesis.
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1.2 Scope

The project rras focussed on the ws€te-rock dumpe at Ranger Uranlum MJ-net

Northern Territory. Ae discueeed in Chapter 2, the issue of dump

managenent is particularly relevant at this mine, eubJeet ea l-t is to

etrict environmental controls protectlng the surroundlng Kakadu National
park and providlng a comblnation of rock types and moneoonal cll-mete

whl-ch promotes rock weatherJ-ng at a remarkable rate.

The overall aio of this research projeet rüaa to lnvestigate the effect

on dump slope stabl-lity as lvaste-roek degradee. Thie may have

implicatione for Danagement of the dumps over the operational life of

the ml-ne (probably 2O-3O years), and of the l-andforms of the

rehabilitated site, which rriLl be constructed l'argeJry from the !te6te-

rock. Two components r¡ere ldentl-fied wlthin the broad objective, namely:

the relationship between weathering and materlal strength; and the

effect of changes in mat.erial strength on elope st'abJ-lity. The former,

which 1s the aspect emphasieed in this thesie, involved the development

of procedures to guantlfy physical descriptione and to measure strength

parameters of materials rùiÉh particle size ranges beyond the scoPe of

normal engíneering methods. Exísting methods of stability analysis were

then briefly reviewed w-Ith regard to their applieabillty to ¡vaste-rock

dumps and materiale. On the basis of thisr a fl-nite element Programoe

(a1so used by Richards, Peter, & Lucas 1996 in a prevíous investigatíon

of waste-rock dumps at Ranger) rras selected for analyses examining the

effect of material weathering on dump slope stabllity in the medium to

long term.

In the cont,ext of thls thesis, slope stability analysle is restricted to

structural stabiltty of the dump slopes against mass sliding. Surface

erosion and chemical leaching, which are lncluded in the broad

environmental understanding of dump stabilityr rüere not considered'
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1.3 Research PIan

L.3.1 Concept

Investlgat,ion of the weatherlng-strength eorrelation rüas approached

inltially by posing a speciflc question: for a partlcular tyPe of waete-

roek, does etrength decrease readily aG weatherLng proceeds?

Alternatively, is there a stage aE which a rapid loss of strength

occurs, or agaín (although unlikely)¡ is there no slgnificant change?

These possibilities - three of many - are illustrated in Figure l-I.

Weothering -+

!

oìg
o

UI

t

Rooid Loss /
of'strength'

Loss
of Strength

-' !- - - - L',ttË-ch""g" î" L*"gìn

Figrure J.-1 Possible Strength-Weathering Relationships

To define a relationship in this form, it is first necessary to guantlfy

weathering. As described by Oltier (L969, p. I), weathering consists of

physical and chemical changes brought about by ehanges in environment.

For soil and broken rock, these t!üo aspects are typlcally described

quanritatively by particle eize distribution (grading) and ml-neral

composition resPectively. The 'tweathering" axis in Figure I-I may thus

be vlsualised as itself a curve in the gradíngleomposition plane, and

the correlation with sÈrength as a three-dioenslonal function of

grading, mineral eouposition, and strength. If this function is imagined

projected first orito the gxaðj:nglstrength plane and then onto the

composition/strength plane¡ the result is ttro discrete (but dependent)

coErelations, as sho¡un in the lor¿er quadrants of Figure 1-2.
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Groding
Weothering

Composition +

Figrure l-2 Concept of lfaterial Characteristic Interactions

The upper half of thís figure introduces links between dump age and

weatheríng, which are relevant to applying the research to dump design

and management. In 1989 (vrhen most of the field work for the project rùas

undertaken), the dumps at Ranger íncluded batters ranging from new to

about eight years oId, which precluded couprehensive examination of

these relationships within the scope of this thesis. Eoweverr it' was

anticlpated that specific investigation of degradation ín the dumps to

rhat time, w'ith some reference to probable later stages of weatherl-ng

could provlde an outline in which to frame further studies.

The diagranrmatic concept of Figure 1-2 served as a basis for the methods

and approaches discussed in the following section.

L.3.2 Methods

As indicated by Figure L-2, physical- characterisation of the waste-rock

materials \ùas one of the primary tasks. For soil engineering PurPoses

the prímary descriptor is the grading curve¡ o! particle slze

distribution, whích is obtained by sieving a rePresentative sample of

I
q)
c'l

.L

ql
c
(¡)
l-
(n

¡
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the material through a set of sieves wJ-th serially decreaefng aperture

sizes. Thie procedure is not feaeible for ¡vaste-rock because of the

massive samplee required to ensure representative proportJ-one of cobblee

and boulders, and because the sieves needed to grade euch eamples rüould

be larger than quarry crusher 6creen6¡. The optlon of samp1J-ng only the

fLner eLze fractlons from the waste-rock was lncompatibl-e w'Ith the al-m

of evaluat,ing weathering-related changes in the bulk materlal. Thl-s

problem of ecale aleo precluded inveetlgation by boreholes: ae:lde from

the difflculty of achl-eving adequate core recoveryr the informatlon from

a IOgm d1ameter sample is less than that which could be obt'al-ned by

stmply looking at the dumPs.

This last observaËion suggested a possible solutlon, namely ¡ vl-rtualr

eamplj-ng, by photographing the dump batters. The approach of measurl-ng

pertLcle aizes from phot,ographs has previously been used fn studies of

bed characteristLcs of natural channels (for example, Iriondo 1972 and

AdamE LgTg). Although the scale and unique nature of ¡saste-rock

necessltated signifieant adaptation of the basic philosophy, the speed

efid ease of sampling, and the lack of viable alternatives, 1ed to a firm

decision early in the project to Pursue this method'

By nature, photographic sampling ís restricted to surface material. As

discuseed in Sectior- 2.3, weathering at the observed rapid rate probably

occurs only in the outer few metres of the dumps. In a statlc structuret

this ¡sould result, in the surface material signl-ficantly different from

that ¡¡.ithln the dumps. Eowever, as the heaps are constructed by dunping

out over existing baLters, materials lnside the dumps Itere once also at

or near the surface, although for varying periods of time' Similarly¡

some of the faces photographed during thís projeet have since been

covered and are now 'tlnside" the dumps. On this basis, the range of

materials on the batter faces ¡sas considered representative of materlal

Èhroughout the dumps.

Snall bulk samples (about ten kilograms mass) of material gravel-slzed

and finer !ùere collected as an adjunet to the slope photography

prograrme. these provl-ded fragments and fines for mineralogícal

analyses, speclf íca1ly thin section and X-ray dJ-f fractJ-on, ¡¡hich IÙere

carrl-ed out by CSIRO DLvisíon of Soil-s Mineraloglcal and Geoehemleal

Servíces Group. In determination of mineral composition, the omlssion of
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oversize par¡icles !¡as not an l-ssue3 es establlshed by preliminary

examinat,ion, medium and coar€e gravel partieles in the ¡vaste-rock ere

mainly fragmente of broken boulders, and therefore mineralogiealLy

eimilar. I{eatherlng produete, on the other hand, are concentrated ln the

silt and eLay elzes. Therefore separate analysls of gravel fragmente and

clay fractions provl-ded data reepectively on inítial composi-tion and

extent of chemlcal alteratíon.

Another consideration ¡vas achieving coverage of the range of weatherlng

¡¡hlch might occur ln the dumps' MinLng co'r-enced at Ranger in 1981' but

despite the highly degraded appearance of some of the older batters,

mineralogleal analysis indicated that chemical alteratl-on has not

progres6ed far. Consequently additional materiale, rePresentatl-ve of

more advanced etagee of weatheringr were sampled from other parts of the

site. These coul-d not be related to batter age, but ít was possíble to

rank the samples w'lth respect to extent of weathering and êo obtain an

appreclation of future developments ín the dump naterlals.

the material size problem again arose wlth reepect to the measurement of

etrength paraneters. The largest available suitable testíng equipment

lras a trlaxial test rig for saoples up to 1O0m diaoeter, which limited

rûexlnum particle size in speclmens to about 20m. For this asPect of the

study, however, a signifl-cant collection of published literature !¡aa

available dealing w'ith methods of scaling do¡n coarse uaterial (nainly

dam rockftll) for strength testing, and their effects on resul-tant

parau¡eters. Although less than ideal, this approach had litt1e

practicable altetnatíve, and in a study focussing on changes in

strength, the results should remain relevant if materlals which are

baeically similar are modified in the same manner. A full-scale test of

a dump slope was of course eonsidered, but the potentíaL gain - detailed

information about, the in-situ behaviour of one of the rock types in one

condition of weathering - did not justify the massive effort and

expense, at least not in the context of the objectives of this research

proj ect .

Grading, mineral composlt,lon, and shear strength were brought together

to establish models of dump materials at vatious stages of weathering.

These rüere then used 1n non-linear finite element analyses of dumps

constructed in lifts to 5Om height. Resultant horlzontal- displacements



L-7

at the elope face were used to aasess and compare slope stability ae the

dumps age and constituent waste-rocke degrade.

L.3.3 Thesis Format

The format of thLe thesls follo¡rs the setne general linee a6 the

eonceptual research plan descríbed l-n Section 1.3.1. The next chapter

outLines the situation at Ranger Mine, especJ-ally with regard to

environment managerDent aspects and to the actual waste-rock dumps.

ChapÈer 3 covers the theory and development of a procedure for

photographie analysis to estímate particle eLze distributions of dump

maËerial. This is followed by presentation of mineralogieal data.

Chapter 5 describes the laboratory strength teeting Prograrme and is

followed by interpreËation of the correlation between weathering and

mat,erial strengËh. the penultimate chapËer deals lr-ith slope stabilLty

analyeis usíng etrength parameËers derived through the etudyr to relate

the results back to the context of mine managenent. The thesis concludes

with a revl-e¡v of the outcones of the proJect with respect to the stated

objeetives, a auûlnary of findings specific to the waste-rock duups at

Ranger uranlum Mine, and suggestions for further research.
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The Ranger No.l orebody is currently belng mined by oPen Pit methode.

Rock ie blasted out of benches about 7n high and loaded l-nto 50-80 tonne

dump trueke for haulage. On leaving the plt, each truck 1s driven under

a radl-omet,ric discriminator, and based on the meaeured average uranl-um

content, the load is assessed as high grade ore (>O.O75Z U3OB), 1ow

grade ore (0.075-O.O5Z U3Og)' very low grade ore (0.05-0.0232 UtOg)r or

waate-rock (<O.O23Z U3Og). The truck 1s directed to the appropriate

heap, where the load 1s end-dumped over the exlsting active batter, aa

shown 1n Plat.e 2-1. Geotechnl-ca1ly, the various rock heape are slmllar,

except for a poesible higher proportion of more degradable material in

the ¡vaste-rock dumps, as a result of some of the more resl-stant lvaste-

rock belng stockpiled separately for construction use.

The basic construction plan for the rtaste-rock dumps l-s three l-ifts each

of about, eleven ¡Detres, within a planned raised area rühich will cap the

tailinge da¡q and Plt no.l Ln the final rehabil-ítated landform, and rrl-11

cover an area of about four square kJ-lometres. Eo¡veverr es aPParent from

plate 2-2, progreseive construcÈion of the dumps has been somelrhat

írregular, dependent largely on operational requirements. For examPlet

durlng 1989 another duup waa establiehed neaï the tailings dam to

facilitate subsequent rehandling of the rock to raise the dam l¡alfs.

Inevitably, as the rehabill-tation plan 1s developed and finall-sed over

the next two decades or so of mine operation, plans for the waste-rock

dumps may also change. (One Lssue addressed in thl-s research projeet was

¡vhether the present steep slopes can be susüained as the materials

degrade or ¡.rheËher plans will have to be amended anylsay')

Duríng the monsoonal wet season, runoff from the primary waste-rock

dumps drains into Retention Pond 4 ¡vhích adjoins to the northeast. The

recent dump near the tailings dao, like the ore stoekpiles, is r¡'ithin

the Restricted Release Zone. Runoff is stored within the zorLe, in

Retention Pond 2, and subject, to occasional controlled release to loca1

naterrüays during periods of high flo¡s.
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P1ate 2-l- Ilumping of Iùaste-Rock

Plate 2-2 View of Waste-Rock Dumps from North (1991)



2.2 Sít-;e Obsen¡ations

Considering more elosely the nature of waste-rock

followJ.ng are observations made during the slope

described in Section 3.I:

2-5

dumps at Ranger, the
phoËography exercLge

a) The batter facee are loose v¡-iÈh a high proportl-on of voids which

are particularly aPParent in the lower, coarser eections. A shallow

surface layer is only marginally etable and difficult to walk oûr

but thie does not give the impreseion of l-netability in the body of

the dump. these attributes are typical of coheeionleee material at

its angle of repoae (canpbe11 & Sha¡¡ 1973), eince shear etrength,

¡vhich ie proportional to normal 6tree8, ie mínimal at the slope face

and increases ¡d-th distance into the duup. Eence there is apparently

littIe coheeion in the riear-face materiale under the Doistule

conditions whlch occurred ¡¡hen the field work was undertaken, that

íe, in the niddle of the drY season.

b ) Sorting of f ragment,s down- slope is observabl-e as dovrnrvard

coarsening of the grading. The trend was aPParent at aLl study

LocatlonE, but was most pronounced on higher slopes not more than

three years old, for example at Site t8 sholùn ín Plate 2-3'

segregatj_on fs a norDal conseguence of dumping oPelatíonsr as

discussed by McKean (1930, P.26) and Caropbell & Shaw (1978)' A

eimilar effect rtas referred to ln natural scree slopes by Young

(1972, p.L28) and Statham (1972). The significance of this varlatLon

in grading was examined by photo-analysis and is discussed in

Section 3 .4.

c) The amount of finer particles - fine gravel size and smaller

observed among the sort,ed coarse fragments in the lo¡¡er t¡vo-thirds

of the slopes varied markedly lrith the age of the batterr âs

illustrated in the sequence of Plates 2-4 to 2-9. The newly dumped

material showed moist silt and clay fines adherlng to cobbles and

boulders over the whole slope. this r¡ould be the condition of rock

when it leaves the mine p1t, havlng been wat'ered after blastlng to

reduce dust. At locations expoeed for less than a ful-l vet seasol.It

there rras less fine material 1n the lower sections but considerable

medium and fine gravel was st.ill present. On the year-old batters

the bottom haLves were generally bare of clay to sand sizes, excePt
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in emall locaL patches where larger fragmente aPPear to have

provided ehelter, either prevenË1ng washout of fines or allowlng

fines washed dor¡n to accumulate. An exceptJ-on was observed, where

concentrated runoff from the toP of the batter and degradatÍon of

already ¡¡eathered pegmatite have reeulted 1n some finer materl-al

persÍstlng most of the way down the elope. The batters about two

years old ¡rere largeLy defl-clent of emaller sl-ze fract,l-ons in the

lo¡ser eection. The lack of fines on these slopee of moderate ege wae

only a surface effect: removal of the toP layer of fragments at

several locat,ions revealed consl-derable finee wiËhl-n the skeleton of

coarser down-e1ope particJ-es, at fragment' contacts and partJ-a11y

infil-ling voido. Locatl-ons on the three-year-old batter appeared to

have considerable fine materLal down most of the slope. Close access

in this aection ltas only posel-bLe at the top of the batterr where

degradatlon of odd Larger fragments Iüaê observed, but it appeared

that most of the fíner material lo¡¡er on the slope mJ-ght have been

¡vashed dorrn from above. This slope was high and steeP, about 20

metres and 30o, and contained several eroslon gullies which

suggested significant sediment movement dovn the face. The oldest'

batters examlned were at least, six years old and showed signifleant

proportions of finer particles do¡6 the fuIl length of slope, much

of which appeared to be due to ¡seathering of. Latger fragments. They

also carried sparse growth of grasses and some trees '

d) Systematic material variation was suggested by colour changes

along the slope. These formed sLightly wedge-shaped bands which from

their rddth are probably related to a single truck-load. The effect

!ùes particularly noticeable on batters of moderaLe height. Al-sot

there has been no significant shallow-lng of slopes as they are

dumped onto. the implication is that when duuped, the load spreads

laterally only slightly and forms a layer of approximately constant

thlckness as it falls over the slope.

The following tenÈative explanation of the ehanges in fines content on

the batters was formulated at the time of the fieldwork:

At dumping, some sorting of the ¡vaste-rock occurs r w'Ith smaller

fragments tendíng to stoP further uP the slope. Some fines, however,

including those adhering to cobble and boulder-sized pieces are carríed

onto Ëhe 1or¡er half of the slope. During the wet season much of this
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fLne materl-al is washed off Èhe coarse, openly graded lower faces¡

flnes l¡ashed from higher uP are either not trapped or are waehed in

below the surface layer; and a net loss of fine matter from the surface

is apparent. In keeping with the severity of tropical weta' the loes is

rapJ-d, and after about the eecond year, moet of the battere appear bare

of fines. During this time the exposed rock ¡rill have started to degrade

in the presence of alr, heat and molsture. Eowever, it aeema that for

moet of the rock-types encountered at Ranger the production of mobl-le

finee to this 6tage ie less than the capacity of runoff to remove it

from the faces. After a couple more yeare, the produetion of fine-

gralned weathering products outstrips the potential for theÍr removalt

and accumulatlon of fines is observable on the batters. (It nay be that

the fines produced by ¡seathering are also less erodible than thoEe

preoent ínitially.) The degree of accumulation is 1ike1y to depend on

rock-type, aspect and hydraulic characterlstics. ThLs actlon lrfll

develop a weathered eoil shell of some thicknese over the batters.
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Plate 2-3 Sampting Site 18 (ex¡losed 1--8 years)

PJ-ate 2-4 Sanpling Site 22 (freshly dumped)

Plate 2-5 Sanpting Site 20 (exposed 0-4 years)
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Plate 2-6 Sanplíng Site 2 (ex¡rosed 1.2 years)

Plate 2-7 Sanpling Sj-te 17b (exposed 2 years)
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Pl-ate 2-8 sampting Site l-6 (exposed 2-8 years)

Plate 2-9 Sampling Site l-4 (ex¡rosed 6 years)
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2.3 lteattrering in the DunPs

Condit,ion€ on the waete-rock dumps at Ranger are htghly favourable to

weathering. The míne rocks contain weatherable mineralsr most notably

chlorite and muecovite. Reglonal metamorphiem and other geologic

activity have l-nduced mlcrostructural features r¡hich can act as sl-tee

for the initiation of weathering. Another leve1 of flawing ie caused by

the blasÈing, hauling, and dumping operatione, after whLch Ëhe waste-

rock is left in a loose, open heap with air volds and exposed eurfacee

permitting ingress of air and water. The tropíca1 cll-mate provldes high

teDperatures (annual average daiLy maximum = 34"C), and a three-month

monsoon aeason (average tri-monthly rainfall 1050nm and average

relatlve hr:.midity = 7Oi1) ¡ encouraglng eheml-cal weatheríng reactione and

removal of the products.

It fs generally aceept,ed that chemical weathering - weatherlng J-nvolvl-ng

alteration of mineral conporients (deeomposition) - l-s the doml-nant

process in troplcal climates (Ol11er L969, pp.11l-I15 and Young L972,

pp.235-238). MLlnes, Rlley & Raven (f986) suggested that the initial

weatherl-ng aetion l-n the r¡aste-rock dr:mps at Ranger Day be prlmary

oxidatl-on of pyrJ-te. the l¡eathering products provide an acid environment

¡vhLch promotes other reaetions. Decomposltion is apparent in the urrml-ned

rocks Lo depths of 20-30 metres (uP to 50m in the pegmatites), but the

processes are occurring at mueh faster rates on the waste-rock dumps'

At the tops of the dumps, the accumulatíon of fine particles (such as

due to construction'traffic) creates a low permeabJ-Iity layer' Combined

with the lack of surface slope, this leads to short-term ponding and

saturation (such as during rainstorms), which encourages the lnitial

pyrite (sulphide) reacrion (Fitzpatrlck et al 1988), and disperslon of

subsequent weathering products. tlhen thLs systen is supplemented by

plant matt,er (naturally or deliberately seeded), the operatíon of so1l

bacteria can further assist degradation. The combined result of these

effecËs is rapid decomposltion of Itaste-rock on the dump terracesr such

that soil layers uP Lo about a metre thick have been observed on Parts

of the dumps (Eít-zga:'rlck 1986).

On the exposed dump batters, decorrposition in the early stages 1s

localísed around lnterfaces, microcracks, and other similar features

where moisÈure can be trapped. The voluroe increase assoclated Iùith the
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reaction of chlorite to smectlte, and to a lesser extent with other

alteratlons, stressea the rock etructure (which is already weekened by

blaetlng and dumping), promotl-ng further cracking. This exPosea more

eLtes for alteration, setting uP a continuing cyele of phyeical

degradation (disintegratlon) and decomposition, ¡shich hae led to sorûe

sound boulders becomJ-ng friable mounde in lees than fiwe years.

Because of the requirements of saturation, and access for air, it is

likely that rhe most rapl-d degradation is limlted to relativeJ-y shallow

depths, probabl-y a few metres. ObservaLions of runoff and outflo¡v from

batters suggeet that most rainfall does not Penetrate very deeply into

the dumps. AIeo, the body of the dumps, subjected to overburden and

eonfining lateral pressures, would have a lower anount of void 6Pace

than the open unstressed surface. These restralnLs muet slow the rate of

degradatlon relative to the dump surfaces, although not in eomparíson

with the undisturbed subeurface proflle.

A distinctive feature of the combinatíon of potential mechanisms

operating is that uhile weatherJ-ng, on both the terraces and battersr 1s

essentially ehemical in naturer its manlfestation on the dump batterst

aX least in this first decade, is overrJ-dingly physicaL. In factt as

discussed in Section 4.2, mineralogical analyses of batter mat'erials

which have the appearance of coarse soil ehowed only minimal amounts of

weathering products. The interplay of physical and chemícal asPecÈs is

illustrated on aone ttial batÈere construeted on the dumps near

Retentlon Pond 4 (refer Figure 3-2) to study runoff and erosion. Four

slopes were prepared near the end of 1987. lwo slopes were surfaced with

fragments of massive chlorite rock up Lo lOO¡om maximuro size and the

others were símilarly surfaced lrith schist. Massive chlorite rock has

the greater potential for decomposition but 1iftle apparent internal

structure whereas the schist, containing much less weaÈherable mineral,

shows characteristic well-developed lamination. After one yearr there

was obvlous degradation of Lhe schist, w'ith fragments extensively

delaminated, while the massive chlorite rock appeared largely intact.

This Eay be contrasted to expected longer tern weathered materials of

schist,-derived soil w'ith a mineral composition similar to that of t'he

present, and suectite-containíng soil developed from the massive

chloríte rock. Eow strength, and Èherefore stabllity, is influenced by

disintegratl-on and decomposl-t,ion l-s discussed in chapter 6.



CHAPTER THREE
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3. PITYSICAI DESCRIPTION OF DIJIIÍP UATERIA],

3.1- Dump Slope Photogrraphy

3. L.l- Procedure

As noted ln Sect,ion 1.3.2, the dumps at Ranger Mine eontaLn boulders of

blested roek, whlch are beyond the eapability of mechanical sieving to

grade, both with regard to apparatus available and to the mass reguired

for representative sampling. (For example, AS L289.A2'I977 recommends a

minimum mass of 123 kg per sample for material wlth a nominal partiele

size of 15Om). Techniques for estl-mating partiele sizee and subseguent

grading distributíons from photographs have previously been ueed for

channel sedlmente (Adams Lg7g, Ibbeken & Schleyer 1986, and others)r and

recommend themselves by avoidance of large buLk samplesr flexibJ-11ty

with regard to maximum particle size, and speed and simp1J-city of fteld

procedures. In this applieatlon, e cantrera is typtcally held lrlth the

filn plane paralle1 to, and wlthin about tlto metres of, the terget

surface. Sealing is achieved either by including a rule or grld in the

photograph or by calculation based on camera characteristics 'and its

distance from the surface. The steepnese of waste-rock dump batters and

the eíze range of component materials necessitated adaptatJ-on of these

field proeedures.

Firstly, the fuIl range of partlcle slzee could not be analysed from one

photograph: even allolring for the flner fractions Co be sampled and

graded by normal mechanlcal sl-eving, a rePresentative sample of the

boulder fraction and image resolutlon of gravel-sized particles 'were not

achievable at the one photograPh scale. Coneequently, a range of

photographs varying from close to long distance Iùas reguired for each

site, from l¡hich the separate results lùere combined to provide an

overall particle size distribution. Secondly, difficulties of access orr

and around the batters meant that it was often not be possible to

photograph with the filn plane parallel to the slope surface, especially

1n longer distance shots. Scale reference markers were placed on the

batter to permit later rectification of the resultíng tilt distortiont

as discussed in Section 3.3.2.3.
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The field procedure thus adopted is sumarlsed belo¡¡ and illust,rated l-n

Figure 3-1:

t. At each site, trüo scale reference sticks, wlth half met,re and one

metre length marks, were placed on the slope near the baee, one

across and one up the elope. T¡¡o more etícke were simJ-Iarly placed

further up the batter.

2. Photographs lrere taken, ranging from close to long distance.
Close ehots included ax least one scale etickr and the canere r¡as

angled to minimise tilt distortion. Medium and J-ong diEtance ehots

usually eould not be taken para1J.el to the slope face, so one oË

both pairs of scale sticks were íneluded to permit rectifieation of
the resultant iuage.

3. A disturbed ,bulk' sample of material gravel-sized and fl-ner ¡¡as

taken from an area included 1n at least one cloee or medlum dlEtance

shot. Samples were generally about ten kllograms ¡nass and rüere

collected by shovel and hand.
--7
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Figrure 3-1 Procedure for PhotograPhing Dump Slopes
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Moet of the photography úraa carried out ueing a camera vrlth a 35m

ttlt/ehift lens to reduce the degree of slope/ft1n misalignment. In eome

case6, a doubler attachment rüas added, extending the focal length to

70m. A eecond camera with telephoto lene lras ueed t,o provlde back-up

ehots, and for long dietance photographs of the sites edging Ret,ention

Pond 4 (refer Ftgure 3-2). These sLopes could only be aecessed from the

top, ao after ecale stlcks were plaeed and cloee dlstance ehot,s ltere

taken, each site was aleo photographed by the eecond ca¡Derar located

acrosa the retention pond on the top of another batter. At this dj-st'ance

the fi-fun plane could often be aligned lrith the i.argei' batter so that

only one pair of scale stl-cks rùaa required, whlch wae an advantage on

these older loose steeP slopes. (In tota1, photographic sampling IùaE

carried out at 22 loeations on the dump slopes.) Examples of slope

photographs are presented as Plates 3-1 and 3-2'

Ae discuesed l-n Section 2.2, some eegregatlon of particlee ePPears to

occur during dumping, follo¡sed by subsequent changee in the fíne end of

partlcle s¡ze distrlbutl-ons. In order to comPare the gradings obtained

for waste-rock on the surfaces of the dump slopes v¡'ith those of the mine

rocks aa excavated, photographs were also taken looking down onto loaded

trucks leaving the mine pit. lwo vantage points were selected on benches

near the top of the western síde of Pit No.l, adjacent to the rising

haul road. The resultant photographs \^7ere slightly tiltedt but the

included truck tray of kno¡m dimensions rtas sufficient for rectiflcatíon

and scaling. As assessment. of ore quality is not made until the truck

has left the pit, the trucks were not necessarily destined for the

waste-rock dumps. Eowever, as noted in Section 2.1, the uraníum content

which differentlates beËween ore grades and waste-rock ie not

si-gnificant ¡rith regard to physical characterlstics, general nineralogyt

or therefore' weathering and strength behaviour.

To cover a wider range of materials than could be expected to leave

pit during a single shiftr the trucks were photographed at the tLme

the main prograrme of field¡sork and agairn during a later site visl-t'

the

of
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Plate 3-l- Long Distance Photogrraph. of llump Slope (Site 6)

Plate 3-2 Close Distance Photograph of lrunp Slope (Site 6)
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3.1-. 2 Sampling Sites

Photographic samplJ-ng of twenty-trùo sites around the ¡saste-rock dumps,

locaÈed on Figure 3-2 wae carried out in June 1989. Sites were selected

to cover the range of batter ages and rock-types. The oldest dump (>7

yeaËs) ¡vas not photographed beeause it waa diffieult to access, the

battere ¡sere obecured by vegetatJ-on, and it contalned predomínantly pre-

weathered subsoil and construction waste which ¡vas not relevant to the

lnvestigatlon. Further details of the sampling locations are surttmarj-sed

in Table 3'I.

L.2
1.2
1,.2
L.2
o.7
o.7
3.3
6.0
6.5
6.5
6.5
6.5
6.5
6.0
3.l_
2.8
2.O
2.O
L.I
L.6
0.4
0.L
ö.0

L3.2
L3 .2
t3.2
12.8
8.L
6.8
7.7
6.8
8.2
8.2
8.0
7.9
8.0
7.9

20 .6
18.9
L7.6
1-7 .6
L9.6
]-9.7
9.5

L4.2
5.2

3L
3L
3L
24
30
26
26
34
34
34
34
35
36
33
30
33
30
30
32
34
47
37
22

N-E
N'E
N-E

E
N
N

N-W
N

N-W
N-W

N
N

N-E
N
E
E
w
w
w
w

s-w
s-w

w

l_

2
3
4
5
6
7
8
9

l_o
l_L
L2
L3
T4
15
16
L7a
L7b
t8
19
20
2L
22

Age

(vr)

Slope
Height

(m)

SIope
Angle

(')
AspectSite

Table 3-L Details of Sampling Sites
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3.2 Ìlechanical Sieving

Mechanicalanalyseswerecarriedor¡tonthebulksamplescollected
duringthefl-eldworkprograr,rme.A63l@sguareaPelturesievewaaused
inttl-allytoremoveover-eizefragments,afterwhicheieving!'as
perforuedl-ngeneralaccordancewithASl2Sg.c6.2-L,TT,asubsidiary
method, which was used because of the limlted mass of each sampl-e' It

dlffers from rhe usual procedure (AS r2S9.C6.L'L977) 1n that the 19m-

2.4mm portion is bruehed clean to relDove fines before dry sieving¡ and

only the <2.4w'fraetlon ls washed' For most of these samples' the

proportion passing the o.o75nn eieve Iüas less than 5% by welghtr so

detal-ledparticlesj:zeanalysisofthesl-ltandelayfractionsltasnot
warranted.Insteadrwashfromthefinesievingltasfl-lt'eredthrougha
Buchnerfunnelandthesoilreslduel'aadriedandreËainedforlater
clay fraetlon determinatLon'

ResultsrincludingcLayPercenËagetarePresentedinTable3-2'Themain

PurPoseofmectranicalsievlngofhand-collectedsampleslüastoprovide
the fine ends of the partiele síze distributions for dump slope

materLals, below the expected limit of resolution of the cl-ose-distance

photographs. As such, the grading curves were not intended for seParaLe

interpretation.Eowever,somesPecificobservationsarerelevant:

a)EventakingadvanËageofthesubsidiarymethod,samplesizesl'ere
less than reco ended in AS I28g.M-L977 for 63',r'm nominal size material'

The coarse ends of the sieve analyses, above about the l9run fraction'

were therefore not reliable'

b)Thesaoplesweredryascollected¡theaveragewatercontentbeing
Lz. Even sample 22, which appeared to be still moist from spraying in

themineplt(tolaydust),hada\,Tatercontentofonly3.T%.Thiswas
consistent r¡.ith Ëhe seasofi (dry) and the non-cohesive character of the

surface observed in-situ'
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Tabte 3-2 - BuIk Sample Sieving Results
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c) Eield obeervatLons of trends 1n the surface finee, noted ln Section

2.2, are broadly reflected in the mechanlcal grading results' FJ-gure 3-3

shows effective sLze increaeing lnitlallyr (inplying s relatlve

reduction ln the fine fraction), peaking at about a yearr and then

decreasing again ae the proportion of fines lncreases. coneldering that

thLe f l-gure does not dl-f f erentiate between rock-tyPe8 r t'he Presence of

any trend ie evidence of the eignifJ-cance of slope age, or duratlon of

exposurer on Daterial charaeteristics'

10

0.1

0.01
0.1 1 10

Slope Age (YÐ

Batter Age versus BuIk Sample Grading (Dfo)

100

1

E
E

9o

q)
N
õ
q)

o
(¡)

rts
IJ

0.01

Figure 3-3

close distance photographs rüere also taken of the collected bulk

samples, to al1ow direct comparison of results produced by photo-

analysLs !ü.ith those from the standard grading teehnique (mechanlcal

sieving). This validation of prelj-minary photo-sievfng procedures is

discussed in Seetlon 3.3.2.2.
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3.3 Photo-Sieving

3.3.1 TheorY

3.3.l-.1 Preamble

The prinelple of mechanícal eieving l-e that each partlcle wtlI be

retalned on the largest eieve through wtrich l-t cannot Pa6st that lst the

fl-rst sl-eve for whlch the aperture dlueneíon is larger than no more than

one of three orthogonal particle axeê. Ae a laboratory technlque, there

are sor¡rcee of error. (For example, an elongaÈed particle may fall w-lth

Lts long axie agalnst the sieve and not Pass through even though its

other t¡¡o axes ate sualler.) Eowever, such errors are normally

considered negliglble, and it ls assu¡¡ed that mechanical sleving

produees the result for all particles that:

(smalLest sieve )
(eize through ¡¡hlch)
(partlele paesed )

Another relevant feature of mechanical sl-eving is that consecutlve sLeve

Elzes typically deerease In approxLmately constant ratlo, rather than

constant absolute decrement. For example, sizes l9*, 9'5*, 4'8m, and

2.4rffr, alre a coffmorr sequence. In thl-s caser a parLicle !'rith an

lntermediate axls of lom Ìt-i1l be retained on the same sleve as a

particle 5OZ Larger, that ist lrith l5r"m intermediate axis'

Mechanical sieving ís the traditional method of graít-eíze analyeJ-s

above silt size (0.06m) sor reference to particle size material grading

normally r'eans reference to the results of thls procedure. Consequentlyt

arLy nerr technique should ulmic sieving in concePtr wlth the aim of

producing equlvalent results. This is the contexü of the followlng

discuseion.

The term photo-sleving has been borro¡yed from lbbeken & sehleyer (1986)'

who used it for a speclfic proeedure intended to determine I'sieve-

equivalents'l for populatlons of coarse-grained channel sediments' In

this thesis it refers in general to methods of analysis by photograph

for ¡vhich the purpose is to achieve a Particle size distribution

eomparable to vhat ¡sould be obtained by mechanical gradíng.
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The hypotheele underlying photo-analysLs ie that there is a definable

relationehJ-p between the actual phyelcal dlmensl-one of a particle and a

tl¡o-dimensional image of it, so that a grading curve for a eet of actual

partlcles may be deduced from cert,al-n meaaurementa on a photograph of

the 6et. Obviouely, a close relationship must exist between an actual

ehape and an image of l-t; the uncertainty lles l-n itE form and limlt.s.

In eseer¡cer an]r partiele síze analysis incorporatee three

namely:

a) selection - the proceês of obfaining a eauple from the

population of particles;
b) deeignation - the assJ-gnment of each partlcle to a elze class;

c) valuation - the determlnation. of the signlficance (weighting)

particle relative to the total eample.

phaees,

total

and

of each

of
to
by

I{ith nechanlcal gradl-ng, selectlon ie by representatlve bulk eampllng

an approximate maas or volume. Each partlele ls deeignated accordlng

the aperture elze of the sieve on which it is retaJ-ned, and valued

l-tE masE as e ProPortlon of the total mass of sample'

KelLerhals & Bray (f971) assessed the dimenslonal simil-arity of image

analysie procedures to mechanical sievJ-ng. Th.y consl-dered two selection

technlques used Ln photograph-based uethods: grid eampling, 1n which a

regular grid of poinüs is establlshed over the image and the sample

compriees those partieles ¡vhich are under points; and areal samplingt

¡vTrere all particles within the photograph are included in the sample. A

third technlque descríbed which níght also be adapted to photographs ie

transec¡ sampling, I,rith the sample eomprising all particlee falll-ng

under a straight llne placed randomly across the image'

Areal sampllng provides the largest sample from a given PhotograPht and

ís the option that most closely simulates bulk sampling. Grid sampling

has the undesirable feature of not providing a strictly random sample,

and transect sampling roight be non-rePresentatlve if, as suspected,

particle size exhibits some spatial trend on the dump batters. One

disadvant,age with areal sampling is the greater analysis time assocl-ated

rrith a much larger sample, but this is less lmportant with comPuter-

based procedures. therefore, areal sampling was eelected for photo-

sieving of the waste-rock durnPs.



3-L2

Deeignation of el-ze should ratlonally be baeed on solne linear meaeure of

the particle l-mage. Selectfon of the measure and its relationshlp to Èhe

actual- sleve elze for the parÈi-cle are crucial to the success of a

photo-sieving procedure: these lssues are examined in Sectl-on 3.3.L.2.

T{J-th regard to valuation, Kellerha1s & Bray (f97I) considered only tlto

alternatl-ves: by veight ae e ProPortion of eample weightr which is the

valuation used l-n mechanlcal eieving; and by number (egual weightlng for

each particle). Assuming coristant epecifie gxavt|-y, the former is

direetly analogous to particle volume as e ProPortion of total eample

volume, which may be applied to phoËographic techniquee. Followlng the

argument of Kellerhals & Bray (1971)r valuation by number 1e non-

dlmeneional and would require conversíon by a factor of D3 (D = particle

diameter) to be equivalent to the standard valuation by weight. I{tth

regard to sample selection, volumetric sampllng used for mechanical

sievlng allo¡vE three degrees of freedom in epecffying sample sJ-ze

length, breadth, and depth. Grid sampllng allows no degrees of freedom

(only the dlmeneionless number of points is specifled) t and l-t l-s

suggested that a converslon factor of 1/D3 would be required to aehieve

equivalence. Sim11arly, areal sampling with two degrees of freedom would

require conversl-on by I/D. From thLs basLs Kellerhals & Bray (197f)

concluded that only grid sampllng combined r,rith valuation by number

(conversiori factors 1/D3 and D3) l¡as naturally equivalent to the usual

mechanícel sieving procedure. Areal sampling with valuation. by volume

(t/D and I) would be dissimilar.

Eowever, one alternative rvas not eoneidered, nauely areal sampling

combined with valuation by area, (partiele image area as a ProPortLon of

total sample area). The proposed combination meeta that teet of

equivalence w-ith conversion factors I/D and D. The dlfference between

maÈerlal compositlon actually presumed in valuations by erea and by

volume are illustrated in Figure 3-4. Valuation by area is actually the

direct expression of an assumption stated by Kellerhals & Bray (1971) as

underlying theLr equivalence model; that the proportion of area Ln a

photograph occupied by a gíven particle size is equal to the proportlon

of volupe it cont,ríbutes to the real population. Kellerhals & Bray

(f971) provided no justification but supported the equivalence model,

and consequently¡ its bases, by successfully applying it to two sets of

size distribution data. The assuuption v¡'il-I be valid if particle sizes
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wtthin the material belng graded are randomly dlstrlbuted r^t-Ith depth

normal to the image p1ane. On the dump slopes, sueh a eondition is
I1kely to exist 1nltlaIly, as sorting occurs do¡vn the sloper ¡rot acroae

the depth of the shallow newly dumped layer. Later movenent of fine
fractions nay dfsturb the randomnees, an effect which lE explored 1n

Sectlon 3.3.3. Eowever, for the purpose of the current theoret,l-ca1

discuselon, and in the absence of contradictory eviderlcer the assumption

wae accepted.

slope foce foce

Voluotion by Areo Voluotion by Volume

(Z moss -%oreo on surfoce) (Zmoss - Z volume of groins on surfoce)

Figiure 3-4 Conparison of Samples assumed by Area and Volume
based Valuations

In suû¡s¡ary, selection by areal sampling and valuation by area

adopted lnto the photo-sievíng procedure under developmentt

optlons being judged closest in approach to mechanical sieving. It

remalned to investigate the designation of size class of particles

planar images.

were

these

then

from

3.3.L.2 Parameter for Size Designation

From published literature, it appears that si-ze designation has been

most often estimated from a Parameterr ttminor photo axistt, or |tsmallest

visible axis". Griffiths (1967¡ p.L2L) provided early deflnitions of

ml-nor axLs as ,the shortest intereept through the projected image' ¡ and

major axls as ,the longest J-ntercept perpendicular to the shortest' .

Kellerhals & Bray ( 1971) and Iriondo (I972) used mínor axl-s ¡s'ithout

further descríption. Adams (L979) redefined minor axis as the separatlon

between lines which are parallel to the J,ongest axl-s (roajor photo axis)

and just touehfng the outline; and Ibbeken & Schleyer (1986) used the
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aame pararnetera, deecribed diagrantmatlcally. One exception to the use of

minor photo axl-s was the method described by Guy (f969r PP.48-49), uslng

the Zelee Particle Size Analyzer, whieh based eJ-ze deeignatlon on

equJ-valent diameÈer.

The sinpLest assur¡rption of the relationehip bet¡¡een mlnor photo axie and

actual l-ntermedlate axl-s ( theoretical- sieve size ) 1e that of

equl-valence, (for example, by Iriondo L972). Some reeearchers have

tested thls premLse against resulte of photo-sieving and corresponding

mechanical sJ-eving on the same sample and, not eurprlsingly, found only

moderate agreement. Adams (L979) reported experiments w-Ith ten samples

of rl-ver pebbles for whLch the ml-nor photo axls of a pebble rtas on

average about. 6Z Emaller than the sieve eLze, and the maJor photo axls

was about 451l larger than it. Ibbeken & Schleyer (1986) included e

geometrlc exaoination of teri particle shapes oriented in seven dlfferent

positlons relative to the image plane. It was shown that for adverse

combinatlons, nl-nor photo axis could be as sma1l es 0.3 or as large as

2.5 times the actual sieve slze, (for very plated and very elongated

particlee respectively). Also presented were linear regresslon equationE

of photo-sievJ-ng on mechanl-cal grading f.or four eamples of channel

6urface sedlments: photo-steving based on minor photo axls predlcted

gradlng curves rangíng from I0Z to 4OZ finer than actual partlcle size

distributlons.

These report,ed biases ¡yarned agal-nst uncritical acceptance of minor

photo axis as the paraneter for size designation, as errors might be

even larger for unnaturally sized and shaped waste-rock fragoents. In

f.ae1, although it was favoured by subsequent .authors, Griffiths (L967,

p.64) admitted that there !üas no inherent reason why a particular axl-s

should be the most appropriate measure. ConsequenËly, it was decided to

return to the basic relationship bet¡seen the geometry of the three-

dimensional particle and that of its two-dimensional image.

Àfter size and shape, the image of any glven partlcle in the

photographed sample is compounded by t!¡o effects, namely, the

orientatl-on of the Particle r,7-ith resPect t'o the photo-p1ane and the

partlal hiding of the particle by adjaeent grains. These were examl-ned

in turn.
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3-D Shope

2-D Outlines

Figrure 3-5 Effect of Orientation on Particle Image

Figure 3-5 illustrates the orientation effeet, by r¡hich even a single

siuply-shaped partlcle can produee an l-nfinite variety of ouË1ines

depending on lts orientatlon relative to the image plane. The geometrie

relationship nay be approached from a consideration of transformation of

eoordinates, from local partiele axes - /, J, and i - to photo axes X, Yt

and Z (which is normal to the photo plane and not used). A set of

transformation equations, derived from Korn & Korn (f961r p.413)t is:

X

||

cosø.cosB I

Icosa. sr-n/ 
I

sina. si4p. cosy
- cosø.sin7

cosc. si4p. cosy
+ sinø.siny

sina. sinB. siny
+ cosø.cos/

cosa. si4p. sinT
- sina. cosl,

where at þ, and y e:'e rotations about the particle axes I, Jt and i

respectívely. Thus for a given partiele shape (that is, defined initial
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local coordl-nates ) , lt ie poseJ-b]e to determine the geometry of
resultant image for a partl-cular set of relatlve orlentatione.

In a cooparison of potent1al deslgnation paraúetersr the important

feature !re6 the renge of imagee (or of epecJ-fic, aeeoeiated llnear
measures) produeed from the range of poeelble orlentatione. This was

investlgated by mathematlcally nodel-llng the generation of J-mage

outllnee from selected particle shapes. Just aa the image geometry ie
defined by e, þ, and y so the probability distributlone of any selected

geometric parameters are constrained by the probabtlity distributl-one of

a, þ, and y. Eahn & Shapiro (L967) described several technJ.quee for

obtaíning the probability distrlbutl-on of a compound function from the

distributlon parameters of its comporients. Eowever, the transformation

formulation is complex (for example, each vertex íe a discontinuJ-ty

between partíele edges) and involves products of periodic trigonomet'rie

functlons. As a result, rlore elegant techniques rtere unsultable or

unwLeldy, and direct Monte Carlo símulation Itas used to model

probability distributions for selected geometric Parameters of t'he

image.

Ae explalned by Eahn & Shapiro (L967), direct simulation involves

generation of a random value for each component Parameter - l-n thLe

case, q, þ, and y - ln accordance w-ith its distribution function, which

is known or assumed. the system functions are Ëhen evaluated for these

speelfic values. (Eere, the system functions are the coordinate

transformation equations and calculation of any selected image

parameters, such as minor photo axis.) The Process is repeated many

tlmes to generate a large sample of Lhe population of systen results,

the statistics of rshích may then be estimated.

Computer prograrrìmes lrere wrltten to model the orientat.ion ef fect on

lmage measures for two basic particle shapes, shovn in Fi-gure 3-6. Long

and short partJ-c1e axes r.rere speeJ-fied relatlve to a unit intermediate

axis, using shape f actors Ít=ili and fs-sli. This allowed examination of

variatione of the basic shapes ranging from splintered (fl>I and /s=1)

through to platellke (fl=l and /s</).

A choice of three forms of distrl-bution function was permitted for each

rotation, namely uniform, normalr and binodal normal (that is, wl-th two

peaks I8O' apart). The uniform dis¿ribution, which assumes no
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preferential orlentation about that axls, ltas used 1n the first stage of
comparlson of various potential designation parameÈers. The binodal

form, rù-ith specif lab1e rDeen and standard deviationr was included to
accour¡t for the tendency of partielee to align as they roLl down a steeP

eIope. It wae used l-n a second series of slmulations to estl-mate the

actual magnitude of biae between lntermediate particle axls and

preferred ioage parameters.

ss

Rectsrg¡¡c Prlenrsitc Pøîlde æóeùd PaÌlde
Fígrure 3-6 Particle Shapes Used in Dionte Carlo Simulation

Specífl-c values for rotations a, þ, and y rrere gerrerated pseudo-randouly

using the following equations based on PriesË (1989):

Input seed value, Ruo

Rui : decimalpart of (37.tRui-l)

f (Rui>Rui+t¡ thrn Rni : y'(-2ln(Rui)) x cos(2.2r n"1+.11

othe¡-v+tße Rni = vz(2ln(Rui)) x sin(2.2r Rui+1)

l¡lnui+2<o .5) then Rbni : Rni + z
otherwise Rbnr = Rnl

Randomvalue

1/ (vi>360')

Vi = Ruix360'
Vi = Rnix360o
Vi = Rbnix360'
Vi=Vi-360'

uniform distribution

normal distribution

bimodal n otmal dßtribution

lrial frequency distrlbutions produced by these equations are

illustrated in Figure 3-7.
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0.05
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Ansle C)
Distributions Generated by Random Numl¡er

Algoritltms
Fignrre 3-7

Inltíal prograrffne luns showed no significant difference between

distributíons resulting from 2r000 trials, (individual calculations of

system result)¡ and lOrOOO. A standard of 5'OOO trials !Ías adopted as

maintalning reasonable run times, of about half an hour on a Labtam V32

systep minicomputer, lt-ith good repeatability of even highly irregular

distributions.

Three sets of possible designation parameters vere examined, based on

the pairs of axes illustrated in Figure 3-8. The first were minor and

major photo axes as used by Adams (L979) and others. Manual estimation

is performed by a trial-and-error proeedure, which was difficult to

progragrDe even for the simple regular shapes mode11ed. Also, as noted

previously, there is no direct correspondence bet¡veen minor axis, which

is not, even contained ¡rithin the parÈic1e, and intermediate axis.

Eoweverr the previous ¡^¡ide use of minor a:lis made its inclusion in the

study desirable.

0.04
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x
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The second trro

between points

horizontal and

connection to

axes were the maximum horizontal and vertical distances

on the image outline, whieh !,r'i11 be referred to as

vertical photo lengths. Although again w-íthout obvlous

intermediate (or any) particle axis, the advantage of
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sl-mpliciÈy might outweigh elLghtly greater errora relative to another

more complex parameter.

Mojor & Minor Axes

Horizontol &
Verticol Lengths

Lv

H

Horizontol &
Verticol Axes

Figrure 3-8 Þ<is Pairs Considered in Sinutations

Eorizontal and vertical photo axes, the third pair illustrated in Figure

3-8, Itere considered the most promising of those examined' The

calculation of longest horizont,al and vertical lengths contained wholly

in the image was moderately complex to programme. Eowever, these are at

least actual ll-near lneasures ¡rithín the image, and are related to the

complete outline rather than just lts extremities. (Intuitivelyt a

better result would probably be obtaíned by removing the constraint of
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DLstrlbution parameters calculated were meartr standard devlatl-on, thlrd

and fourth central moments, and ordinates of the cumulatlve frequeney

dietributlon. Elowever, as in the follow'ing diecussJ-on, consideratlon of

only mean and standard deviatlon ¡sas sufficient to select a preferred

paraneter by wleich to designate particle elze.

As a preliminary 6tege, parallel simulatl-ons aesuml-ng random unJ-formly

distributed orientations were performed for a range of particle shapes,

ln the hope that the results would indicate e clear preference for

eLther a particular paraneter or at least an axie set. Four particle

shapes rùere specified for both rectangular prismatíc and octahedral

geomet,riee, namely, equidl-menslonal (/:i:s = I:l:1), splintered (3:l:1)t

bladed (2zLzO.5)r and p1aËelike (1:I:O.I). The resulting distribution

st,atística are surnmarised in Table 3-3.

The attribut,es sought in the designation pararûeter were repeatability

for eny given shape (that le, sroall sËandard devl-ations) r and rDean

results close Ëo 1.0 for most Partiele shapes. Failing the lattert tnean

reEults should be at least close to each other, so that a constarit blas

could be aIlo¡ved for.

Eorizontal and vertical axis Parametersr Particularly minlmum and

geometric average axes, estimated closest to theoretical síeve size for

all except the two platelike partícles. Thls set also shor¡ed smallest

standard deviat,íons for the splintered and bladed shapes. Major and

minor axes had signífieant,ly smaller standard devíations for the

equldímensional particles on1y, but generally produced worse estimates

of sieve síze for equidlmensional, splintered, and bladed shapes'

Eorizontal and vertlcal length pararueters performed poorly for all

shapes except the plat.elike particles. It is noted that these are

extreoe shapes, the oct,ahedral plate being especially :.aÊe, and ones for

which the assumption of uniform distributions for orientation may be too

broad a sinplification. Baeed on thís first stage of examinatlon, the

set of parameters incorporating on horizontal and vertical axes shorved

the most potential, and further investigation rtas restlicted to these

measurea.



HORIZONTAL
mean
standard deviation
VERT I CAL

mean
standard deviation
M I N II'IUI,I

mean
standard deviation
HAXIl,lull
mean
standard deviation
ARITHMETTC AVERAGE

standard deviation
GEOT.IETRIC AVERAGE

mean
standard deviation

standard deviation
VERT I CAL

mean
standard deviation
I'II N II.IUM

mean
standard deviation
MAXTMUM

standard deviation
ARITHMETIC AVERAGE

mean
standard deviation
cEOl,lEIR¡C AVERAGE

fnean
standard deviation

IIORTZONTAL

1 .55
0.14ó

1

0
48
16

1.48
0.164

1.48
0.140

1.48
0.140

1.41
0.149

1 .14
0.140

1.20
0.141

1.19
0. 141

1.19
0. 121

1.19
0.121

1.25
0.120

1

0

1

0

1

0

35
1ó1

5

34
30

43

1.34
o.164

1.55
0.130

1.27
0.131

06
1250

1.06
0.113

1.0ó
0.113

1 .10
0.120

1.OZ
0.1'18

1 .06
0.127

shaPe 1:1:1

Ma j.& 14in
Iengths axes

H&V

52
0ó5

67
080

59
063

1.
0.

1.
0.

1.
0.

1.59
0.0ó3

1.31
0.082

1.31
0.079

1.38
0.050

1.25
0.127

2.31
0.ó66

.ó8

.59?

.30

.479

.25

.480

2
0

2
0

2
0

2
0

.30

.667

1.93
0.507

2
0

92
0.529

04
949

2.04
0.600

2.58
1.01

1.49
0.425

?.o3
0.942

2.35
0.617

39
20

1

0

1.87
o.62

1.87
0.6ó8

1.79
0.264

1.87
0.319

1.42
0.273

1.47
0.337

1.75
0.634

1.19
0.133

1.47
0.536

1.47
0.536

ila j.& l4in
Iengths

H&v

shape 3:1:1
axes

2.23
0.362

2.31
0.382

2.84
0.568

1.78
0.291

1.30
0.118

2.08
0.526

1.88
0.371

2.ú
1.08

1

0

I
0

62
440

88
355

1.36
0.3ó6

1.62
0.447

1.59
0.323

1.62
0.515

1

0

1

0

45
605

36
343

1.44
0.364

1.83
0.545

1 .05
0.329

1.42
0.591

1

0
26
261

1.32
0.273

1.64
0.411

0.997
o-246

1.30
0.4ó0

1.33
0.470

1

0

1 .04
0.287

01

267

1.25
0.419

0.828
0.228

1.04
0.403

1.04
0.394

l,la j.& tlin
Iengths axes

shape 2:1:0.5

H&V

1.60
0.303

1.&
0.295

1.99
0.350

1.30
0 -336

0
0

.929

.275

1.36
0.319

1.48
0.355

2.03
0.572

1.00
0.299

0.801
0.288

0
0

1

0

0
0

19
140

.991

.299

.959

.209

0.997
0.172

0.972
0.328

o.741
0.302

0.9r3
0. 157

0
0

917
215

1.20
0. 139

0.973
0.331

0
0

729
355

0.716
0.355

0.687
0.298

0.723
0.28ó

0.881
0.317

0.5ó5
0.318

0.500
0.319

0.774
0.330

0.637
0.301

0.607
0.309

0
0

.635

.354

0.ó40
0.351

tengths
t{aj.& l,lin

axes
shape 1:1:0.'l

H&V

RECTANGULAR

PRISMATIC PARTICLE

OCTAHEDRAL

PART ¡ CLE

0
0

936
291

0
0

1

0

.725

.383

.29

.124

1.01
o-229

0.628
0.409

0.980
o.216

0.8ó0
0.320

1.33
0.09ó

(t
I
N
N

Tab1e 3-3 Conparison of Inage l-engüh and Image À:ris Paraneters
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QuJ-te large errors ¡vere Lndlcated by the above sl-uulations, distribution

r¡ean6 belng of the order of a half sieve size too large for splinter

shapes and about a eieve size too sma1l for plates. (As noted in Section

3.3.I.1, a ehange of one eieve elze represerits doubllng or halvlng the

actual llnear dimension. ) The conditlon of all partJ-c1e orl-entatione

having unlform probabilLty of occurrence is, however, too general for

the waste-rock dumps: movement of the dumped fragments down an exLst,lng

slope faee r^rf 11 car¡se some pref erential orl-entatl-on of extreme-ehaped

partlcles. For example, for natural acree slopes Statham (1972) found

etrong downelope oríentation of long axie, and Mcsaveney (L972) reported

preferential orlentations of long axiE dolnslope for elongated

fragmente; long axis do¡¡nslope or ecro€s slope for bladed partlcles; and

short axis lnto the slope for platy shapes. I{hile such results are ¡¡ot

transferable ln detail to waste-rock dumps, supported by observation and

vl-eualiEatl-on of rollJ-ng and sliding, it is proposed that fragments on

the dumps ¡¡ould 11e with long axes tendíng paralleI to the slope face'
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Table 3-4 SumnarY Statistics for Preferentially Oriented
Particles

Simulatlons were run for the Prevlous eight shapes with these

orientation eonstraints, and results are summarised in Table 3-4. As

before, mínimum axis and geometrie average produced the closest and moet
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repeatable eetlmeËes of perticle êlze. Over the rerige of ehapee, the

mean minimum ax1€ was within a hal-f sleve size of the theoretlcal value

(that ls, in the range 5OZ larger to 252 smaller). Geometric average

gave about the same range except for one spllnter-shaped particle which

rüas overestimated by almost a sleve ei-ze. Suandard deviations for both

paranetera !üere about LO-TOZ of theoretical sieve etze.

A brief eearch lrea then made for relationships bettreen the means of

eiÈher minimum axl-s or geometric average and the calculated shape

ratios, but no clear correlation was found. Although both linear and

ratio parameters are dictated by partlcle geometry and orlentation,

these dependencles are apparently sufficiently complex and divergent to

obocure any link between the result,ant values. Eowever, at this stage of

the examination, it appeared 1ikely t'hat total errors for grading

curves, which are essentially accumulated part,icle designatíons, would

not be excessLve.

3.3.l-.3 Hiding Ef fect

As mentioned in Section 3.3.L.2, the effects of orientation on partiele

image are compounded by hiding, or the partial obseuring of the image by

another particle closer to the camera, as illustrated in Figure 3-9.

This aspect has received generally only cursory attentionr rù'ithr f or

example, no mention made by Kellerhals & Bray (L97L) and Iriondo (L972)

and only a passing note made by Adams (f979). In a comparison of síze

designations resulting from image and mechanical methods for 550

pebbles, Ibbeken & Schleyer (1986) apparently assumed that orientation

effects only occurred when size rüas overestimated by ináge analysis and

that the hiding effect was only active rvhen there !ùas underestimatlon.

It may well be that particle hiding has only a minor effect in the open

unconsolidated stream beds on which most published lrork has been based.

Eowever, on structures such as the waste-rock dumpsr whose steeP batters

derive part of their stability from the interlocking of particles, the

effect of hiding, and particularly it,s interaction with the effects of

particle orlentation, might be significant.
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Obscured Porticle Apporent Outline

Figure 3-9 Effect of Hidinçt on ParticJ-e Image

The visíble iuage is the total particle image, less that portlon of the

image uhleh ie hidden. The value of a Il-near meesure of the lnage w111

be elmilarly reduced. thts may be expressed in the form:

I* = (f-h). A*

r+here h, a hidtng factor, ie an independent randomly dist,rLbuted

variable; A¡. is an axis Paraneter of the ful-I particle image (in the

present context¡ minluum axis or geometric average); and I* is the

eorresponding Eeasure in the partly obscured image. The shape of the

probability function for h was not speeified initialLy, while

distributions for each A* lrere those obtained from Monte Carlo

simulations aseuming preferential particle orientation (refer Table

3-4). These distributions were uni-modal and eontinuous, and in

consequerrce it was assumed that Ia eould be reasonably approximaËed by a

Pearson dist,ribution. This in turn permitted the use of the method of

generation of system rooments described by Eahn & Shapiro (L967), to

obtain equations for the distribution of I¡¡ as follows:
¡.=1(h,A.)
I.=(1-h).4.
now-ðl = -A. t ð2Í = 0 and AÍ = :.-h: ô2f = O

ah ahz aA. ðA.2

partial derivatjves of second order and hìgher are zero, the method of
oî system moments (Hahn & Shapiro 1967) provides the foìlowìng system

p(1.) = (1-¡¿(h)).¡¡(A.)

FI

ô2(l-) = 2.ozth1 +

t-1

2.o2(A,)

a2 (t. ) = (-p(A. ) )2 .o2 þ) + (1-¡¡(h) )2 .oz (A.)

is the mean;
is the standard deviation; and
is the partìal derivative evaluated at the mean.

Not ing that
generat ì on
moments:

þ(
o!,I
ô

where



3-26

Lacking real dat.a, the distribut,ion for h could only be gueeeed at,. The

range ¡sas kno¡sn to be 0 < h < 1. Two other constrainte lrere t,hat there
should be a non-zero probability at h - 0 (eince a particJ.e image could

be completely exposed), and effectlvely zero probability as h approaches

I (a t.otally obscured particle would not be lncluded ln the lmage

sample). three distrl-buLion types rrere trialledr namely; uniform, ¡vhlch

met the constraint at h - 0; normal, was be more appropriate at h - 1;

and exponentlal, which could meet, both llnit constraints. Normal and

exponenti-aI dietributions have theoretically inflnite and semi-infinLt,e
rangee, which was overcome by selectlng distribution parameters

appropriate to 992 probability for 0 < h < 1.

Means and standard devl-ations of the reeultant Ia for various
combinatíons of As and h distributlons are 1ísted in Table 3-5. For all
partl-cle shapes, minimum axfs ï-ith uniformly or normally distrlbuted
hlding factor on average underestimated eize by between one-half and one

sieve elze (that ls, meena ranged from about 0.5 to 0.75). VIith an

exponentially distributed hiding factor the etror in the rnean rüea less

than one-half sieve síze. Geometric average axis sho¡sed simíIar trends

but, means estimated closer to I for uniform and normal hiding factor
distrlbutl-ons, about haLf of the results being within one-half sieve

size too small and the remainder within one sieve slze. The exponentÍal

hiding factor distribution w-ith geometric average axis produced mean

estimates whl-ch rrere vrithin one-ha1f size either side of the ldeal
value.

Thts phase of the examination of possible designation parameters

suggested a final preference for geometrie average as generally the

least biased size estimator. Although the distribution for hiding factor
could not be specifically defined, it ¡vas apparent that l-ts effect could

be signifieant. Often, it could more than counteract the tendency to
overestimate sj,ze due to the effect of relatLve particle/l-mage

orientation. If the trialled exponential distribution is a reasonable

approximatlon for hiding factor, then it can be expected that photo-

sieving will on average estimate particle size w'ithin 75"A to LSOZ of

intermediate axis, or in other words, rrithLn +/- one-half size divl-sl-on

of theoret.ical sieve size.
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3.3.1-.4 fmplication for Grading Curves

In preeedlng dLecuesionsr mo6t emphaeie wae placed on the mean eetfmate
of the stze of one particle sJ.ze, w"J-th secondary at,tent,ion given to
st,andard deviations of those estimates. Thl-s is justified by the fact
rhat the object of phot,o-sievi-ng, a part,icle sl-ze distribut,ion, is e

cumulatlve result, of the designatione of a very large number of
part,J-cles.

For example, consider one size fract,lon, sueh as coarse gravel. This is
represented as e. segment of e grading curve, the midpoint, of whLch

approximaÈes the average size of all particles comprJ-sing the fract,lon.
If the aame fraction were phot,o-sieved another, probably different,
averege size would be obt,ained. Because averaging ls a siuple additive
function, the difference between these average sizes ¡¡ou1d equal the
everage difference between mechanical and photo sizee for each part,icle.
In othet ¡rorde, the error 1n the average equals the average error, eo

that the mean biases from single particle eimulatlons relate directly to
biases J-n points on the grading curves.

From the Cent,ral Linit Theorem, the standard deviation for this
estl-meted fract,ion mean iE Ily'n times that for a single part.icle. As an

illust,ration, take a grading curve which is log-linear, from Looz

passing l000¡om to l0Z passing 0.1rrm. Based on the average size for each
fract,ion - bourder, cobble, coarse gravel, etc. - and cube-shaped
partieles (and ret.aining the prevJ.ous assumpt,ion that proportion of
image area ís equivalent to proportion of sample mass), a 3m x 3m area
would cont,ain a range from about 7 boulders to more than S'OOO medium

gravel partlcles. From Table 3-5, a typical st.andard deviatlon for a

single particle is about 0.5. Figure 3-lO shows the standard deviations
for mean size estimates for this scenario: the range is from about. O.2

for the boulder fract.ion to less than o.ol for medium gravel. For
smaller fract,ions the standard deviation ¡¡ou1d be negligible.

The conclusion from these arguments is that, because of the large number

of single estimates contributing to the grading curve, the average bias
between actual and image-classed size is an important factor, but the
total dist,ribut,ion of single particle designat,ion results is not.
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Fina1ly, to put thie indicated error into context, the daehed ll-nes in

Figure 3-11 represent results one-ha1f size smaller and Larger than the

símple grading curve assumed in Lhe previous paragraphs. This suggested

order of eccuracy 1s wlthin the variability often shown by replicate

sampling and sieving of nominally honogeneous material. As such, it is

sufficient to support the viabllJ-ty of a photo-sieving proeedure for

analysis of materials in the waste-rock dumps.

Medium Grovel

(3m x 3m oreo)

Grovel

Cobble
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3.3.2 Procedures

3.3.2.L Initial Programme Development

The number of photographs and the sample areas covered by some of the

photographs, (typically 50-100n2 in a long shot)r 1ed to the use of

computer-based t,echniques for the particle size measurement stage of the

photo-sieving proeedure. As discussed by Ord (1989)r automated particle

analysis l-s being researched for diverse applleations, from

sedimentology to quarry producti-on. Eo¡vever¡ the uníque combination of

constrainËs to phoÈo-sieving waste-rock batters necessitated development

of a proeedure specific Lo the PurPose.

An image analysis unit ltas available for this work, comprising an

Archimedes 305 personal computer, a I,Iatford Electronics Archimedes Video

Dlgitiser aceepLing input from an Eitachl- VK-C2000E vLdeo camerar and a

VGA monitor. Initially, ¡Demory included l28kbyte on the digitiser card

for image storage, one 800kbyte floppy disk drive, and Il'fbyte RAM. This

was upgraded durlng the project to 4Mbyte RAlf, and a 4OMbyte hard disk

*{

tinâ Ln.diuñl cooru fnc lm¡dlml æou
SILTCI.AY SAND GRAVEL
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¡vas added. The PC currently rune under the RfSC operating eystemr ¡¡hich

includes a ilCrr language llbrary and eompller.

Initlal development of t,echniques and Prograutmes Iüaa baeed ofi

photographs which rrere taken of samples collected for mechanical

sleving, a6 described in Sectlon 3.3.2.2. Compared to dump sJ-ope

photographe, theee had the advantages of uniform clarity (because of the

controlled lighting) r no t1lt distortion, and gradJ-ng curves obtaLned

from mechanical sieving to comPare photo-sieving resulte I,rith.

In the context of computer-based analysis, three st,ages were l-dentifiedt

namely:

a) entering partiele outlines in a software-usable form;

b) measuring geometric paraueters from those outlines; and

c) translatLng these conputer-J.mage parametere back to Deasures of the

real partJ-c1ee, and subseguently producing particle etze dist'ributl-one

for the examined sites.
the followlng diecuseions deal with the proeedures developed for

these stages. Flo¡ycharts of relevant computer subroutines

Ltallclsed) are presented J-n Appendix A.

each of
( shown

a) Enteríng partlele outlines:

Obviouely, photographs contain a lot of detail extraneor¡s to the

part]-cle boundaries, whieh uust be filtered out. A brief attemPt !üas

made to input direetly from slide or photo through the vl-deo to

computer and use published edge detection routÍnes to highlight

particle boundaries. Eowever, this problem was beyond the capaeity

of these procedures. Unlike general picture enhancement, for ¡vhich

most such routines rüere llritten, photo-sieving requires detection of

the outline of each object from a non-contrastíng background of

similar objects, where a specific change of colour or intensity nay

be neither a necessary nor a sufficient condition for a boundary.

A seet,ion of a photograph ¡ùas traced manual1y, taking riote of

normally unconscious edge selection criteriar ineluding: sllght

changes in colour whieh would be undetectable on the monitor image;

recognition of ehado¡v characteristics; and judgement of the

likelihood, or plausibility of a resultant, Paqtic1e shape. It was

quiekly realísed that the task of creatlng software ¡vhich could
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identify edgee as coopetently aa the operator ltaa beyond the 6coPe

of the project. Consequently, manual outllning of particles !üas

adopted into the developing photo-sieving Procedure.

Upon thl-e decislon, two tracing optlona Itere available. A hard-eopy

outline image could be produced and input vla the video di-gitisert

ae had been intended for the complete photographs, or the out'l1-nes

could be J-nput directly a6 Èhey Ivere traced using a normal Pad

coordinate digitiser. The latter ¡sas not chosen, primarily because

of líuitatione of the available equlpment (such ae the tracer beíng

difflcult to Eove accurately duríng continuous operation). Instead

outllnes Itere traced onto PaPer ln Pencil and Later inked. Thie

particle boundary image of a photograph ltas then transferred t,o the

computer using the video dJ-gitiser system.

The filn riegatives of batter and bulk eample photographs were

developed as slides. Some trial PrLnts were made but' it lvas

dlfficult to consJ-stently reProduce the clarity of the slides,

because of the widely varying light conditlons lshich had been

experLenced on the durup slopes. Eence it was preferred to ¡¡ork

directly from the slides. Slides were projected onto a drafting

table¡ sêt patallel to the projection plane. (An overhead projector

rüas u6ed, being ¡Dore suitable for the anticipated extended oPeretion

than normal sllde projectors.) By adjusting the separation bet¡veen

projector end table, images of reasonable clarity and convenient

size ¡rere obtained. This eguipment was used for all tracing of shots

of collected bulk samples (which were used for validation of initial

procerlures) and also for a preliminary selection of dump slope

photographs, as discussed ín Section 3-3.2.3.

Images stored by the video digit.iser were of 512 x 256 pixel

resolutl-on with potentially sixteen grey sceles. Although the traced

Ímage Itas apparently two-colour (black and ¡shit'e), the effect' of

each pixel taking the average colour of the atea it rePresentst

coupled with slight variations ln lighting intensity, resulted in a

computer/monitor ioage cont.aining several 1Êey scales. As a first

stage of progratt-e developmentr it lras thus necessary to devise a

function to convert thís input image into a simple two-value

(on/off) pixel array.





position appropriately, ao it. lraa

compli.cate the functlon by trying
eompletely.

3-34

considered unwarranted to
to clrcumvent the fault

For particlee, boundary stores coordlnate pairs of the pJ-xel outline
1n an arîay. This is accessed by t!ùo Eore funetlons ¡shich calcul-at,e

horizonËal and vertical axee (defined in Sectlon 3.3.L.2) and area,

a6 det,alled in the flowchart cakulate_panicleltarametert in Appendlx A.

Essentially, for the horizontal axis, a set of conditlons iE checked

pixel by pixel around the outline untl-l a J.eadlng (left) pixel is
identified, then another set of condl-t,ions is checked to find the

correêpondlng cLosing (rtght) plxel. The length bet¡¡een these plxels
is then compared to the maximum length previously found for the

partiele, replacing it if larger, and it ie also added to the a:ea.
Another leading pixel ie Ëhen sought, and so on around the outLine.
Vertical axis is found by a similar procedurer $-Lth upper leadlng
pixels and lo¡ser closing pixels. Ttre functions ltere developed by

trial and tested against a number of irregularly-shaped outlínes.
Although this did not provide verification beyond doubt' it
warranted confidence that axes Ìri1l be correctly measured for at
least most partlcles.

The outline version of the tracing funetion, whieh was used in the

measurement of t.otal sample area, counts the number of pixels in the

outhne but does not atore pixel coordinates. In general , olttline is

inltiated from left of the area to trace around the outside of the

st,ored sample image, again shorrlng a ¡shite trace on the monitor. All
other screen pixels are then turned off. Another adaptatlon of the

outlLnJ-ng function - infill - Ëhen counts the screen pixels inslde
this outline. Querying the screen image rather than the stored

image, this routine traces a green (value 15) outline l-nside the

white (value 14) boundary. I{hen the traee is closed, Lhe plot colour

l-s returned to whl-te and the boundary colour to greenr and another

outline is drav¡n. By alternating plot and boundary colours in this

wayr successive outlines are traced inside each other until the

shape is fiIIed, a running count of pixels giving the area. Vlith

irregular shapes it is possible to enclose pockets of 'off' pixels
(value 0), so an option was included to fill these in and add then

to the total area.
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c) Translatíng parameters l-nt.o real units, and into grading curves:

Because the photographs used duri-ng inltial progternme development

were not t11t.ed, conversion from pixele to millimetres waa

relatlvely slmple. A 6ca1e úras included in the photographe and

traneferred to the hand-traced outlLne. It is J.nput to the

progranme by act.lvating the mouse at the ecale marks Ehor,rn on the

screen. lJith the syste¡n used, the dl-git,iser and monitor operated

w-ith different coordinate 6ets. The screen lmage was comPressed

sltghtJ-y Ln the horizontal direction to elnplify conseqr¡ent Polnt
transformation relationshipe, ¡yhlch in turn riecessitated different

ecale factors for horizontal and vertieal directions. Thl-e oeallng

procedure Itas, however, ¡Duch símp1-er than that' required for tilt-

distorted photographs of the ¡¡aste-rock dump slopes, as díscussed 1n

Sectíon 3.3.2.3.

To express the resulte as a Partlcle elze dl-stributlon, total sample

area is asslgned lnitially to the range of arrays representi-ng sieve

sizes. For each particle the geometric average of the horizontal and

vertícal axes is then calculated and the particle area decremented

for the sizes smaller than that value, that is, the sieve sizes

through ¡¡hich the particle ¡vould not have passed. lltren all partieles

have been processedr the percentage passJ-ng for each êi-ze is the

area remaining calculated as a Percentage of the total sauple area.

Inltial computer mernory llmits ( I}fbyte RAÌ'I) restricted the síze of

prograrnme which could be compiled, so for thl-s prell-minary stage the

procedure rüas separated into three prograÍìmes: the first to measure

total sample areai the .second to measure parameters for lndividual

partLcles; and the third to calculate grading curve for the sample, as

described in the previous paragraph. Flowcharts show:ing structures for

the first two Prograuues are presented in Figures 3-L2 and 3-13. With

this system, a photograph of a laboratory sample !üas analysed - from

entering the traced outline to producing the grading curve - in about a

couple of hours.
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Figure 3-L2 Flowchart of Progrâmme to Cal-culate Total- Sanple
Àrea

Write scole foctors to output file

Colculote vert. scole foclor VSF (in mmlpixel)

lnÞut verticol scole points, by mouse' Enler ocluol scolà length (in mm)

Colculote horiz. scole foclor HSF (in mmlpixel)

lnput horizontol scole points, by mouse. 
Enter octuol scole'length (in mm)

Accept this imoge ?

Dlsploy tronsformed imoge on screen

line-detect

Enter THRESI-IOLD volue for line detection

lnout imooe from comero, slore in
digilièer merñory, ond disploy on screen

Creote ond open output file

Enter nome for output file

AREA. O
colouRt - 14
coLouR2 - t5



3-37

Stop

Write AREA to output file
Write heoder for porlicle doto to output file

AREA. AREA X HSF X VSF

KEY

Swop COLOURI & COLOUR2

Select KEY - N (new body)
- S (some body)
- C (comPletel

AREA - AREA+infilllETURN

infilllETURN Þ 0

infill

lnput coordlnotes of lnitiol polnt, by mouse

Turn off oll VALUE-|5 screen ooints,
leoving VALUE-I 4 outline's

?onother body

outlinelETURN >- 0

outline

lnpul coordinotes of initiol plxel, by mouse

Y

N

c

Fígure 3-12 (continued)
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Figure 3-L3 Frowctrart of programme to Ànaryse particres in
SampIe

Write scole foctors to outoul file
Write heoder for porticle dolo tô output file

Reod to end of ouipul file

Colculote vert. scole foctor VSF fin mmlpixel)

lnput verticol scole ooints, bv mouse' Enler ociuol scolà lengih (in mm)

Colculote horiz, scole foctor HSF (in mmlpixel)

hout horizontol' Enter octuol
points,
length

Þv
Ilnscole

mouse
mm)

KEY

Use this imoge ?

Disploy lronsformed imoge on screen

line-detect

Enter THRESFIOLD volue for line deteclion

lnput imooe from comero, store in
digiliser merñory, ond disploy on screen

Select KEY - N (new scole)
- L (lqst scole)

Rewind oulput file

Open ouiput file

Enter nome of output file

N
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Y

Y

N

N

n9w threshold ,?

KEY.L

Anolher porticle ?

Write coordinoîes of initiol pixel
scoled oxes & scoled oreo to output file

this porticle ?

colculote porticle porometers

IETURN

boundory

hput coordinotes of iniliol pixel, by mouse

End of file ?

boundory

Reod coordinotes
of initiol pixel

Reod HSF ond VSF

Reod to end of outout file
Rewind outout fife to

lost scolo foclors

Flgure 3-13 (continued)
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3.3.2.2 Yalidat,ion

To check the performance of procedures developed to thie stage,
photographs lsere taken of ten of the bulk samples rshich had been

collected during the slope photography progrannme and graded by

mechanical sieving, as described ín Section 3.2. For each sample the
material lras emptied onto a shallow tray and phoÈographed from about

1.5m overhead using a 50"'m lens camera (refer Plat,es 3-3 and 3-4). Two

photographs were taken of the sample, one rrJ-Ëh the materl-aI heaped up as

emptied from the bag and the other r^rlth it spread out into a layer of
about constant thicknees. These rep1J-eate photographe lrere t,aken in arr

attempt to mark the previously dlscussed hiding effect, whieh rüaa

expected to be more pronounced in the shot w-ith the sample heaped.

Reeults of photo-sievi-ng f or the ten samples are eompared with the
gradings obtained by mechanical sieving in Figure 3--I4. In general,

there rrae faLr to excellent agreement r'¡ith mechanical si-eving over a

limited sj-ze range, within which the average absolute difference at, a

sieve size was 52, vrÍth a maximum difference of, L2Z.

the resolvable size range covered about one order of magnitude (9-60m)t

and the lovrer linit showed clearly es a rapid flattening of the image

grading curve. This observable limit of reliability wes potentially a

useful feature in the broader application of the procedure. The actual
IÍmíting partiele size vas apparently governed by the canera/sample

eonfiguration during photographing and the resultant clarity for
tracing, rather than dtgitiser or screen resolutl-on, since zooming the

video camera into the outlined image díd not significantly reduce the

lor,rer size limit.
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Plate 3-3 Set-up for Plrotographing Bulk Samples

IE J6

=+r.-ii:EF 
þllNE

r,úé=lE-ÊûLlK

=Uþ!pS

Plate 3-4 Shot mg4-O7 of Sample FíGJ-6 (in Heap)
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TheuppereLzelimitwasfixedal-lO0Zpassing63rr'mintheseanalysee.
The few larger fragments Iüere included in the photographed samplee but

IùereePecificallyexcludedfromthephot'o-eieving,astheyhadbeenfrom
mechanl-calsievlng.Insomeinlt,l.altrlaletheoversizepartlcleelùere
ineluded, and it was found that theee particlea were relat'l-vely eo large

wit'hl.nthesample,that'asmallerrorlndet'erminlngsleveel.ze(for
example,60mnl.nsteadof63mn)cou]-dhaveamarkedeffectontheoverall
gradlng.ItthusappearedthaüthereliableupPerll-ml.t'dependedonthe
sampleiteelfrratherthanthephotograph'Ideally'thenumberof
particlesatanysizelevelshouldbesuchthatnoslnglePart,lclehasa
signifieanteffect.Themínimumsamplemassesfordifferentnominal
sizes reco'r,-ended in AS L28g.ÈI-Lg77 are actually lntended to avold the

same problem ln mechanlcal sieving'

AE noted in section 3.2, Eost eamples eompl-led with these ltrase

recorr*endetionsforonlythepaesinglgT'mor9'5ttttfract:lonsand
smalIer, so where there lyas slgnlficant dj-sagreement (samples 2¡ 9' 15t

and16),theerrorcouldaswellhavebeeninthemechanicalsievingas
ln the photo analysis' In faci-' if culves are factored to agree al

37.5m (instead of 63m), the average absolute dif ference at e el-ze

level is reduceð to 3l and the maximum difference to 8Z'

There was generally ltttle difference between results from photographs

ofthesamesamplerheapeduporspreadoutintoaroughLyevenlayer'
I{hile this rüas only a partial illustration of the htding effect

díscussed in section 3.3.1.3, it at least suggested that the influence

rnight not be overriding'

The lndíeation from this preliminary work on photo-analysis was thus the

sar'e as from the theoretical approaeh, namely that photo-sleving could

produce grading curves reasonably approximating those which would be

obtained by mechanical sieving 1f it could be carried out'
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Figrure 3-I-4 Conparison of Ptroto-Siewing and lfechanical
Sieving for laboratory SanPIes
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Figure 3-14 (continued)
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3.3.2.3 Programmes for Slope Photos

The mal-n task in adaptl-ng the procedures to photographe of the dump

elopes rüas taking account of the image distortion due to distance

perepective and relative tilt between the slope and fi1n planes. T¡¡o

approaehes !Íere consldered for rectificatlon: direct (analogue)

eorrectJ-on, durlng boundary tracing; and lndireet (algebralc)

correctl-on, after l-nputtíng the image to conPuËer.

Usl-ng the overhead projector and draftl-ng table set-uP descrlbed l-n

Section 3.3.2.L, and turning the table about trto avaLlable axesr tl-It

dl-storÈion of the projeeted image - identl-fied by differences in lengthe

of the scaLe mark lmages - lras reduced. Eowever, this Tùas achleved et

the expense of clarlty, often amounting to some uneven loss of focus

before full- rectífication Isas achieved, so that some algebraic

correction !Ías also required. Ae discussed in SectLon 3.3.3, loss of

reeolution appeared to Lnduce more error than was retrieved by thl-s form

of rectl-fieat.J-on, so it ¡vas dlscontinued after an inÈerlm asseEsment' of

the procedure. In the method finally adopt,ed, slides were t,raced

unrect,ified uslng a stereo mi-croscope, and al-gebraic correction was

relied on to alIow for tilt distortion.

As presented by Olsen & Altenhofen (1980), full mathematical descriptlon

of the t,ransformation between non-paralle1 pLanar coordinate sets

requires the coordinates of four polnts in both planes, and solution of

an t8xgl matrix. This would have involved the establishment of at least

four surveyed points at every sampllng sl-te on the waste-rock dumps; a

dtfficult exercise to coordinate and perform, and ofre inplyJ-ng en

excessive level of accuracy in the contexË of the overall photo-sl-eving

process. Instead a siopler approximation lvas considered.

To thl-e end, a series of photographs of brickwork were taken at warying

degrees of tilt in one dírection, using the same canDera and aLtachments

as in the field ¡sork. As illustrated in Plate 3-5, the brick Pattern

showed up image distortion well. For example, ít was aPParent that the

ímage dístorts differently 1atera11y (perpendlcular to the line of

tilt), and longirudinally (along the line of tilt). this is because the

distortions in both directions are primarily related to Posltion along

the direction of t,ilt. That is, if X and Y are incremental measules
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along laterel (x) and longltudinal (y) dl"rections reapectivelyt the

distort,l-on effecte ou both X and Y vary ae funcËíons of y.

Plate 3-5 TíItêd Photograph of Bricksork for Distortion
Analysis

Coneidering leteral dietortion firet, J-t wae hypotheeized that the til-t

effect could be approximated by e lineat relationeh:lp - X/X1at y-0) =

a.Y + b , where ¿ and b are conetants. thie was an unteeted aseumptlon

inpllc1t in the method for partiele síze analysJ-e ftom Ët1ted

photographe deecribed 1n Iriondo (1972). It, wae readtly checked on the

brfckwork photographe by placlng a etraight edge against Lhe ends of e

line of Êortar in the photograph and meaeuring the uaximu'm devlation of

the üoïtar Iíne from fhe edge. Expreeeed að a Percentage of the edge

length along the photo, the devl-ation ftom ll-near wee in moEt câEes lees

Ehan 2% and at Ìùorêt less Ëhan 32. ThlE lewel of eïïor lras aceeptable

wtthin the context of the photo-stevj-ng exercise.

A lineer hypothesie for the longitudinal ditection - Y/Y1¿¡ y-O) =p'Y' +Q

(p and 4 conetant) - 'naê examined by meaeuring brj-ck length (l) and

correepondíng distance from the brick nld-poLnt to the close-up end of

the image (d), for ro!¡s of bricks along each photograph' The proeedute
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ueed for subeequent analysJ-e 1s illustrated in Figure 3-15: to

facilitate comparisofi bet!¡een different ahotat e curve Itas firet drawn

through the data to estimate the closer-end-intercept (lo, when d=0) '
palrs of measurementa were then non-dimensionalised against totaL lmage

Length (L) and lo respectively, and a lLnear regreseione was calculated

passi-ngthrough(l/lo:r'd/L=o).Nocorrelationbetweenreeultsfrom
different photographs Iüas aPParent at' thie Ievel, 8o taking a slmple

approaeh, the error from each ða|La point to ite assocl-ated regreesion

lLne rüas calculated. In Ëhe thlrteen photographs eheeked, the maximum

error for any pol-nt was less tlrar- 4Z and in general the error was lees

t:nar- 21,.. Exponential regressions were also examined but these produeed

greater errors. On these baees, a linear approxímation for dl-stortion

correction was again accePted.

50
Shot M93-05

Totol l¡noth
(u - teSmm)

Axis lntercept
(lo = 5o.1mm)

20
20 ,+O 100 1 140 1
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Í{ith only two conêtants, the equatl-on in one dlrection eould be deflned

from only t¡¡o absolutely located points, or from two seta of relatJ-ve1y

located polnts. The latt,er option was û¡ore easlly provided, uslng ecale

markerE pal-nted to ehow points 5O0n'm and l000un apart and plaeed on the

elope as described in Section 3.I.1. Subsequent manipulation of Èhe

eguatlons to form a basis for scali-ng routines is detalled in Flgure

3-16. There !ûas 6ome concern regardlng the potential for large errore l-f

the resultant logarithmlc equation for upslope rectlfícation ltaa

extrapolated too far beyond the controlling scale stick locations. To

avold this, applieatl-on of the equation wae limited to the sectlori of

lmage centred over the scale sËicks and covering a distance upslope

equal to t¡rice the separation of the scale sticks. Parts of the lmage

falll-ng outeide this (in practice, only the toP of a few photographs) '
were treated as not able to be reliably scaled and therefore excluded

from analysis.

The scallng routines, and other adaptatLons from the prelfuoinary

procedures, are discl¡ssed 1n the remainder of thie secËion.

a) Enterlng part.icle outlines:

In the extended comPuter Prograrme, horizontal rectificatl-on is

performed at an early stege. After enterlng the traced image and

entering scale da:-a, equations from Figure 3-16 are ueed to

determlne the vert,ices of the unreetified trapezoLd which rePresents

the maxlmum constant w-idth striP of slope l¡hich is contained 1n the

photograph and w'ithin the verÈlcal scale extrapolation liroit

suggested above. An internal digitl-ser function 'stretches' t'his

shape laterally to show on the monitor as a rectangular J-mage, whlch

is then l,¡ritten to a storage buffer (made possible by upgrading t'he

compuËer merqory) . This is then the base image untll the programe l-s

terml-nated.

As ¡seIl ae the convenLenee of utill-sing an existing funetion, thls

method of handling horizontal correction eliminated a potentl-a1

source of error: in a typical photograph, more of the toP of the

slope is included than of the lower Part which is closer to the

cemera. Given the suspicion of particle sorting discussed in Section

2.2, photo-sieving of the total photograph could give a result

favouring the upper part of the slope rather than belng an average
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for the whole batt,er. Analyeie of a constant, actual \.rldth rather

than a conetant photograph et'idth avolded thie problem.

There was, however, one dlsadvantage. Stretching the image t,ended to

r¿iden outlínee aa well as particles r âIl ef fect ¡shich largely
pereisted even after the on/off pixel image ltas produced by the

line_detect function. Since the measurement routlnes oPerate inside the

outllnes, which are assuttred to be one pixel wide, 1t was feared that

thickening of these beyond two or three pixels nlght produce

signlficant underestimation of horízontal axl-s end area. (Thlckening

also occurred in the prelimlnary work during zoomingr but linee were

thickened vertically as well as horizontally so the efflct could be

countered by altering the threshold value.)

In an attempt to correct thls, a different edge detectl-on function

rra6 included. Adjacent rows, and then columns, of the nine-plxe1

block lrere compared, looking for a change 1n intenei.ty (grey-ecale)

not less than a specified threshold. the resul-t !Ía6 generally

thinner outllnes but these were Í¡ore tagged and there was a tendency

tO rtnoJ-se", or ísolated pixels turned I onr . Another funetion was

attached to erase these pixels but the outlines ltere st1l1 not as

sharp aa w'ith line-detect, ¡vlaich had been modifled to give double

weighting to the central Pixel.

A separate l1ne thinnlng function was found more effective' The

functlon works on the two-value pixel image produced by line-detect t'o

turn off isolated I ortr pl-xels and plxels at leadlng ends of rows or

columns of ronr pixels. An important feature is that the amended

pixel value is i'r'mediately ef fective and is used in the nextt

adjacent, pixel block. This l-s in contrast to line-detect, where pixel

vaLues are not updated in the working buffer. One activation of

tine_thin essentially trims one excess pixeL, horizontally or

vertically, off outlines: A loop in the main Progra¡Dme allo¡ss

successíve trimming in both direct,ions until a satisfactory outline

image is obtained.
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,,1

let '1..^ and l.^ be the image lengths of
hvootËËtica'l llörizonta l and vertica l sca'le
ráiks, t"sp"ctiveìy, at h=0,

and let 1.. and I' be the image lengths of
hypothetiËa'l horÏzontal and vertìcal scale
marks, respective'lY, at h.

LATERAL CORRECTION

Consider l*z

H. is the corrected image height for h, and

ii ir th" corrected scale mark length at h.

m=(ì¡¡-l¡2)

,,0, Ílll.i 
"nn[å1r.,lnr=(1¡1-ìnr)hnt+lno

(hhr - hhz)
lno=(l¡.h¡¡-lhlhhz)

(3)

(4)

t

'lw

(h*2 - h*l)
l*o = l*t + h*¡(lwl - lu,z)

(h*2 - hwr)

Similarly, note that
l*o=l*+h(1*r-1*2)

(h|,2 - h*r)
Now consider

(hhr - hhz)

A correction equation is required to nake 
-

scale mark length constant, that is' lr = l*o

H:. " 
= 

itlllh i l.t,',r ='.0
l(h) = l*o

so ,n = 
(t'nllo tno ) 

',n

(m.h + lno)

Now, observing that ì" is a discrete
increment of h, and that ìr is a discrete
increment H.,

]f;l"t' 
= ani;;a=tH =',ÂHr' 

ah

(m.h-+ ìno)
- rwOÂH¡

Àh (nr.h + ì¡o)
taking the ljmit, dH¡ = l*o

dh (rn.h + ìno)

.. I 'wo- 
Jo (r.n + t¡s)

Hh =+ìn(m'h+ 1) ...'."(5)

(3). (4) AND (5) ARE CORRECTION EQUATIONS FOR

LóñerÌuólHRl olSronrloH DUE T0 LoNGITUDINAL

TILT.

hwz

h*t

From simi lar tri
lro=l*l+2h*

anq les,
,(7*r/z - 1*z/2)

(1)

(2)

h

fJ* is the corrected image width at h
" l'l¡ = lwo

substÍtuting toÏ t" 
l*

U¡ = I'l l*o

]*o - h( l*l - l*,2 )

(hw2 - hwr)

(1) AND (2) ARE CORRECTION EQUATIONS FOR

ini¡nnl DISToRTI0N DUE T0 LoNGITUDINAL TILT'

SCALING OF CORRECTED IMAGE

mrjtìply "ifl 
inear measurements by (actual ìength of scale marks)

lwo

FigUre 3-L6 Derivation of Tilt Correction Equations
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Fl-owclrart of Photo-Sieving Programme¡ for TiJ-ted
PhotogrraPhs

YN

P

(refer p, 3-48)

2

line--detect Process imooe bv edoe detection
ond noise Tilteiing ñoutines

KEY3

Enter THRESFIOLD volue for enhoncemenl routine

Select KEY3 - I

Sove imoge in buffer

Disploy tronsformed imoge on screen

Colculote vertices for horiz, rectificotion
'Stretch'imoge lropezoid out to rectongle

Process new scole dolo

Reod scole doto
Process

doto,
iniriol scole

from mouse

Reod to end of outout file
Rewind oulout fife 1o

lost scole doto

Process initiol scole
doto, from keyboord

KEYI KEY2

Select KEYI - K
-M

Selecl KEY2 - P
-N

line of outout
contoins s'colefile

st

?

lnout imooe from comero, store in
digitiåer merñory, ond disploy on screen

Open E rewind output file

Enter nome of output file
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N

Y

RETURN

L G
KEY5

Select KEY5 - L (lumped oreo)
- G (porticle)

End of file ?

boundory Drow cross on screen
ot initiol point

Type of doto ?

Reod coordinotes
of initiol pixel

N

portic¡e

on screen
tronsformedDisploy

rmo9e

Rewind outout file 1o
current sðole doto

line-Jhin

KEY4

Seect KEY4 - 
ns)

Use fhis imoge ?

Dlsploy tronsformed lmoge on screen

oreo

Figure 3-17 (continued)
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N

N

N

new threshold 1

Anolyse porticle ?

lumped oreoAnolyse

Another oreo ?
Another porticle ?

Write coordinotes of initiol
pixel; scoled mid-heighr, oxes' 

& oreo to outPut file

lump complete ?

fhis porticle ?

Accept this oreo ?
colculote porticle

POrOmeters

lump

IETURN >-

lnout coordinotes of
initiol point, by mouse

boundory

Enter nome for lump

lnout
ini'tiol

coordinotes of
pixel, by mouse

Figure 3-17 (continued)
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Figure 3-19 T¡pica1 Scatter Plots for Sha¡re Factor

The logarithnic mean shape factor shorved no correlation $'tth eny of
these measures, contrery to the expectation j-f the noted bl-as was due

only to the t1lt rectification procedures. Finally' 1og-11near

regressions rüere calculated for each image for shape factor against

distance, and the slope of the regressíon showed correlation especially
w:ith vertical tilt ratj-o, as shovn in Figure 3-20. Eowever, íf the trend

was produced soIely by the approximate equatlon used for vertical tllË
rectiflcatíon, there should be trüo points of inflexion, or zero errort
corresponding to the locations of the vertical scale sticks from which
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Aspecte of the photo-eleving method coneldered in the preceding

dLscuesion were identified from the preliminary aeee6sment of reeulte

from fifteen lndividual photographs. the insighte and argumente rvere

extended through subsequent analyses, includJ-ng the compl-lat1on of slte

grading curves. In awarenees of the lack of more defl-nl-tive validatlon,

a confídence ranking was devised for the eite gradlngs, shown l-n Fi-gure

3-23, ¡yhlch incorporated most of the above factors. I{eightings were

assigned for vertical tilt, number of partlcles, and fraction unclear,

for each contrlbut.ing image, and also for coverage of Ëhe ¡vhole Eize

range and for the general eaee of fitting the aeParate dietrtbutions

into a single curve. Accordirtg to this table, slte gradlngs were ranked

almost excluelvely as ttfairtt and ttgoodtt.

CONFIDENCE IN GRADING CURVE

2???? ????? ????? averageShot

Sanpte size (>500=0.5, >1000=1

witt Râtio (<0.1=0.5, <0.05=1

f Unctear (<202=1.0)

Size Range Coverage (no.overlaps / no-curves---....)
Ease of Combination (rate 0 to 1)

ConfidenceVatue ( ) Ranking{ }
( 0 to 2 = POOR; 2 to 4 = FAIR; 4 to 6 = GOOD; ó = V'GOOD)

Figrnre 3-23 Confidence Ranking for Site Grading Cu5¡es

0)
0)

)
)

)

)

A final
research
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6urrmary

proj eet,
of the procedures for photo-sJ-eving used

and anticipated improvements, is provided
in this
in Table

Take care that scate sticks are atigned with
stope face

Run a triat site anatysis to hetp plan shot
distance for conplete size range coverage

Input direct to cortPuter Hhite tracing (e.9. t{ith
a stytus and sensitized pad digitiser)

Devetop softtare to shou image on screen âs
traced and to permit on-tine editing

Use hardHare capabte of better anatogue
rectification

tmprove atgorithms for atgebraic rectif ication
(this shoutd not be ât the expense of
facil.ity of the fietd Procedure)

Partty automate partic[e search (e.9. use manuaI
interrupts instead of manuaI activation)

No modif ication suggested

Trace hard copy from stereo
microscope and input to
computer via video digitiser

As described in Section 3.1.1

Corrected atgebraica[ [y, using
approximate aI gor ithms
discussed in Section 3.3.2.3

Computat ion routine act ivated
manuaIty for each particte

Compited by operator, using
spreadsheets

Particte O,¡tt ine
Digitising

F iel.d Photography

Scat ing and
Rectification

Particte Anatysis

Site Grading

POSSIBLE ¡MPROVEI,IENTSADOPTED PROCEDUREITEM

Table 3-7 Summary of Procedr¡Ies in Photo-Sieving Uethod
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Figure 3-25 Conparison of Surface and Below-Surface
Grad.ings

Regarding the significance of thie t,emporary effect on strength
characteristics of the lraste-rock materials, current slope anglee, sueh

as those given in Tab1e 3-1, show no trend over six years, and certainly
no obvious loss of stability. The age period of L to 2 years over ¡vhl-ch

the surface deplet,J-on 1s observable was therefore not consídered

critical to the association between ¡veathering and strength in the

constituent materials of the ¡¡aste-rock dumps, and it was rioË examined

in the laboratory strength testing prograrrrrne, discussed in Chapter 5.

Another observat,ion made during the fíe1d work related to apperent

sorting of partiele sizes do¡n the slopes (refer Section 2.2). Thts

aspect was explored by re-analysing long dJ.stance photographs with upper

and lower segments of the slope treated as separate samples. As apparent

from the example in Figure 3-26(a), smaller proportl-ons of "lumped"
areas of f ines occurred in the lower halves ¡ for ¡rhich the ml-nimum

relíab1e síze ¡vas al-so slightly lower. These features became sl-gnificant
when the up-slope length rüas more than about L2 metres. In other

regards, the general shapes of pairs of grading curves rùere usually
similar: this initially suggested that any sorting effect might, be
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lestricted to varlatLon of the flner maÈerial ¡¡ithin a coerse skelet.on

¡yhich remairied essentially constant over the heJ-ght of the s1ope. To

test thie, the grading curves rùere recalculated excluding partieles of
less than l00m geometric average axi.s.
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Figrure 3-26 Tlpica1 Gradings from Upper and lpwer Sections
of Dump SloPe

AT

t-n

the stage of the preliminary assessment of method, results, such as

Figure 3-26(b), supported the hypothesis. Eowever, the impression

gaíned during fíe1d work had been of a down¡¡ard increase in large

fragments¡ Ln addition to a surplus of smaller partielea near the top of
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the sIope, eo further analyses !¡ere carried out aa site gradinge were

compJ-1ed. The results showed no consl-stent trend but there was generally
not a large difference between upper and 1o¡¿er slopes. However, the

relíabJ-líty of such gradings rùas considered doubtful - those for upper

sl-ope segnents, in particular, !ùere possibly affected by the smaller

numbers of traceable partícIes and occasional very large boulders lodged

at the top of the batter. Therefore it r^ras concluded that the long

distance photographs were only suitable for a broad considerat,ion of
dorm-elope sorting. Daehed curves in Appendix B, repreeenting partícle
elze distributl-ons compiled using the two part-slope anal-yses of long

shots, suggest the range of gradJ-:ng varíation related to sorting. For

the purpose of an investigation into the effect, of weatherlng condition
on mat,erial strength, only overall site gradings were used.

As diseussed l-n Sectlon 5.5.1, additional disturbed samples of speel-fi-c

mlne materlals lyere collected 1n June 1991. Several of these were

representatlve of current batter materials, for whl-ch t,otaI (site)

gradl-ngs lrere estJ-uated from the resulüs for photo-sieved batters of
similar age. Five samples were of more weathered material (=1002 passing

63m) for ¡¡hich mechanical sieving results were equivalent to the total
material grading. Because of the trea:uer proportion of silt and c1ay,

these materials ¡¡ere washed at the <l9mm subsample before inËermediate

and fine sieving, in accordance with AS 1289.C6.I-L977 (refer Seetioa

3.2 for comparison), and more detalled analyses were also obtalned for
the <0.075m fractions. Particle size dístributions for these materials

are included in Appendix B.
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4

4.1

IIÍIIIERÀIJOGICAL DESCRII{TION OF DTIIÍP IIÍATERIÀL

Site GeoJ.ogy and llineral.ogY

As described by Needham (1982), the basement geological formatlon of

the area le the Nanambu Complex, Inore than 22OO million yeere oldt

which eoneiste of mainly granites and gnel-eses. Overlying this 1e the

Cahil1 Formation, deposit,ed between 22OO and 1900 mil-lion yeare agor

and comprlsing rnetaêedlmenÈs ineluding a carbonate unit, schiet and

mierogneiss, and coarae schl-st. About 1650 nillion yeare ago theee were

covered by eediments whlch became Kombolgie ôandetor¡e.

About l87O-1800 míIl1on years ago, prJ-or to depositÍon of the Kombolgie

Sandstone, the Cah1l1 Formation was intruded by pegmatite dykesr widely

deformed and metamorphosed, and eroded to a lo¡v relief surface. Uraniun

minerall-sation, whieh wae generally eonfined to the Cahill Formatlont

occurred around 1600 niII1on years ago, and non-minerallsed besic dykes

!üere intruded around the same time. Chloriti-sation rtae associated ¡rtth

both the maJor regional metanorphism and the later mineralisatl-on. Ttre

Kombolgie Sandstone has since retreat,ed to form the Arnhem Land

escarpoent, overlooking the ¡vetlands (see Plate 4-f). fn"". are now

surfaced by weathered Nanambu Complex and Cahill- FormaËion rocksr arid

alluvir.u ¡vashed down from the esearpment country.

l{Lthin the Ranger Project Area there are tlüo major orebodíes, No.l and

No.3, the former of ¡¡hLch 1e currently being mined. Nanambu Complex

rocks, Ioeally termed "Foot¡¡al-l Sequence", croP out at the ¡sestern side

of Pit No.I and dlp moderately steeply to the east. The overlying

"Lorrer Míne Series", (w-lthin the Cahill Formation), is maín1y chert and

massive chlorite rock w'ithl-n the pit outline, with carbonate-rlch rocks

beyond the planned eastern ll¡oit. The orebody, which extends to about

170 metres depth, is contained within the chert/massíve chlorite rock

and the "Upper Mine Series" schists and pegmatites above. The western

sLde of orebody No.3 is bounded by e fau1t, dropping the basement

complex which again becomes even deeper to¡¡ards the east. On current

inforuation, the I'Lower Mine Series" here is largely couprised of

cerbonate-rich rocks, and Èhe orebody occurs essentía1Iy w'ithin the

"Upper Mine Series" schists. In Pit No.1, shov¡n in Plate 4'2,

¡veaLhering is evident to depthe of 20 to 30 metres belolv original
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gËound suËface generelly, and to gteater than 50 metrea depth in the

peBúetlte dYkes.

plate 4-t- Ra_nger Mine, looking East toward. Escan"Puent

=tu'liå=- Ë .-i#åÈi*-::i r=c*

Plate 4-2 Ranger Pit No.J-
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Preeently mined rocke are thue predominantly schl-ste (muecovltic and

chloritic), chert, maselve chlorlte rock, and pegmatitet !ü'Lth emal1

amoun!6 of dolerite, carbonate rocke, and gneies. Eowever, ehertr in

particular, 1s ofÈen diverted for constructl-on use and ao occr¡ra lese

frequently in the rüaate-rock dumps. It r,rl11 aleo be only a minor rock

type in Pit No.3.

Rock typea encor¡ntered at Ranger are differentiated primarily by roek

structure, or fabrJ-e. Apart fror¡ the limited carbonate rocks, all rocke

ae-mined are comprised of the same group of minerale, albeit in varl-oue

proportlons. Theee primary minerals are quartz, muecovite (¡vhite mlca) t

and chlorLte, with generally on1-y minor hematite. Some of the current

muecovite and chlorite ls altered feldepar, the result of metamorphie

events and weathering whlch also produced the hematLte. I'fith regard to

chemical weatherl-ng tn the wasÈe-rock dumps , qrtarruz 1s expect'ed to

remel-n eseentially unaltered; chlorlte lrfll probably ¡¡eat'her to

vermiculite, smect,ite and ultimately kaolinlte; Iluscovl-te r't'ill

eventually beeome kaolinite, possíbIy after ilLite; and hematite r'¡ilIt

under certaln clrcumstances lùeather to goethlte (Milnesr Riley & Raven

re86 ) .

Unlike most other mines in the region, primary sulphide minerals 11ke

pyrite are present l-n relati-vely 1o¡¡ concentretiona in the rocks at

Ranger. Ì{here they are PreaenÈ, oxidation of sulphides ls one of the

first ¡yeatherlng reaetlons to proeeed, creating an acid envlron¡nent

favourable to other alteration reactions. Even with the sma11 amour¡t

present at Ranger, weathering of occaslonal sulphide-rich zones 1s

thought to have been responsible for sulphurie acld generation at the

base of one of the ore stockpl-les (Milnes &. Eazey, 1988). This has not'

been observed to any significant exte¡rt on the dump batters (M1lnes et

al 1991), although the reaction was recognised Ln soí1s forming on the

dump terraces (Fitzpatrick 1986).

In the absence of some such propellanL reactlon, decomposition on the

dump batters l-s proeeeding in a very localised manner elound structural

anomalies such as grain boundarLes and ínternal f1aws. The volume

increase which is associated ¡rith the produetion of smectite andt to a

lesser ex¡ent, of illite causes stresses aE these sites which tend to

push the rock fragments apart from within. l{eaknesses induced by the
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ml-ning ectl-vlties end lamlnatl-one lnherent in the dominant echlete have

aesíst,ed this mechanJ-em, lv-lth the reeult that marked dieintegratLon has

occurred on the lraste-rock dumps 1n the first decade, r¡ith relaLively

1ltt1e generation or transformation of clay mlnerals'

The breakdo¡rn of larger partiel-ee exposes more sltee for weatherJ-ng,

¡vhich Ls thue expeeted to aceelerate, at least untll the mat,erial

approaehes a eoll-I1ke texture. Chlorlte and muecovlte are both based

on the typlcal 2zl clay structural unit (an octahedral atomle sheet

between t¡vo tetrahedral eheets), es are thelr transitional weaËheri-ng

produets, vermicullte and emectlte, and il11te. UltLmate weatherJ-ng to

kaolinite requl-ree alteration to a 1:1 structural unlt, whLch ie thue

likely to proceed at a slolyer rate than the previous etages.
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are both mica schiste, but whlle ITBa ehows eharacterl-etlc preferentJ.al
graJ-n orlentation, 1n epeeJ.men I3b there ie also signif J-cant,

lamination, or segregatlon of constituents into bande. Such a

distinction could ruarkedly affect rate of weatherJ-ng, wlth the

lamLnated schist llkely to degrade more rapidly in the early st.agea.

Plate 4-5 shows a typícal pegmatite, with very coarse grains embedded

in a finer matrix. Plates 4-6 arrd 4-7 ate reepeetively massive chlorite
rock and dolerite, both massl-ve in structure - randomly arranged grains

of sinilar sJ-ze - but quite dlstinct in detail.

Because of the degree of variation, even ¡rithin a eample, 1t wae most

useful to describe structure only broadlyr êB laminated sehistose,

sehisËose, pegmatiÈie, and massive. Ìúrere there was some dieparityt
classification based on thin sectione Iùas preferred to visual
lnspeetion Ln eompiJ.ing the sample descriptions presented l-n Sectlon

4.3 .

Most of the thin sections ehowed previous alteration, predominantly

chloritisation of the original minerals, but current weathering wes

also identlfied Ln a few cases. As illustrated in Plate 4-8, such

¡yeathering ls highly localised around a few grain boundarl-es and

involves only a small area in the total section. Thls is further

evfdence of the slight mineral decomposition associated to date with

the extensive dislntegration oecurring on the ¡vaste-rock batters.
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Ptate 4-6 Specinen 16 (trfassive ChJ-orite Rock)

Plate 4-7 Specimen 6l (Do1erite)
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Plate 4-8 Specimen 8a (photographed under potarised light)
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As descrl-bed by Zuesman (L967), X-ray dlffractlon analysie use€ the

characterietic of an X-ray êtrikíng a mineral plane at angle 0 to be

partly transmitted, and partly dl-ffracted at angle (n ' 0). Minerals

are co¡posed of regular arrangementa of atomic layerer and r¡hen the

angle of incídence 1s such that, sl-n 0 = 712d, (,1. = wavelengthr d = layer

spaclng), dlffractlons from aucceseive layers are in phaee and

euperimpose to Eaxiúl-se the intensity, produclng a diffraction peak at

angle (n - 0). A second set of layers with dlfferent spacing and

orientation !rI11 produce another peak at a different angle' In a

dlffractometer, the specimen and a detector are rotated in comblnation

to increment 0, and the Pattern of intensity of dlffracted raye is

recorded. Standard diffraetl-on patterns for pure mlnerals have been

establlshed so that by eomparing theee to the Patter¡r obtained for e

material, as in Figure 4-1, the component minerale can be identlfied'

As discuseed in Sectlon 5.1.1, three rock tyPes were targeted for

etrength te6ting, namely schlst, pegmatite, and massive chlorite rock.

Subsamples of the fragments of these rocks for which thLn sections had

been prepared were very finely ground, and the resultant powders \ùere

pressed into alumLnium sample holders. Because of the random

orLentatl-on of innumerable flne particles thus achieved, fragments of

each component. in whieh atomic plates !üere aligned parallel to the

holder base, and lvhich thus contributed to the diffraction patternt

were in proportíon to their abundance in the subsample. A specimen of

pure qu;aç1'z lyas also analysed, and the relative strength of the

crLtieal qu¡artLz peak in each PatËern Itas used to calculate the

percentages of glJarlLz in the ground samples. Because of their fine-

gral-ned nature, for schist and maesive chlorite rock the percentage was

assumed typical of the ¡¡hole rock fragment, so that referring back to

the thin sectlons, proportions of other major comPonent minerals were

then esÈl-mated. tlíth the pegmatites, the size of individual grains is

such that the subsamples taken'randomly for XRD analysis night not be

representatíve of the total fragment. For these four fragmentst thin

section descriptlons Iüere relied on to estimate mineral ProPortions and

XRD patterns were referred to for confirmatíon of mineral

identiflcation.
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clustered looeely around the compoeit,lon 4OI quar|'z, 252 muecovlter and

352 chlorite. Odd eamplee with a much lower proportlon of mueeovlte may

repregent a further degree of alt,eratlon than the former - 1n the thin

sections of 9b and tOb chloritleed mica wae observed w-Ith ite lath-like

mlca shape l-ntact. Eo¡¡ever, the range in qu'ar|uz corrtent cannot be

attrlbuted to alteration and indlcat,ee broad variation in both inltl-aI

and preeent composl-tion. The four epecimens of pegmatite have 1n conrmon

high proportione of chlorlte, which comprJ-see the Srourrdmasst or

matrix. Considerlng its manner of formatJ-on, no other strong trend in

the compositlon of Pegmatite.

26
53
22
4L
51
56
27
45
39
53
38
31
6L
22
L4
11
t3
T4

trace
45

trace
49
20

20
=L7
o26

54
-30
-52
59
19
L4
50
35
31
47

maj or
maj or
maj or
minor

86
45
86
86

dominant
douinant
dominant
mal or

dominant
maj or

90
50

30
30
23
20
30

minor
minor
mínor
maj or

trace
trace
trace

*
*
*

I
46+*I

minor
*trace*

trace
trace
trece
minor
maj or
trace
trace

trace*
trace*
trace
trace-

trace
40

8a
9a
9b

10b
13a
13b
178a
r9b
20
2Lb
JA3200a
JAB2OOb
JA3200e
JAB2OOd
L6
17Aa
l9a
2La

#
#
#
#

Schist

MassLve
Chlorit.e
Rock

Pegmatite

Est,imated Míneral ProPortions
QUARTZ MUSCOVTTE CELORTTE OTEERFRAGMENTROCK TYPE

(NOTE: dominanb=>SOz I maj or:2O-5O7, minor=s-202, trace=<S?)
# Samples taken from experimental batt,ers (refer Section 5.f.I)
j apatite

hematlte
- tourmallne

Table 4-1 Rock Fragment Cornposition
(Estimated. from Thin Sectioñs and X-ray Diffraction)
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5. UECIIANICAI, BEIIAVIOIIR OF. DI'UP UATERIÀI.S

5.1 LaboratorY Test Programme

5.L.L SamPIe Selection

ConsLderation of the mechanlcal behaviour of dump materl-al waa baeed

around trlaxial compression teat6 on three of the most conìmon rock tyPeE

ín the ,rùaste-rock dumps. Although moet of the samples eollected 1n June

1989 eomprised ml-xed material (as noted l-n section 4.2) it was thought

that dl-fferentiating between roek types would help 1n interpretatlon of

the relationships bet¡veen weathering Processea and strength changee '

I{1th regard to stabllity analysis, for a mixed sample, the value of a

design parameter such aa shear strength ehould lie between the values

for the separate coDponent roeks. Thus the mechanlcal behaviour of

individual rock types provides bounds for Lhe collective dump material.

The three rock typee investlgated lJere schist, pegmatlte and massive

chlorl-te rock. Based on recent mine crosE-6ections¡ it was estimated

that of the total material íntended to be excavated from Plt No.lr there

will be about 4OZ schlst, 252 undifferentiated near-surface weathered

material (eaprollte), LOZ of each chert and maEsive chlorite rock, and

10% other rock types. As prevl-ously noÈed, chert J-s frequently dlrected

away froo the waste-rock dumps and to the construction stockpl-les'

Schiet, pegmatite and ¡¡assíve chlorlte rock are thus the three dominant

rock types in the ¡vaste-rock dumps. Th.y also cover the ranges of fabrlc

types and mineral compositions signifícant in the mine rocks' (The

supervl-sing scientist for the Adelaide Rivers Region selected schist' and

massl-ve chlorite as typical dump rocks for the experimental batters

mentioned in Section 2.3.)

It. lras observed in Section 3.4 that the dump slopes to date show no

tendency ta instabílity or shallow-ing with a1e¡ a sígn drích would

indicate loss of material strength. FurËherr âs discussed in Section

6. I.1, there is little signiflcant change in parLiele size distribution

over the first few years, other than a loss of fines from the surface'

Between 3 and 6 years exposure there is obvious breakdown of gravel and

Iarget particles, but even after more than 6 years the production of

chemical ¡seathering products is small (refer to section 4'2)' within

this setting, it was decided that three ages were adequate to cover the

grades of weathering currently present 1n the dumps, but that' it was
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aleo desirable to obtal-n material repleeentative of more advanced

weathering.

Of the samples already collected, only four met the criterla of

predomlnantly consJ-sting of one of the targeted rock types and of being

one of the eelect.ed ages. Samples MG15 and MGg provided pegmatite from 3

and 6 year old slopes respectively, whtle MG13 and MG9 ¡vere both schist

exposed for about 6 years. It was inltially hoped to comblne theee

echiets to increase the mass of sample, but a prelimlnary cheek baeed on

compaction tests showed Lhe materials to be quite different in

mechanical behaviour, as discuesed in Section 5.2.I' Consequently only

MGl3 waE ueed for a triaxial compreselon test'

Bulk samples col-lected from the experimental batters l-n 1988 provided

sultable fresh schist and fresh massl-ve chlorite rock. Addltional

sampll-ng lsas carrled out In June 1991 to obtaLn other materl-als for the

test prograrme. Most lrere found readily, either on the durope or

elsewhere on site (for example, extremely ¡veathered schist and pegmatite

were taken from the upper benches of Pit No.1).Îhe exception was

massive ehlorite rock, for which the most weathered example diecovered

was a smal1 zone dumped about 4 years ago, at the top of the batter near

Site 19. In additlon, two aurface soils were sampled, one from the toP

of an older dump, near Site I, and the other a heavily leached natural

residual soLl weathered from Nanambu Complex rock (probably granite).

The samples thus used for laboratory strength teeting ale suumarised in

Table 5-1.

JAB2O2z
(dump)

RM25
(natural)RMz4

#
JI¡B2OLzJ4320 rMassive

Chlorite Rock

RM27A
RM27B

MG8MGI5RM23Pegmatite

RM26MGrl
MG9

JAB2O0zJA3200SchisL

SoilExtremely
Weathered

Exposed
6 years

Exposed
3 years

Fresh

*-. compaction test onlY# exposed about 4 Yeaxs

Tab1e 5-L Sanples in Testing Programm€r
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5.L.2 Modelling of Grading curves

A major dlffleulty in measuring the mechanical behaviour of the dump

materials was the large discrepaney between the slze of the largest,

fragmente (boulders) and the maxlmum specimen ei,ze for the avallable

triaxial :-].g. There exist a few large triaxial machLnes (Marsal et al

Ig65 and Fumagalli f969) for testing rockfill speeimene cont,alnJ-ng

particlee up to about 250mm, but even thie ie an order of magnLt'ude

smaller than the ptototype materials. In thie project the equipment to

hand, and the impraetlcality of transporting masses of waste-rock from

Jabíru to arry large test facilíty, restricted speeluen ej-ze to l00m

dlameter. Maximu¡o particle size was correapondingly linlted to 20m.

As inferred by Maraehí, Chen & Seed (L972r, experimental lnvestlgatlone

into the effect of roaxlmum partiele size on meaEured strength have been

lneonclusive. In general, it has been found that frl-ction angle is

elther unchanged or slightly increased lt'lth decreaeing PertLcle eize.

Eowever, in most studl-es maximun part,icle sj-ze was varied through

relatively narrolr ranges, and diverse approaches llere taken to scallng

the remainder of the grading curver so ext'rapolation to PrototyPe

roekfill, much lesE to boulder fill in general, iE uncertain. The

problem may be more fundamental than modelling a eample for trl-axial-

testing, and rest in the validity of treating very coarse materials as

continua. unfortunatelyr âs observed by Mitchell (L976r P.135) '
particulate uechanics has not developed to a stage of praetical use for

geologie materialsr so conÈinuum theories are almost universally

aceepted. In the project, which 1s the subject of this thesis, the

primary interest was in the relative strength of varl-ous materials. In

thl-s context, it Tras considered that if the PrototyPe gradings rf,ere

modelled rat,ionally, with regard to the naËure of contributions of

various fractions to overall mechanical behavíour, the results r¡ould be

relevant.

An approach taken by Zeller & I,Iulliman (L957), ¡vas to sfuoply exclude the

oversized particles, so that relative proportions of the remaining size

fractiéns !Íere maintained. Alternatively, Lowe (L964) nodelled dam

embankment materl-al with a laboratory gradl-ng curve parallel to that of

the prototype (that is, lt-ith particles scaled to one-eighth elze) '

Marachi, Chan & Seed (1972), preferred the latter approach, whl-ch

malntains the shape of the partlcle size distribution. These studies all
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involved rockfills ln ¡¡hlch the ehape and mineralogy of partleleer by

nature or eelecËion' did not vary greatly with partiele

contained minlmal proportions of eilt and c1ay.

slze, and whleh

Neither of these modele is sul-tab1e when there are eignifi-cant

proportlons of the finer fractions - LOZ fine silt or clay in a model

would not behave 1íke LO"Á fine sand in the PrototyPe. Thts was

recognieed by Gonano, KJ-rkby & Dight (1978), in an Lnvestigatlon of

cemented rockf i1l, the etrength of wtrich ltas doml-nated by the f ine

material. They varied Èhe method of zeL]ler & Vlulliman (1957) by

increaeing the proportions of eand and gravel to comPen€ate for the

excluded coaraer fractions, and so keeping the ratio of fines to

granular material the same as in the prototype. One reported effect of

thie was that in-situ void ratios rüere rDore eaei-ly reproduced in the

test, epecluens. This approach lraa taken a st.eP further for the dunp

materials.

As dl-scussed l-n Section 4.2, in the waste-rock samples, particles

throughout the cobble and gravel sJrze range had simllar visual and

mineralogieal characterlstlcs (essentially those of the parent rock) t

r¡hile the sand fractions tended towards singl-e mineral particles. Dump

materlals were thus considered as comprising three discrete colDPonents -

gravel and coarser fragments; sand and coarse silt; and fine silt and

clay - each with distinct iupacts on mechanical behaviour. To maintain

the relative contributions of each c1ass, the excluded coarse fractions

were replaced in the same class, that is, by fine and medium gravel'

Figure 5-l compares this approach to the three discussed above. In

practice, use of this model Beant that laboratory specimens !üere

prepared Ifith the same Percent, passing 2.4'rlm as the PrototyPe and the

proportlons of gravel fractions (2.4'4.8n'rn; 4.8-9.5m; 9.5-t9mn)

calculated as follows:

tÇ= (P* -P2.a).(loo -P2.4) + (P19 -Pz.,r) *P2.4
wherex=sievesize

l(*
Px

= percent retained on síeve x ln model
= pêÍcen! ret,ained on sieve x in Prototype

The pit/so1l mat,erials consisted of only gravel sized and smaller

particles, so prototype gradings rüere provided by mechanLcal sieving of

the sampLes as-co1lected. For the supplementary rüaste-rock samples,

prototype site gradings were inferred for the appropriate ages from the
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colla¡ed elope particle size dietributione (refer Section 3.4). Gradlnge

for the test epecimens are included !ü-ith the triaxial compressJ-on

results in Appendix C.

0

0'0001 0'001 0'01 
port9,ðl" size tmm) 

to 100 1000

Figrure 5-1 Laboratory ÌÍode1ling of PrototfrPe Grading Cr¡:r¡es

5.L.3 Triaxial Test Conditions

Strength test,s lrere carried ueing a Farnell Triaxial Compression

Apparatus (I0 ton eapacity), lr-ith a ITOOkPa working Pressure ceIl taking

lgOrm diameter specimens (refer Plate 5-1). The main test ProgralDrne

conslsted of unsaturated undrained triaxial compression tests for ¡vhich

ce11 pressure, axial Ioad, vertlcal displacement, and volume change were

monitored. Cell pressure was controlled by a Pressure regulator and

measured using an electronic pressr¡re transducer. Axía1 load rüas

measured v-ith an elecÈronic linear displacement transdueer and a back-up

mechanical displacenent gauge on the proving ring, and axial

displacement. rù'tth a mechanical displacement gauge on1y. Sample volume

ehange rras determined by monitoring the compensating change ín cell

fluid volume vLa a direct volume dísplaeement gauge l-n the fluid feed

system. Initially, a mercury-fiIled annular meter rües used but sudden

large fluid inflows tr.r-lce spilled mercury into the system. The meter was

subsequently replaced with a straíght Sauge utillsing dyed kerosene as

theindlcatorfluid(Bishop6cEenkeLL962rpp.2O7-209).Callbrationsof
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the transducers, Proving ring,
before cou¡mencernent of testing
included in Appendlx D.
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and ceIl volume ehange !ùere carried out

and the reeultant call-bration curves are

Ae the eamplee were in a looee cohesl-onleee st,ater 1t wae neceseary to

eetablish consistent proceduree and conditlons for preparation of the

triaxlal epeclmene. In a prelimlnary lnveetlgatlon of stability of the

¡vaete-rock dumps (Rl-charde, Peter & Lucae 1986), a kneading comPactor

operatj-ng at 2OOkPa pneumaÈic pre8sure rvas ueed to comPact samplee of

<6mm fractLone lnto a direct ehear box for testJ-ng. Thie standard was

not suitable for the coarse materlals in the current testing Progranme

as the conpactor foot was only 17ru¡ equarer enaller than the largest

included partl-cles. Coneequently, l-t ¡vas decided to colnPact dynanically

uslng a standard 2.7kg rarffner. The degraded nature of gravel fragments

in the older samples led to concern regardlng particle breakage durlng

eompaction, and a standard compaction test on a triaL sample of waste-

rock (containing reaeorrably sound gravel) produeed an increase of about

ZZ passlng each eíeve eize. After some discussion, a compactive effort

of. g5Z standard (AS 1289.8f .f-1977) was select,ed, obtained ¡v'ith a raEroer

drop of lOOm, 5 layers and 38 blo¡vs l1.ayer'

A dry density/moísture content curve was produced for each sample (using

the model grading) to obtain an optimum moisture conÈent at whích to

prepare the triaxial specimen. About 3.5 kg of dry material was then wet

up and cured for three days before comPaction into the lOOrnm diameter x

2O0m hlgh split mould (using I layere arlð 37 b1o¡ss per layer to achieve

857" standard eompaction). The assembled speeimen, cel1 and piston

welghed about 2}kg and required two people to lift Lt onto the rLE

pedestal, and it was found that epecimens of the coarse batter material

could not be installed ¡rithout risk of damage. Placing the specimen

under e suctiori to iupart temporary aPParent cohesion would have been

difficult in vie¡v of the unsaturated state and the hlgh proportion of

free-draining voids. Instead, the specimen, st1ll Ln the mouldt was

plaeed in a freezer overnlght, then installed and tha¡sed in the cell

under a smalL lateral Pressure for at least t¡¡elve hours before the t'est

rüas conmenced. ThJ.s procedure was in fact carried out for all materials,

to buffer the speeirDen against, damage during stripping of the mould and

positioning of the cell in the loading apparatus. Because of Èhe oPen

fabric of most of the materials and the generally lo¡v ¡sater conüents
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(<L57.), there rdes no observable expaneion of the specímene during

fxeezíng, and t,he treatment was not thought to have affected mechanical

behaviour during testíng.

P]-ate 5-1 Triaxial Compression Test Apparatus

plate 5-2 Test on Coarse Samp1e Showing ltembrane
Defornation

r
Ê I



5-8

After initlal eompresslon for at least 12 hourE under 50kPa g1obal celI
preseure, an undral-ned triaxlal compression test rùa6 performed. A strain
rate of O.Il¡o¡¡/nin rùas selected to achieve fallure within a reasonable

time (L-2 houre per stage), while providing sufficlent time to take

readlngs and to back off the load at failure before the speelmen

eollapsed. Tests were staged by applying coristarit ce11 pressure and then

st,raining the specl-men axiall-y. tlhen maxlmum principal stress wae

obtained (or rra6 imlnent), axial load was reduced and cell Presaure

Lncremented t,o coûmertce the next stage.

Baeed on analysl-s carrl-ed out for a prelimlnary investigatlon ín L986,

horizontal stresses up to the order of the overburden Pressure are

anticipated 1n Lhe niddle of the ¡vaste-rock dunpsr $-lth stresses

decreaeing eomewhat towarde Lhe batter faces (Rl-chards 1986). For a

flnal- dunp heíght of 3Or, this corresponds to a maxlmum of about 500kPa

total 6tre6a in horizontal and vertlcal directions. I{lthin thl-s ranget

cell pressures of 50, 1OO, 2OO, and 400kPa ¡¡ere inttially selected for

the four test stages . Eowever, problems were experieneed tt'Ith the

coarser graded samples, w'ith the membrane being pushed l-nto surf ace

voids as celL pressure lfas increased, as aPParent 1n Plate 5-2. After

two membranes were punctured on the fourth stage (causing the sudden

volume changes and mercury spills mentioned above), tests on batter

specimens ¡vere altered to three sËages uP to 300kPa cel1 pressure.

During a test, transducers were read at generally three oinute

intervals. Data was entered immediately into a computer spreadsheet

which calculated corrected area (taking account of both axial and volume

strains) and displayed a progressive stress-strain plot. This rùas

sufficient to decide when to t,erminate a stage and baek off the axial

1oad, thus keepíng the sample intact for the next stage. The system

would not be satisfactory for sensitive or straLn-softening materialst

but all specinens in this progranme were robust, w-ith regard to limited

straining beyond failure, and did not exhibit rapid changes in

behaviour.

The density and moisture standard described above rtas selected as

representative of long term conditions in the bulk of the weste-rock

dunps. It is foreseeable that for short duratlons or in li¡oited areast

the dumps could become sJ-gnifieantly Ttetter (for example, during a
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aevere rtet seaeon) . Such occurrencea ere not relevant r,rith respect to
weathering and long term strengt.h but, they may affect, ehort Èerm

stabillty, and so are applicable in detal-led dump and landform desJ-gn.

In reeognition of this, Richards, PeÈer & Lucas (f986) performed a

serl-es of dLreet, ehear test6 on saturated samples. A eLmllar proeedure
for undrained triaxial compression testlng wa6 adopt.ed in the current
project for two illuet,rat.ive samples (MG15 arrd JAB2O2z). Specimens were

prepared and installed in the rl-g ae previously described. After thawing
under lOkPa ceIJ- pressure (with no applied pore pressure), ce1l pressure
and pore pressure rtere increaeed concurrently up t,o 100kPa and 90kPa

respectivelyr and then later (after one d"y for MG15 and four days for
JÆ2O22) to 300kPa and 250kPa. Pore pressure !ra6 applled at the baee of
the speclmen, using de-aired rtater, and a drainage outlet, at the top r,ras

opened intermittently Èo release undissolved air. After a further 3-4
days no further air was expelJ-ed and cel1 and pore pressures rvere

reduced to 100kPa and 50kPa respectively, to co îence the first, load
stage of the test.

At the corîmencement of each stage, pore pressure rras brought to 50kPa

and cell pressure to a value selected to correspond with the stages used

in the unsaturated tests (100, L7O, and 350kPa for MGI5 and 100, 150,

25O, and 450kPa for JABZO2z). The pore pressure valve rras then locked

off and the stage lras performed under constant total lateral stress
(pore pressure), r,rith pore pressure monitored throughout. Speeimen MG15

was loaded at an axial strain rate of 0.05mm/min, while for JAB202z,

which was a finer material but stll1 reasonably permeable, the rate was

reduced to 0.g/grnm/min.
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5.2 Resutts and Discussion

5.2.L Compaction Tests

Although conducted primarily to establlsh condit,lone for triaxlal
compression testlng, the compaction Èest resulte provided e flrst
indlcatlon of the ehange in mechanical behaviour as mine-rocke weather.

Figure 5-2 su¡¡oarises maxiurm dry density and optlmum moieture coritent

for the fifteen samples. The 6cat,ter in results for materiale up to 4

years o1d 1s largely testlng error due to the difficulty 1n worklng and

trirnrnJ.ng eamples w-Ith such high proportione of medium gravel. Despite

this l-t is clear that, whereae maximum dry denslty sho¡¡s l1ttle trend

wJ.th age, optJ.mum moisture coritent lncreasee markedly. Thls lncrease is
aetually e secondary correlatl-on. Optimum moisture conterrt 1E affected

most directly by changee 1n grading (in particular, in pereentage clay) t
and these are the specifLc result of the weatheri-ng process. There ¡sas

¡to obvious differentlation between rock typee, although wLth a llmLted

nr¡mber of samples the apParent homogenel-ty was not conelusive.
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Figure 5-2 Results of 85å Standard Compaction Tests

Samples MG13 and MG9 were both sehists about 6 years old, but whi.ch gave

quite different results. The optimum mol-sture content for MG9 was about

2 percent higher than for the other batter samples (closer to the
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ptt/eoil eamples), and the maxlmum dry deneity lras markedly hi-gher than
any other result. As not,ed in section 4.3, rock fragment,e in MG9 had an
unueual fabric lndLcative of extensive deformat,ion and also contained an
unepecified heavy mineral. Although the part,J-cle eLze distribution for
Site 9 (refer Appendj-x B) was reasonably consistent wlth othere of
similar a9e¡ 1t rüaa apparent that, eample MG9 waa not a typical waete-
rock and, ae there !ùa€ ineufflcl-ent, eample to teet. separately, it was

not lncluded in the triaxial eompregeion test progras¡me.

ltre reeult for dump so1l 1e also notable. Sample JAB2O2z wae collected
ln 199I from the Èop of a dump lift ¡¡hich wae then about 8 yeare old.
wlth an opti-mum moisture of Loz, it is cloeer in behavlour to the
naturally weathered pit, samplee (RM26, RM27A, and RM27B), than rhe 6 t,o

7 year-old dunp slope samples ¡vhieh were collect,ed nearby. As out,lLned
in Section 2.3r eoil Ls formed on top of the dumps more rapfdly than on

the slopes. It follows that age of a dump terrace eol-I 1E not, dlrectly
comparable Ëo period of exposure on the slope faces (whl-ch ts the tiue
scale generally used in thl-e theeis)

Another poínt of interest is the absolute location of the younger

samples (lese than 4 years) on Figure 5-2, and the implication r,rith
resPect to speeimen structure. For natural and engineered soiIs, maximum

dry densíty is usually achieved w'ith about 5l ait by volume, caleulated
from the equat,J-on:

va - 100 ÍL - pd lllPs + w/100)l (AS l289.Ar-r9S3)
where V" = percènt,age air by volume

P¿ - drY densltY
P" = soil part.icle denslÈy
w : trater co¡¡t,ent

From the data in Figure 5-2 lt ¡ras inferred that the younger waat,e-rocks
el-ther compact, to a much higher voide volume than is cornmon, or have a

soil partJ-cle densl-ty less than 2.2t1m3. subsequently, soil partlcle
density (or specific gravity) was determined for each material and, lrl-th
the exceptions of RM27B (p" : 2.69t1m3) and RM25 (p" = 2.85t1m3 due ro
inclusion of l-ronst,one gravel), values ranged from 2.7 to 2.8t1m3. These

results were subsequently used t,o calculate volume of air at maximum dry
density, which is plotted against slope age and weathering in Figure
5-3.
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The volume of air i-s very high in the younger batt,er samples, and only
reduces to "typi-cal" 1eve1s for the extremely weathered rocke and mine

soLls. (Sample MG9 is agaln anomalous, lr-ith less than 3Z air at optimum

mol-Eture content. ) As with optimum moisture content, this correlation
w-ith age is again secondary, rùith void volume being more direetly
relat,ed to the shape of the grading curve: in the wast,e-rock samples

there is sl-mply insuffl-cient fine material to fill the spaces between

the coarser gravel fragments. Although no data have been collect.ed for
Lhe waste-rock dumps at Ranger Mines, aír voids volumes of the order of
302 have been reported for modelled rockfil-I (Ze]-Ier & I{u11inan 1957 and

Marsal et a1 f965). Thus the selected standard for compaction of
t,riaxial samples produced a material structure which is reasonable in
the context of Ëhe waste-rock dumps.

5.2.2 Triaxial Compression Tests

Shear strength parameters obtained from the unsaturat.ed undrained
t,riaxíal compression tests are summarised in Tab1e 5-2, and stress-
strain and Mohr circle plots are lncluded in Appendlx c. A striking
feature of the data is that all tests gave non-zero 'shear axis intereept
(norrnally t.ermed cohesion), even those on cohesionless fresh gravels

¡l
t

¡¡ ¡t

¡l
t

¡t
*MG9

+

;

+

¡i

SoilEW rockWoste-rock



5- t3

6uch ae RM23 and JAB200. Thle effect hae prevlouely been not,ed for
rockfilI, for example by Zeller & I{ull1man (1957), ¡vho euggested that lt
waa probably due to parÈic1e lnterlock. Several other reeearchere¡

lncluding Becker, Chan & Seed (L972)' Leps (1970), and Marachj-, Chan &

Seed (L972), preferred to maintaln coheel-on lntercept, a6 zeÍo and to
accept frict.lon angle ae variable (that, le, Q equal to the elope of the

line passing through the ori-gi-n and tangential to the part,icular Mohr

circle, rather than equal to the slope of the ll-ne enclosi-ng all the

Mohr circles). That approach ¡vas not ueed in the curre¡rt projeet becauee

there wa6 no obvious advantage in replaeing the usual ehear strength
eguation, r = c + ø tan / where c and Q are constant, by two equations,

ç = f(o)i r = o tarLQ. Also, the more weathered samples such as RM25 and

RM26 display cohesion in the normal sense, and in a comparative study

Lt Le logJ.eal to malntain consistent ehear strerigth parameters.

79 - L34
133 - 173
72 - Ls4

L63 - L7s
220 - 233
L99 - 236
r45 - 223
191 - 393
r93 - 196
37 - 110
48 - 160
20- 89
76 - L27

LzL - L9O

25.L
28.7
27 .L
28.4
26.6
29.9
27 .7
27 .7
28.3
20.8
2L.2
11.9
18.3
24.3

33
35
3t
43
49
54
4L
5l
51
53
65
99
77
72

27 .8
33.2
30.3
3L.6
29.8
34 .8
3L.4
3l .3
32.2
22.L
22.4
I1 .9
19 .0
26.4

39
43
39
58
59
70
51
64
65
59
74

103
84
85

6.0
6.5
3.1
0.3
0.3
3.3
3.3
0.0
4.0

EI'I Rock
El,I Rock
EI{ Rock

Duup Soil
Mine Soil

MG8
MG13
MGI5
JAB2OO
JAB2Ol
JAB2OOz
JAB2OIz
RM23
RM24
RM26
RMz7A
RM278
JAB2O2z
RM25

ElastLc
Modulue

E
(kPa lor)

K
Frictl-on
Angle

a(")

PEI
Shear
I'cept,

c
(kPa)

AGE

(yr)

SAI{PLE

Table 5-2 Summary of Triaxial Compression Test Results

The post-failure values, cr ard Qr, listed in Tab1e 5-2 rüere estimaËed

according to a non-associated flow rule (Davis I9ó8) for the line
through the points of maximum shear stress on the Mohr circles. Thís is
in contrast to the usual method of measuring residual strength obtained

at large strain, since in a staged test only the fLnal stage can be

continued very far past peak strength condit,ions. These parameters have

been included prlmarily because Èhey were used to model post peak load-

deformat,ion behaviour in finíte element analysis of slope stabilítyt
descrl-bed in Chapt,er 7.
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In the previous etudy of elope etabllity, Richards, PeËer & Lucae
(1986), obtai-ned valuee of c = 60kPa; Q:29.5" from dl-rect, shear t,est,g

on e eample prepared to el-milar moisture and denelty conditione.
Consfderlng that that material, although exposed for only about, 3 years,
was taken from a dump platform and that partieles larger than 6¡m were

reuoved (both of vhich produce an increase ln the proport,ion of fl-nee

relatl-ve to a material of the eame age on a batt,er face), the egreeûent
bet¡veen resul-ts ie excellent,. Because of the dLfferent paramet,erisat,l-on

of shear strength mentioned above, rneriy of the publJ-ehed vaLues of
frl-ction angle for rockfill are not directly comparable v"lth the current,
results. Eowever, calculat,ing back from et.ress-ret,1o/strain plots
provided by Marachi, Chan and Seed (1972), original Mohr circles were

eetlmated, whlch gave failure envelopes descrl-bed by c - 280kPa; A =

34.5" for Pyramíd Dam rockfill (blasted argillite), and c = 260kPai Q =

37.8" for Oroville Dam f111 (rounded meta-volcanl-c cobble). Zeller &

I{ull1man (f957) reported c:5OkPai Q = 38o for natural acree. In vl-e¡s of
the softer, more ¡¡eatherable (and more ¡veathered) nature of the Ranger

MineE dump materlals, the resul-ts obtained are in reasonable accord rrlth
published data.

Values for elastic modulus given in Table 5-2 lrere estluated from

readings ¡rhich bracketed the previous maximum load, for the second and

final stagee respectively. The first etage was omitted, ae the typieal
slolver build up of axlal load lvas thought to reflect, the top platen
bedding inr rather than legitl-mate load-deformatLon behavl-our. (Note 1n

Appendi.x C the stiffer fl-rst. stage reeponse of MG13 ¡shich rsae reet,arted
after tIg breakdown. ) The range of E for each sample rras relat,ively
emall, generally less than a factor of 3, indicating that paraoeters for
normaL (as opposed to shear) deformation are not strongly st,ress-
dependent. Viewing the results together, there is a marked tendeney for
stiffness t,o decrease with age and weathering.

Volumetric strain rüas calculated in the test spreadsheet prinarily to
deËermine corrected loaded area. As ill-ustrated in Figure 5-4(a),
speclmens of fresher material, in particular, experienced dilation at
failure under 1o¡r cell pressr¡res and eompression at htgher presar¡res,

replicating typical results on modelled rockfill (eg. Marachi, Chan, &

Seed 19727 Zel-Iet & I,iullirnan 1957). The behaviour is similar to that, for
other cohesionless soils which dLlate or compress when Ín dense or loose
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stat,ea respectively (Mltchell L976, p.29o). DilatLon Le aleo
charact.eristLc of overconsolldated claye (Lambe & I{hltman L969, pp.30I-
3O2). Dilation waa displayed to aome exte:rt by even the weathered
eampleer (for exampleer eee Figure 5-4(b)), although in RM27B it waa

only a sllght trend at the end of the fírst teet stage.
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Figure 5-4 Volunetric Strain Dr¡ring Triaxial Compression
Tests
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Plate 5-3 Triaxial SpecÍmen of Rlttz7À after Testing

Plate 5-4 Triaxial Specimen of RIÍ26 after Testing

Axla1 stress-strain behavlour followed a concurrent trend, as seen in

the pl-ots in Appendix C. I{tth the coarsely graded materiale, aL low cell

pressurea, peak axíal load tended to be reached rapidly and then begJ-n

to reduce (at which polnt unloading $rss coqmenced). At other stages, and

f or the more rveathered samples ¡ f ailure ttaË noríceably plastie r w:lth

exial load conËlnulng to lncrease sIowly up to slgnifJ-cant streLn. The

non-coheeive eamples could not be reuoved from the ce1l ínEectr but

Pl-ates 5-3 and 5-4 of extremely weathered rock ate good examples of the

f inal stage f ailures, shoroing the barrelled shaped end lack of etrongly

developed ehear planes. In Plate 5-4, some of the compactlon layers câll
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apparent effecË orl sPeeimenaleo be detected, but these had

behaviour.
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To prevlew the relatlonship bef¡¡een etrength and weathering¡ Flgure

5-5(a) & (b) present, reapectively, c and / against slope age. l{lthLn a

broad scatter, ehear strength lntercept increasee somewhat w'ith age. The

correepondlng reductLon l¡ Q 1e more clearly defined (Flgure 5-5(b))t

but although the values fell in e tight,er band, in htgh streao fl-elde

small varl-ations in / imply large differences in strength.

Because the eonflLetlng t.rendE in the comPonents of shear etrength

confuse the effect of age on strength, the net value of shear st,rength

at a moderate normal atre€s (ræo - c + 300 tan C), !üas also examl-ned'

From Flgure 5-6, lt is obvious that for much of the strees range

expected l-n the rüaste-rock dumpe, the ga1n in cohesion aE t'he materiale

degrade and lveather does not compensate for the loss in frictl-onal

strength. (Note that RM27B, the weakest speeimen, had the highest value

of coheslon). The scatter in results makes any trend l-nconclusive for

lees than 4 years exposure - there may be elther a sma1l loss or gai-n 1n

etreng¡h over thl-s period - but by 6 years exPosure shear strength is

clearly decreasJ-ng. In theee results, there is no aPParent distinetion

bet¡¡een rock types. Thl-s tay be because, during the early stages of

weatherlng, natural variation has obscured any trends w'ithin the limited

number of testsr oË because the effect, of fractures and strese

concentratlons lmposed by minl-ng operations overrides natural uaterial

differences.

The two soil eamples are also interesting. As previously noted, the dump

soil wae developed on a terrace leveL and had been exposed for about 8

years when sampled. From Figure 5-6, the Eechanlcal behavlour of JAB2O2z

is closer to that of the extremeLy weathered rock sampled f::om the mLne

pit than of the material from the 6 to 7 year old dump slopee. RM25' as

a natural near-surface minesoil, had been exposed longer than any other

material sampled, but its shear strength was greater than any of the

pit/soi1 sauples. From Figure 5-5, its cohesion íntercept rüas sltghtly

hJ-gher, and its fríction angle slightly lo¡yer, than the 6-7 yeax old

dump samples. The apparently anomalous behawiour of the t¡vo soil samples

indlcated that duration of exposure is not a sufficiently discriminating

parameter v-ith ¡vhich to measure degree of weathering. Attempts to define

more suitable descriptors are discussed in the follorring ehapter. It may

be noted ln passing that, if RM25 is typieal of sol-Is surfacing the

natural landscape within Ranger Project Area, the present angl-e of
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st,able natural slopes roay not be a good besle for the deeign of
rehabl-litated landforme constructed from poestbly weaker dump material.

o
o-
f; soo
O
¡r)

il
É

b
Ðo 200

o
o-l<

-c

S loo
0)

,.F¿
(n

o
(¡)

l-(/) 
o

0 10

Slope Age (V.) : Weothering

Figure 5-6 Effect of. Age¡Íleattrerinçt on shear strength

Results from the t!üo saturat,ed tríaxial compresslon tests are also

included in Appendix C. Resultant effectíve stress Parameters vrere

Q,=29.6, c¡=7OkPa for MG15 and Q,=26.6o, et=27kPa fot JAB2O2z. These two

tests lrere carried out only to lllustrate the magnitude of strength

parameters for saturated du.p materl-als. Any eaturation in the lùaête-

rock dumps r¡ou1d be translent, and so unrelated to ¡veathering or general

long-Ëerm stablll-ty. Even in the shorÈ term it is unlikely that a dump

could beeome fully saturated, and to assr¡me so would be an

unrealistically harsh design condit,ion. Such detailed design is beyond

the seope of this thesis.
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6. CIIARACTERISATION OF WE,ATIIERING

6.1 Grading Trends

6.l-.L Correlation with Age

It waa obeerved l-n Section 5.2.2 that although varioue asPects of

mechanl-cal beheviour eho¡ved broad trends Iù-Ith slope age¡ the

correlationa !7ere l-ndirect and eome were not ¡¡elI-defl-ned (for examplet

Flgure 5-a(a) ). In additlon, slope age 1e not appllcable as a

quantitative rneasure for the pit/so1l samples. It ltaa repeatedl-y

observed throughout the proJect that, to date, weathering in the ¡¡aste-

roek samples is manlfest predoml-nantly as disi.ntegratlon- In spite of

the active proceases being those of chemical ¡veathering, decompositlon

was barel-y detectable except 1n Lhe oldest batter samples. (Of courset

deeomposition was slgnlficant in the pit/soil- materials.) Conseguentlyt

physJ.cal deseriptions of the collected samples lvere now re-examined in

the context of materlal strength.

In Figure 6-1, site gradíng data (detailed in Appendix B) are expreesed

as proportions of the maJor particle size claesLfications. Wl-th regard

to the dump batt.er materials, those uP to 2 years old were comPosed

aluost entírely of coarse fragments (boulders, cobbles, and graveL)

after whlch there lùas a general decrease in coarse fragments with age'

Sand eontent shows a reverse trend, u.lth the initial small proportJ-on

qulekly deplet.ed and beglnning Ëo re-accumulate after about 2 yeaxs.

There Ls signiflcant scatt.er in the age trends for bo*-h fractions but

strong correlaÈion between the fractions. Stlt follows a similar trend

to the sand fraction on a diminished scale: production of silt from

¡¡eathering was not apparent until after about 3 years and at 6.5 years

the proportion rùas sti1l less than 52. Clay content was mlnimal until

after 5 years exPosure on the dump batters.

Taking the batter samples in overview, lt may be inferred that

disintegration occurs predominantly as the breaking down of coarse

fragments into smaller fragments and sand-sized partícles. Generation

of silt and, in partl-cular, clay follows the increase in sand content

¡shich suggests that particles 1n these sj:ze ranges result prl-marily

from dislntegration and decomposition of the sand fractlon.
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Fi4re 6-1 Variation of Partic].e Size Fractions wíth
Age./Íle.athering
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Regarding rhe pit/eo1I samplee, it ie obeerved that RM27B (eubsoll

pegmatlte), which was the ¡seakest materl-al teeted, contal-ned markedly

leee gravel, and more eilt and e1ay, than the other samplee. All of

these Dore weathered materlals contalned about 5OZ eand (eompared wlth

less t:han 201F in the bat.ter sauplee), wlth elighrly less 1n the sol-le

than ln the extremely weathered rocka. Thl-s decreaee suggests that in

the sol-1e, decomposition hae become predominant over disíntegration of

fragments to sand, although it may also be that under ln-eitu

conditions disintegration is lees pronounced than it ie ln the inltlal

6tages of weatherlng on the ¡¡aste-roek dumps. The sample of soil formed

on a dump lift, (JAB2O2z) cont,al-ned more silt and less clay than the

natural granitie uine-soil (RM25) r which is consistent wlth e leeser

degree of ¡seathering.

This examination of Ëhe seParate gradíng fractl-ons helped distinguish

the mechanisms involved i-n weatherj.ng of the waste-rock at Ranger. In

terDs of a parametet to characterl-se weathering, the proportlon of

coarse fragnente (or its complement, the total proportíon of sand'

e1It, and etay) l-s dl-reetly related to the dislntegration asPect of

weathering and shows an eneouraging trend in Flgure 6-r(a). Although

sand fraction 1s simi-larly related and contains slightly less scatter

in its correlatlon ¡rith age/weatheringr there is an anomaly apparent in

sample RM27B, whictr had a sand content typical of the weathered

materials but sho¡¡ed much lower shear strength in the triaxial

compression tests. Neither sil-t nor clay are Preserit in sufflcient

proportlons to be raLionally correlated I^t-ith uechanical behaviour for

batter materials less than IO years old. Coarse fraction ¡sas therefore

considered the most promising quantifier for degree of weathering'

However, it wes also thought that a better measure might be derl-ved

from the complete grading curve rather Lhan from a limited fraction'

Scott ( I98O , p.l2) , list,s three ParaDeters cornmonly used in the

description of particle size distribut,ions of soi1s, namely:

effective size DIO ;

unl-formity coefficient Co:D6O/DfO ; and

coefficient of curvature C.=D302/(DOO'DfO) ;

where D* is the particle size at r¡hich there ís xZ passíng (by weight) '

Low values of Cu, approaehing unity, indicate unl-form particle elze'

Large values of Cc, approaehing Cu, result from strongly concave
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grading curvea while very sual1 values euggest convexity. (lhie

coeffLcienÈ mlght be dtfficult to lnterpret, however, J-f the gradJ.ng

curve contains contraflexure, such as by beíng convex 1n the coarse

portion and concave at the flne end. ) Effectl-ve êtze relatee

essentially to the locatlon of the gradlng curver whereas the two

coeffieients relate to curve shape.

I,Iith reepect to dump batters, effective size might Lncreaee slightly in

the firet 2 yeare due to removal of the original fines but should then

decreaee contlnuously aa disintegratl-on proceede and decomposition

co¡mencee. A l-1ol-t.ation on it,s use ín charaeterJ-sing ¡veathering is that

the value of effective sj-ze becomes uncertain when materiale contairi

more than LOZ c1ay. Also, es DtO is calculated from the tail- of the

distribution, 1t oay be eusceptible to errors ín sampling and analysie

sufficient to co¡rfuse any correlation w1th weathering. For theEe

reasons, D3O, drich remains plalnly determinate uP to 3Ol elay content

and ls less affected by variatlons at the extremity of the grading

curver rvas aleo consldered as a weathering parameter'

Trends in the shape coefflciente are much more difficult to anticiPate.

Both DtO and DeO wtll decrease initially due to disintegration of

boulders, cobbles, and gravel: the relative ehange ie probably greater

1n D1g so Cl1 could be expected to increase. As deeomposition becomes

significant and D1g decreases towards clay slze, if D6O is greater than

sand size it night remain almost constant in which case C,, wlll

co¡rtinue to lncrease. Eowever, if more tlnar. 60Z of the material becomes

finer than sand, DtO and DOO may decrease independently and the

result,ant effect on uniformlty coefficlent is unpredictable. Because

coefficient of curvature is a function of three 6ize measures Lt rües

inposslble to postulate trends. The paraneter was consídered for

coupleteness but it ¡ras suspected frou the outset that the interplay of

weathering meehanisms reguired a more absolute measure than degree of

curvature of the particle size dlstribution.
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The actual correlations of the eize parametere ru:lth age/¡seathering are

presented in FJ-gure 6-2. Effective ei,ze, DlOr and DgO both show

recognisable trends of D* decreaelng r,rith age¡ for the bat.ter sitee.
Eo¡¡ever, the band of ecatter for D3g ie much narrower, such that even

the slight inltial increaee due to depletion of eurface fl-nes is
apparent,. llith Dlgr the decreasing Ërend continues through extremely

weathered rock and eoil, although valuee for the latter Iùere

extrapoLated from percentages passing 2 ulcron and 6 mícron (boLh soils
containing ¡nore than l0Z clay) and aÊe Èhus suspect. By contrastr D3O

ls of the same order for the eoile as for the stronger weathered rocks,

RM26 and RM27A, ¡vhl-ch is consl-etent with trends 1n indívidual oize

fractions (refer Flgure 6-f).

The gradlng curve shape coeffieients, Cu and Cc, are sho¡m in Flgure

6-3. Anld a broad scatter, uniformity coefficient increases with slope

age and weathering, as predicted. Referring to Fl-gure 6-2(a) and the

varl-abíllty of Dlgr ¡¡Lrich is the denominator ín C,'r the large scatteË

ls not eurprising. Ae antlcípated, coefficient of curvature has no

apparent, correlatlon with weathering.

Based on the foregoing examination of part,icle sJ-ze distrlbutíon

parameters, percentage coarse fragments (Figure 6-f(a)) and D3g (Figure

6-2(b) ) were selected as the best-correlated measurea of, in

particular, the physical changes oecurring during weathering of the

rvaste-rock at Ranger Mine.
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6.L.2 Correlation with Strear Strength

The shear strength parameters adopted in Chapter 5 - cr Q, and zr*
are shov¡n vereua VoFragments and DgO ln Figures 6-4r 6-5, and 6-6

reepectively. Trende are almoet identical for both grading measures

(VoFragmen* on a linear ecale and DSO on a logarithmi-c ecale) r so the

following diecuseion, while framed around VoFragmentsr applies sJ-uilarJ-y

to D39.

On brlef J-nspection, ehear intercept appeared to lncrease in a broad

trend w'tth decreasing percentage coerae fragment.s. Eowever, ae noted in
Section 5.2.2, the non-zero intereept for the batter sanples was due to
partiele lnterl-ock (or a similar effect) raLher than to clay cohesion

¡vhieh is effectíve in the more decomposed eamplee. In the context of
these Eeparate mechaniems, Flgure 6-4 euggeEts two narrolver t,rends. The

f Lret l-E shear intercept decreaslng lt-lth VoFragments l-n the batter
eamples (that fs, on the rJ-ght Elde of the graph). By extrapolatlng the

trend, it l-e estimated that the effect of particles int,erlocklng ís

mLniual belo¡¡ about 807" fragmente. Thl-s euggests that essent'ialIy

dlrect fragment to fraguent contact J-s required, and that the mechanfsm

becomes ineffective ¡yhen the proportion of fine partieles is suffícient

to form a matrix. Because there lrere no samples in the range of 50-852

coarse fragments, the 802 lírnit is somewhat speculative, but it can at
least be stated that the contribution of fragment interference is
readily lost as the exposed waste-rock degrades.

The second trend of Lhe correlation is shear intereept,, as eohesion,

increasing with decreasing VoFragments (or conversely, with increasing

percentage fines). This aspect is apparent from the five pit/soil data

poJ-nts, and al-though extrapolation vas not attempted, the indication iE

that the two effects are jointly active over at most a sma1I range of
gradings. This is understandable, since cohesion requires a continuous

matrix of fines ¡shereas interference apparently depends on aloost

direct cont,act between fragments.
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Figure 6-5 ehowe a broad but consistent, trend of frictlon angle

decreasing with decreaslng ToFragments. IÈ l-e noted that the soil eamples

¡rhich appeared anomalous in the prelJ-oinary correlation of Figure

5-5(b), are here conslstent r"rith the other materials. Despite the gaP

in data between the batter and pl-t/soil samplee, it is clear that the

correlation ie not linear, lrith the reduction in frl-ction angle

aecelerating below 60-5OZ coarae fragmente. If further eamplíng ie

carried out as the dumps age it roight be possl-bIe to establish whether

this effect is related to the lraneition from disintegration to

decomposJ-tLon as the domlnant weathering Dechanlsrû.

Mitchell (Lg76, pp.31O, 315) quoted l-nternal fríctlon angle aa L2" r'or

saÈurated chlorLte and effective residual friction angle rangi-ng from

4o to I0o for montmorillonite (emeetite). the value of. ç=12" (obtained

for sample RM27B) 1s therefore probably approachlng e lower llmit for

weathered weste-rock and resldual ml-ne-soil at Ranger Ml-ne.

AE lrlth the age/weathering correlation in Figure 5-6, 7g0O which

combines contributl-ons from shear intercept and frictíon ang1e, shows

ín Figure 6-6 a net Loss of shear strength (at 300kPa normal stress) as

waste-rock degrades and the proportj-on of coarse fragment,s declines.

Specifically, Ëhere 1s a reduction in shear strength of about 4OZ for

the change in coarse fraction from LOO?" to 2OZ. As w-ith Previous

correlatlons, there is no aPParent distinction between rock types. It

night be said that the pegmatite samples fall generally on the 1ow side

of the band of scatter, and that schists tend towards the high sidet

but there are except,ions to both. There may ín fact be differences in

the average mechanlcal propertíes, but it aPPears that sueh

distinctions are not, as significant as random varLabillty within each

rock type.

Although the sample of natural residual soil fe1l within the band of

scatter in Figures 6-4 and 6-5, both e and Q were above the average

trend, with the result that RM25 is again an aPParent outlier in Figure

6-6. The material is unique among those tested in havJ-ng weathered from

Nanambu Complex rock, whereas the schist, massive chlorite rock and

pegmatite are all Cahill Formation. Ae discussed ln Sectlort 6.2.2t it

was inferred from examination of further stlength/mineralogy

correlations that the singular behaviour of this sample is due to
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critlcal compositlonal differencee. the dump so1l sample, JAB2O2z,

conforms r,dth general trends ln the gradíng-baeed correlatíons
presented in thie eectl-on. fn this context, it 1e only anomaloue 1n the

aense of havl-ng reached a conditlon typlcal of extremely weathered rock

after a coûparatively ehort period of exposure. As diecussed in Sect'l-on

2.3, thie ie at,t,rl-butable to the highly aggreseive weatherJ-ng

envl-ronment ¡vhl-ch le rapldJ-y est,ablished at lift terracea on the waete-

rock dumps.
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6.2 Mineral A]-teration

6.2.L Initial Composition

The apount of variation observed in part,icle gradl-ng correlat,ione

eupported the preeumptlon that other factore aleo contribute to ehangee

in mechanlcal behaviour. Attempte to differentlate on Ëhe bael-e of rock

type (for example, in Fl-gure 6-6) were riot partlcularly eueceeeful. As

noted in Section 4-1, Ranger mine-roeke, especlally thoee of the Cahill
Formatl-on, are compoeed of a co rnon set of uinerale, sueh that rock

type may be largely a classification of natural rock fabric rather than

of mlneral cont,ent. The differences 1n fabrlc are lnore apparentr but 1t
was reasonable to suspect that at least in the longer termr the

development of weathering (and thus ite effect on strength) r is more

senslËLve to the proportiolts of primary minerale. Thls aepect was

therefore examined separately.

l{lthin the context of thls thesis, "prlmary mÍnerals'r refers to

conporients of unweathered mine-rocks, rather than to original minerale

at llthifícation. (For example, chlorite l-s a reactanË in dump

l¡eathering processes and so is here considered a primary mineral-,

although it ¡vas itself a product of earlier metamorphism. ) Quartz and

chlorite, as respeetively the most reslstant and most weatherable

prímary components, were selected for correlation t^rith strength. For

the samples collected during the dump phot.ography exercise (prefixed

MG) r which had shown little mineral decompositionr proportions were

estímated from Rietveld analyees of the 75 mlcron fractions and

corresponding thin sectl-on analyses .(refer Section 4.2). For the later

supplementary samples (prefixed RM and JAB) r estimates were based on

XRD analyses of. <2.4* subsamples. Several of these samples contalned

signifieant proportions of weathering products, and Lnitial

eomposltions were inferred from the Iikely ¡¡eatheríng paths discussed

in Section 4.L. (For exagple, smectite was assumed to have been

produced from priuary ehloriËe).

Figure 6-7 shorys correlations of qlrar:.z and chlorite with friction
angle, w-ith elope age overlaid. There is a general tendency in both the

<5yr and 5-lOyr samples for frLction angle to be less for samples with

less initJ.al quartz arrd more chlorite, but it seems that friction angle

for the pit/so11 materials is not strongly dependent on init'ial



6- 16

corpositlon. Thie l-e in accord lr1th the observation by Mitchell (L976,

p.52) that parent material dLctatee the early êtages of weathering but,

that ultimately other influences, such ae c1l-mate, govern the nature of
residual soil formed.
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mLne-rocke they repre6ent, fall ¡dthl-n e relatively nerrow range

(typically 20-60Z of each qlr'aÍi'zr mr¡scovite, and chlorít,e).
Coneequent,ly, the lack of a marked correlatlon with shear etrength is
perhape not surprising. It is noted that sample RM25, whoee cont,rast,J-ng

mechanLcal propertles were apparent, in severaL previous correlatio¡rst
hae the one exceptional mineral composlti-on (no chlorite).
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6.2.2 Weatheríng Products

Mineral compoeition rva6 thue of llmited tlse ín ell-clting narrolter
trende wtthl-n the broad etrength-gradlng correlations obt,alned for
Ranger mlne-rocks. Eowever, mJ-neralogical deecrJ.ptore etl-Il ¡¡arranted

lnvestlgatlon ae potentl-al rneaauree of weatherlng, in the eame 6enae aa

the gradi.ng parametet" D3O and VoFragments. Although these phyeLcal

descriptors correlated reaeonably well with both dump slope age and

shear strength, they are ll-mj.ted in that they prlmarl-ly ref lect
disintegration v¡hich l-s not the dominant weathering proce€s ln the long

term.

As discussed Ln Section 4.I, the k"y decompoeitlon reactlons ltere

expected to be chlorite + vermiculite smectite -> kaolinite and

muecovite + 11lite + kaolinite. Clay fractLon analyses on batter and

pit/eotl eamples, sumarised in Table 4-3r did not detect verml-culite:

thls mineral waa suspected¡ but not separately identlfiedr ln e

previous inveetlgatlon of Ranger dump and ml-ne eolls (FitzPatrl-ck et a1

1989) r end it may be that the vermiculite stage is at roost trarisitory.

Thus the signlflcant mineral products of weathering found at the Ranger

uineslte ltere illite, smectite, and kaollnite. the Preeence of all

three minerals in four of the five pit/eoil samples (RM25 contained no

chlorlte and eo predictably no smectite), indleates that the reactions

are proceedJ-ng concurrently. It rùas conJ ectured that the result l-s

probably a complex relationship between weathering and strength, uriless

the effect of one of these products is dominant. Thls lras the flrst
possibility examined.

Repeating a previous approach, Figure 6-9 shows illite, smectite, and

kaolinite separately (as proport,ions of the whole material) agalnst

slope age/weatherJ.ng. Since negligibte weathering product !ùas detected

in moet of the batter samples, J-ndieators of chemLcal al-teratlon are

¡rot relevant to these. Ho¡¡ever, for eomparative PurPosesr the data

poinËs are included, along t,Jne Voclaymineral axis, 1n this and subsequent

figures. Referring to Figure 6-1 (ehowing particle eíze fractLons)t

illite gives a similar-shaped plot to silt (or to a reflectlon of

VoFragments), with a peak val-ue oecurring at RM27B, and the dump eoil

being higher than the natural surface soi1. The result for smectite is

essentlally the same correlatl-on exaggerated. Kaolinite diverges only
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for RM25, ¡¡hich cont,al-ned no smectite and only a emall anount of
l-111-te, but had the greatest proportion of kaolLnl-te. the reeultant,
contlnuous l-ncrease in kaolinl-te ¡d-th weatherlng is at warlance rt-lth

obtained strength results (refer Figure 5-5) which showed RM25 aa

slgnlficantly etronger than aome lees weathered materiale. ThuE 1t waE

foreshado¡ved that while percentage kaolinite may be e fair measure of
the degree of general deeompoeition, 1t doee not relate direct,ly to the

speeific aspecte of ¡veathering whlch are critlcal to mechanical

behaviour.

ConsLdering Figure 6-9 in t,ot.al , l-t ie aPParent that regardless of its
appearance and locatíon, the dt¡mp soil ie effecti-vely llore weathered

than RM26 and RM27A (in-situ weathered schist and pegmatite) but less

¡veathered than RM27B (eubsoil peguatite). The high kaolinite co¡¡tent

confirms the natural near-eurface soil as the most extenslvely

decomposed sample collected and, in context, ite loly proportion of
lllite l-s indLcative riot of lese ¡veathering of muscovlte but rather of
more alteratlon of illite to kaolinite.

It is aleo noted that, !,rith about LO7" total seeondary minerale Ln the

moat weathered eample (fron >4O7" r,reatherable priuary minerals), everl

the soilE and subsoile are relatively I'youngil fn terms of total

potential alteratlon. Although weathering is occurring in the rüaste-

rock dr:mps at an accelerated rate, as degradatlon proceeds the factors

promoti.ng rapid weathering (such as free ingress of fluids) !,ri11

decline. Eence tt is expected that the dump material night approach,

but w-il1 not exceed, the degree of weathering in-situ. The impact' of

weathering on mass stability of dumpe and subseguent, landforms is

related to thls segment of the potential complete degradatlon Eequence.
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Flgure 6-10 presenta correlations of iIl1te, smectite, and kaolinite
lrith frictl-on angle for the materials teeted. Despite the limited
number of pl-t/soil samples, there ie a clear trend of. Q deereasing as

1l]ite increases from 07" to 41, wlth whlch the waste-rock samples

(a]ong the axis) appear consl-stent. Smectite hae an even st,rongert

almost 11near, correlatiori in the same dl-rection. Eoweverr thJ-e mineral

aleo shows a clear diecontinuity between the trend in the five plt/so1I

materials (projected back to Q-25" at' zero smectite) and the reaults
for the undeeomposed batter saroplee (Q=28"'95")' rn section 6'L'2 1t was

obeerved that the shear intercept can be produced by two different

mechanieme, namely partiele interference and true clay cohesion.

Although a sl-ml-lar dlstlnction was not, also interpreted from the

frlction angle - grading correlation (Figure 6-5) r that trend ¡vas noted

as bl-linear.

The parameter frictlon angle wae orlginally derived from coneideration

. of trüo eurfaces sltding againsË each other (Lambe & ÏIhitman L969,

pp.6L-62) which ln a continuuu translates directly to the ehear plane.

In a dlscontlnuous mass such as jointed rock, the 1ocal interfacee on

which slidlng takes plaee may be significantly misaligned from the

global direction of shearing, ard Q is increased because of the need to

ride over, or shear through, such asperities (McAnally & Boyce I98Ot

p.246). In the essentially fragmentary waste-rocks a slmilar mechanlsm

carr be envisaged, \^r-ith interlock not aa rigid but asperitiee much

larger. Re-interpreting Figure 6-5, 1t aPPears that thLs Paltlcle
interference effect dissipates at about 60Z fragmentsr slightly lower

than the 1evel estimated for shear lntercept.

As anticipated, the correlation lrith kaolinite shows RM25 as non-

conforming (Figure 6-tO(c) ) . Eoweverr âs lt-ith smectite, a sharp

distinction between pit/soil samples and batter material is obvious.

Correlations of the weathering producËs with shear intercePt are sho¡¿n

in Figure 6-11. In all , cohesl-on inereases generally w-ith increasing

proportion of the particular clay mineral, although the trends are not

as clearly def ined as those for frlction ang1e. The trend r^rith

kaolinl-te flattens out (or possibly reverses) after about 4Zr which was

further evLdence that mechanlcal behaviour íe more strongly l-nfluenced

by some other factor.
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6.2.3 22L Layer ClaY Minerals

Some lncompatibiltty was perceived bet¡veen the number of etrength

resulte for weathered materials and the preeJ-eion implled in attempting

correlatíons with small proportlons of speelfic clay mlnerals. The

total percentage of weathering products \ùas consideredr but taklng the

clay fraction - age/weaËherlng data in Flgure 6-1 (d) as an

approxl-mation, it was clear that this parameter could again not accou¡rt

for the natural soil sample. The measures which best included RM25

¡v-Ithln the general trend for both c and / were pereentage Íllite and

percentage smectl-te, although the latter may have been coincidental as

the material contained no smectlte. Both minerals aÍe intermediate

producte of weathering and have 2zI Layer atructuïesr and both derive

from plate-]1-ke primary minerals (muscovit,e and chlorlte) . Thus l-l1ite

and smectite are likely to have el-milar effects on mechanical

behaviour. By contrast kaoll-nl-te is a produet of further weathering

(Íncludíng leaching)r has a more st,able 1:1 clay layer structure, and

tends to aggregate into smalI comPacË particles'
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In Fl-gure 6-12 the grouped 2:l layer clay minerale are correlated lrith

age/weathering. The ranking of dump soil between extremely ¡seathered

rock and eubsoil pegmatite on the weatherlng axie waa accePted earller

in this sectlon, as wae the decrease from RM27B to RM25 in intermedl-ate

¡yeathering products, because of the eubeequent, reaction to kaollnlte.

I.Itth reepect to strength, Figure 6- 13 ( a) showe a clear trend f or

frlction angle and the discontinulty bet¡¡een pit/eo1l materials and

batter saoplee. Ae with previoue correlatlone, the trend 1n coheeion

hae a broader scetter (Figure 6-13(b)), and the net effect of changes

in frictlon angle and shear intercept is a slight decrease in shear

sËrength (at 3OokPa normal stress) with increasing proportions of 2¿L

clay uinerals, as demonstrated in Figure 6-13(c) '

The fact that prevlouely anomalous materi-als falI vr-ithin conel-etent

trends in Figure 6-13 supports a strong relationshlp bet¡¡een the

proportion of ZzL clay minerals and shear etrength. Eol¡ever it is

unlikely that euch ema1l amounts of illite plus smectíte affect

cohesion and friction angle so markedly. The strength of correlatlons

may rather be due to Ëhe fact that the percentage of 2¿I layer clays is

also an indirect measure of lnfluential aspects of partíclee further uP

the grading curve, such as l-n the fine sand and sllt fractíons' Both

muscovl¡e and chlorlte form angular platelike partícles in these

fractions whereas the other primary coEPonent, q.u,ar:-z, tends to a cublc

or nodular shape throughout the slze range. The sand content ranged

frou 40-60:l l-n the pit/soil samples and síIt from 2'2OZr so l-t ie

reasonable to expect that the difference in the nature of these

fractions is important to mechanical behaviour of the bulk material'

From this basis, the results obtained for sample RM25 may nolt be

explained. The bulk analysis for this natural residual soil showed

dominanË qlrar:;z and minor goethiter Iü-ith only minor muscovite and no

chlorite. Consistent rùith Èhis, no smectite lüas detected in the clay

fraction. Therefore, ¡Dore than any other non-batter sample, the fine

sand and silt fraction was dominated by hard nodular qlraTi-z particles

and the clay fractlon by stable 1:I layer kaolinite. By contrast RM27B'

which was the weakest material tested, contained more than 102 2zL cl.ay

minerals and about 40-457" muscovite plus chlorite'
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A final l-nferenee 1e that, the ¡¡eatherJ.ng reactione of. 2¿1 mlnerale l-nto
kaol-inlt,e t,end to lncrease st,rength. Becauee of it,s dl-fferent, mineral
compoeJ.t,J-on, the etrength of RM25 ¡sou1d probably be higher than average

et any etege of weathering, but the difference between 2zL and I:I
cJ-ays l-e e rnore general ef fect. None of the other samplee yet contain
sufflclent kaoLinite to dominate, but it can be foreseen that tf
weatherl-ng continuee frict,lon angle could reach a miniuum and then
stert to increase es the platy minerals and less stable clays are
depleted and replaeed by kaoll-nite. Elowever, since even the most

¡¡eathered material eampled contalned only 102 kaolLnite the reversal of
trend l-e probably beyond that range of weathering relevant to the
waate-rock dumps and subsequent constructed landforms.
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6.3 Co].].ated Data

The clearest correlations of phyeJ-cal and ml-neraloglcal parametere ¡¡'Lth

slope age and materlal et,rength are su ¡rarised in Figure 6-L4. For

characterisatlon of partJ-cle grading, VoFragments (bouldere, cobblee, and

gravel) rüas preferred to D¡O because of ite linear rather than
logarithmLc sca1e. Both fundamental shear st,rength paraneters (c end C)

ate lncluded but zroo has been omitted. As shear strength evaluat,ed at
300kPa normal streser r3go was ueeful 1n diecuseion to demonst,rat,e the

net effect of weathering-relat,ed changes on materlal strength at a

Èypical stress 1eve1. Eowever, because trends in c and Q are slmilar Ln

magnitude but opposite in direction, the interactions are easier to
appreciate with these st,rength componerits eeparated. The shadlngs on

Fl-gure 6-L4 are intended to mark the trends and effects of verloue
mechanLsns, not to def l-ne guantitaLive boundE. Many more dat,a points
would be required - to fill in from 50-802 Fragment,s and to define the

transverae correlation !ü-tth lnitlal mineral compoeltlon - before
speclfic mathematlcal limits could be Justified.

The most valuable outcome of this study of weathering characterlst,ics
!Ías exposi-tion of the various mechanisms through which material
weathering affects mechanieal behavlour, and how Ëhey int,eract. It was

not at,t,empted to further condenee the data into the format suggested by

Flgure I-l or to extract a single parameter as a measure of degree of
weathering. Not only was the latter unwarranted by the ll-ml-ted data

set, there are speclfic attributes of the dumps and materials at Ranger

(such as similarity of composition, apparent domlnance of mJ-nJ-ng-

induced fabric, and the patt,ern of high concentrated rainfall), such

that the observed sequence of weathering may be unusual. Therefore a

single paraueter deslgned to suit Ranger is unlikely to be generally
applicable. Figure 6-L4 is thus submitted as the most useful
compilation of the effects of material weathering on shear etrength in
Lhe Ranger rùaste-roek dumps. The next stage of the research project was

to include this understanding in stability analysis of the long term

dunp batters and rehabilitated landform slopes.
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CHAPTER SEVEN
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7 . DI]UP STABILITY ÀNAI,YSIS

7.1 Review of Ànal-1Êical Mettrods

In the actual dumps, each ltft ie construeted of essentJ-ally freeh
waete-rock. There may then be aone period, during ¡^rhich degradat,ion
coÍrmencea on the batÈere and ltft t,errace, before the next ltft of
freeh mat,erl-al f s dumped. After complerion (typically w.ithin ten
yeare), the heap is 1ike1y to remaln as dumped for t¡ro decades or more

- whLle r¡eathering proceede - before the area l-s reshaped l-nto the
rehabilitated landform. Tn¡o problems rüere identif ied r¿th regard to
elosely nodelling thie sequence in slope etability analysis, namely:
a) the Pauses between construction of successive lifte has t,o date been
quLte variable, sueh that, a "typical" durat,l-on ie hard t,o ratlonalf.se;
and

b) as aesert,ed 1n Sect,ion 6.3, it was not appropriate to mathematically
formalise the weatherl-ng-st,rength relatl-onshLp, ¡vhlch would have been
more convenient for i.nt,egrated analysis.
As a result, it, was proposed t,o devise series of analyses whlch, while
not replicatlng the hlstory of the physical dumps, would illustrate
changes in dump slope stabilJ-ty as waste-rock r¡eathers. Spec1fically,
ít was planned to perform sets of analyees for slopes, each compr1-sed

of a single materLal (representing a dlscrete degree of weathering) and

built up lift by lift assuming no change in mat,erial properties between
l1fts.

Throughout this reeearch project,r lt llas repeat,edly observed that
waste-rock does not fit easily l-nto normal geoteehnical engineering
practices. From sampling to classification to laboratory t,esting, Èhe

establLshed framework of procedures required modification to
acco'nodater in particular, the unique síze and age-dependent aspeets
of spoil material from Ranger Mine. As it was ant,icipated that this
dif f ícu1ty roight extend to slope stabJ-lity analysis, a prelimJ-nary
review was made of the bases and development, of the varioue analytical
methods, in order t,o select o¡re reasonably appropriate to the problem
at, hand.

Central to any geomeehanical theory is the type of mathemat,ical model
assumed for t,he mat,erl-al itself . As Jaeger (197f ) pointed out, soil and

rock mechanics diverge at this rudiment,ary Ievel, ¡¿ith soils approaehed
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involve poetulating a ehape for the eL1p surface and then eearching for
a locatlon for this surface vtrich mínlmises the ratl-o of g1oba1 forces

resJ-sting sl1p to global forces promoting it. (Thie ratio is termed the

factor of safety against slope faLlure.) fn 6ome reePects, the eoil
model is thue traneformed to resemble the rock mechanics concept of a

mass domlnated by diecontinuity. Eowever, in a eoil elope the joint,
(sLfp) is not pre-exisËing, and remal-ns hypothetieal unleee faílure
actually occura.

The varioue linit equilibrl-um theoriee are differentiated by the ehape

of the postul-ated fal-lure eurface and by the assumptíons invoked to
make the force equilibriuu equations determinate. The first asPect,

implies that a epecific mode of fal-lure Is antíclpated: Caldwell and

Moss (I9S5) lieted 6even poseible Eodes for mine-'¡vaste embanknents,

ranging from edge sJ-ip to foundation fallure. For each mode of
instability there may be several analytícal methodsr representing

various degrees of rigorousness in Lhe solution of linLt equlllbrLr:n.
(For example, Fredlund and Krahn L977, reported about a dozen methods

just based on a circular failure surface with the slope considered as a

eerles of vertical s1íces).

The valldLty of a particular result thus depends firstly on correct
prediction of the critical fail-ure mode. Often it can be confl-dently

anticipated, because of a particular Seometry of soil stratar or from

investigations of previous slips under similar condl-tions. For example,

Bllght (L969 and I9S5) back-analysed a number of slips in dumps on the

I{itwatersrand gold fíe1ds, and subsequent,ly proposed a wedge method of

stabiliÈy analysis for rockfill "on rreak foundat,ions. In the context of

a design tool, the rnajor benefit of linit equilibrlum methods is that'

because of extenslve use, factor of safety gives a ¡¡ell accepted and

comprehended measure of the margin against, failure. A lurking !üeakness

Ln the global ll-miting equílibrium approach is the assumption that peak

strength can be achl-eved simultaneously along the ¡shole of the

potential slip surface. The lmplJ-cations of this for strain-soft,enlng

materials (which show a reductl-on in strength after yield) has been

highlighted in the classl-c papers by Skeropton (L964) and Bjerrum (L967)

on progressive failure of clay slopes.
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A smaller but developJ-ng group of models usee finite element proceduree

to analyse the distributions of sÉrese and strain throughout the r¡ho1e

eo1l continuum. With approprlate constltutive lawe to describe stress-
straLn behavl-our, this technique can be ueed to invest,igate elope

stability from the baeice of load equilibríum and strain compat.lbil-1ty,

so that the crl-tieal mode of failure le determl-ned by the analyei-e,

rather than being requJ-red as input. Some dleadvantages ere that the

level of sophl-sticatíon is often incompatible with the quality of the

avallable soll data, and that finite element oodels requl-re experl-enced

epecificatíon and interpretatlon to produce rellable reeults. Aleo,

because of the relatlve nevnesa of the method and the ar¡ount of data

produeed, there ís as yet no widely acknowledged meaeure of the margln

agaínst failure lnplJ-ed by the results of a fínit.e element analysJ-e.

Eowever, the l-nsight provided l-nto the mechanisme and development of
lnstabllity mey be of more aeel-atance to engJ-neering judgement than the
prevalent, but sometiues deceptive, slngle factor of safety.

A finlte element procedure rùas seleeted for the current investlgat,l-on

into long-term slope stabillty of waste-rock dumpsr primarily because

of the undesirabtllty of presuming one uode of fail-ure for the diverse

range of materiale. For example, the triaxial testlng lndicated thet
the fresher waste-rock has slgnificantly greater shear strength than

resl-dual minesoil sampled near the dumps, whi-ch is probably simllar to
that on which the dumps were constructed. Consequently, in a fresh dump

it is anticipated that, failure could be instigated in the ¡seaker

foundatlon. The natural soil however was stronger than both the dump

soil and the sampled extremely ¡veathered roek, so it is less ltkely
that a slip in a more degraded dump would extend into the natural base.

In additJ-on, finite element analysis uses more of the information
available from laboratory strength tests (liroit equilibríum methods r¡se

only cohesion and frLction angle) and produces more detal-Ied resulÈs

which can assist the assessment of slope stability even ifr for a

particular analysis, the modelled slope does not fail. FJ-na11yr a

finite element model was used in the preliml-nary J-nvestigatlon of dump

stabJ-lity at Ranger Mine (Richards, Peter, and Lucas 1986), and it was

expedient to continue with the saoe programme. The conceptuel model and

associated computer routines are discussed in Section 7.2.L.
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There is a final level of differentiatlon in analytical- techniques 1n

geotechnlcal engineering, namely ¡vhether Èhe model is formulat,ed in a

determinist,ic or probabilistle rnanner. The former is the tradl-tlonal
opt,J-on, Ìrlth represe:tt,ative valuee (typically mean or lower bound)
judged for each mat,erial peramet,er and occaslonal replJ-eate analyees
carrl-ed out using opt,imietJ-c and pesslmistic eet,lmat,es to check the
sensitivity of result,s. In concept, the probabllletie teehnique
replacee each ei-ngle value paremeter with the probability dlstríbutl-on
f or that paraneter (or lr-ith repeated estlmates generat,ed from the
probabilJ-ty dietributlon), l-n order to obtal-n a probability densJ-ty

function for the result. The technJ-gue hae occasLonally been overlal-d
on liml-t equilibríum slope stabJ-Iity models (for example, McMahon 1982)

wtrich is l-ntrfgul-ng conelderJ-ng the degree of. determl-niem lnvolved 1n

predJ-cting the failure mode and in formulatl-ng a det,erml-nat,e force
equilibrlum equation. To the author's knowledge, the probabilietic
approach has not been used with finlte element, roodellJ-ng in
geomechanlcs. The Iikely reaeon for this l-s the multiplytng effect on

an already complex and comput,atíon-intensive proeedure. A lLnit
equlllbriun model may have several layers, each described by t!ùo

strength paraneters, ¡shereas a finite element, model often contal-ne

several hundred eleuents with perhaps a dozen material parameters.

Recalling Lhat the Monte' Carlo simulation described in Chapter 3

involved 5000 repetít,ions to obtain probability distributions for one-

dimensional geometrl-c measurea, it is apparent that probabilistíc
finite element, nodelling is not yet, a feasible alternative. fn vie¡v of
the present rapid development of conputers, and íf quantitatl-ve data on

the distribution functlons of soíl parameters are also eollated at a

consistent rate, the combination of finite elements and probability may

hold promise. At present, however, the deterministic approach 1s an

accept.ed feature of the finl-te element model used to analyse dump

slopes composed of waste-rock at. various stages of r¡eathering.
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node geomet,ry end element asaociationa were lncluded dlreetly Ln the
finit,e element input f ile. One funct,ion of thls generatlon progreûn¡e
!ùaa to optimiee node numbering for ml-nimum bandwidths this caused 6orne

confll-ct. wl-th mlnor eections of the model ¡vhich assume that number].ng
proceeded in rows from the top 1eft. To overcome thl-e, a elmple eort
rout'l-ne ¡¡as added ¡¡hich produces arreys mapping actual node and element
numbere t,o equl-valent, poeitiona w-ithin e rectangular mesh.

The const,ructíon aequence for Ëhe dumpe lyae modelled using a separat,e
materl-al specifieat,J-on for each ll-ft, and at each lncrement declarlng
materials above the cr¡rrerrt lift to be J-nef fect,ive. The t.echnJ-que wa6

previously employed in the analysie of dragline-placed spoil piles
(Richarder Coulthard & loh f98f), and also in prelimlnary modelling of
drr.p elope at Ranger Mine (Richards, Peter & Lucae 19s6). rn practr-ce
the "turnl-ng off" ls achieved by divlding st,iffness cont,ribut,ions from
inef fectl-ve element,s by 1000. Resultant, small stressee in these
elemente are reset after each increment and have not, been found
significant,.

During the analysJ-s, the mesh geonetry is updated after each increment
to t,ake account of nodal displacements. Because of the compatibllity
constralnt at lift interfaces, upper parts of the mesh are distorted by

displaeements aecumulated in the underlying lifts before those top
lifts are "turned on". In addl-tlon, the fl-rst increment, in vrhich a lift
becomee effective includes s¡0a11 settlemente in the lift due to self-
weight. BoLh of these 6ets of displacements are inappropriate to the
movement, which would be observed or measured on an actual dump, es the
finished level at any stage is largely independent of prior surface
depressions or compaction of the current lift during placement,. Because

of the programrñe structure, lr'ith element and node arrays fu1ly
assembled before entering the analysl-s subrout,ines (and because ôf the
necesslty of displacement eompat,lbilJ-ty betveen adjacent elements), the
anomaly cannot be easily amended ¡rithin the programme. Inst,ead, output,

displacements !¡ere approximat,ely corrected by subtract.ing the
corresponding displaeement at the top of the underlying lift in the
increment before the nev 1lft ¡sas applied. Self-rseight settlement,s ¡vere

est,imated by analysing a single lOn lift built up row by row, and these
ltere also subtracted. (Displacements discuesed and illustrated 1n the
remainder of this chapter have been adjusted in this manner.)
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7.2.2 Material Models

One of the major conclueione streeeed by Rleharde (1990) waa the need

for consletency of theory bet¡veen the analyeís of laborat.ory t,eate to
obtain eoil parameters and the modelling of fleld problems using those
paranetera. For example, in the interpretation of triaxial compreselon

test6 1t is normally aesumed that axial and lateral et,resses are
unl-form throughout the eample, and that the eample mal-ntalne e

cyll-ndrlcal shape as it deforms (thet i6, the eides remain et,raJ-ght, and

vertical). In praetice barrelll-ng J.s more corrirnon as the sample

approaches failure (as in Plate 5-3), ¡rhich also impllee non-unl-form
at,ressea. Classlcal limit eguill-brium theories do not explJ.citly
conEíder deformat,lon, and the el-mpli-f l-cat,l-ons in laboratory
l-nt,erpretation and problem analysie ere l-n reasonable accord. Eowever,

1t would be inappropriate in an analysie of fteld load-deformat,ion
behaviour to use etrength parameters lthooe theory cont,radlct,s the
actual deformat.ionE obeerved in the laboratory teet.

Mat,erlal properties for the dump slope analysee ¡¡ere obtained usíng the
approach described by Rl-chards (L978, 1980a, & 1991), in r¡hich the
laboratory te6ts are thenselves back-analysed using the finite element

progranme. I{orki-ng from first estimates based orr simple theory and

previous dat,a sets, t,rial-and-error adjustment is carried out on the
sol1 paraneters unt.il reasonable correspondence with the meaeured data
is achLeved. Those parameters then constitute the material models used

in analyses of Èhe dump slopes.

The mesh used to model t,rl-axial compressiori tests on dump material and

r¡eathered mine-rocks is sho¡¿n in Flgure 7-L. Thin joint elements

int,erfacJ.ng the soil and top platen, and also at the base of the
sampler were included to permit roodelling of finite lateral restrelnt
at. the ends of the sample (Richards I97S). As may be observed on Plates
5-3 and 5-4 of weathered rock samples, there was typically minimal
l-ateral deformatlon beneath the top platen and only slightly rnore

moveme¡rt at, Ëhe base, such that the sett,ing of these joint element,s ¡vas

not critical. Eowever, they were also found to improve the stress
distributions, partieularly along the base, and thus prevent, minor

numerlcal instability from lnstigating artificlal failure in the modeI.
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As dlscussed later ln this section, when the shear strength of an

element is exceeded, its failure 1s flagged and differe¡rt equations are

lnvoked to evaluate element stiffness parameËers. Once an element has

failed, it cannot revert to the pre-failure equations¡ êVêrr if the

stresses change sueh that it 1s no longer yielding. (Unloading 1s

nodelled using parameters evaluated at, maximum prevfous shear stress.)
Conseguently, it !¡as not possible to model e nultiple-stage trlaxial
compression test in a síng1e analysis. Instead, each stage was

considered separately, r,rith initial vertical and horizontal stresses

specifíed respectively as the maximum vertical stress in the previous

stage and the current ce1I pressure.

Stral-n-controlled loading \tas simulated by applying increments of
vertl-ca1 dJ.splacement, typically 0.2*, to the top nodes of the loading

platen. As occurs in actual trl-axíal samples, ln the finite element

analyses large portions of the mesh often reached failure
sLmultaneously. This sometimes produced an aPParent sma1l junP in
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average vertlcal atre6a, which was actually related t,o diffieulty
handling the sudden Large changes 1n the stiffnese matrlx. The problen

rùaa generally overcome by repeatJ.ng tft" analysie uslng smaller

increments of dLeplacement near the commencement of failure.

The baele constitut,lve model- used 1n the progra¡nme ie a eomposite of
the Modified Variable Modulll- Model (Rl-chards L978)' whleh deflnee

material stiffness peraneters up Ëo yleldr the Mohr-Coulomb ehear

strength equation based on an assoclated flo¡r rule (DavLs 1968) up to
yleld and non-asEoclated flow poet-yield¡ and ehear element etl-ffnees

formulatlon (Rieharde 1980a) after yie1d. Speci-fieally the equatlons ae

used in the triaxlal test and dump elope modele were:

(a) Bulk modulus, K = ko prior to yleld and

K = k= at yleld and post-Yield.
(ko and k, are constants.)

The assr:optlon of constant values for bulk modulus before and after
yield ls a BÊea:- si-rnplLfteation of the hyperbolic eguations aval-1able

in the progra¡¡me. It is Justifled by extensive modelling of a range of

materials (Richards L978, I980b' &, L982) ¡strich has suggested thatt

except, for lnitial loading of loose silts and sande, load-deformation

behaviour is not, sensitive to changes in bulk modulus. The selected

value should, ho¡¡ever, be reasonable in the context of its relations to

other stiffness parameters (Young,s modulus, Poisson's ratio, and shear

modulus).

(b) Shear modulus' G : (I-rlt!).S1 + Bo Prior Èo yield and

" 
: gr et yield and post-yield.

(qr 8L, 8o, and g= are constants;

z is maximum shear stress; and

z, is shear stress at Yield.)
The option exists to include in the unyielded modulus a term relating

to normal stress. Eo¡¡ever, based on the nodellJ-ng experience referred

to above, it was antieipated that reasonable modelling of the waste-

rock and weaËhered roek samples could be achieved wlth the simpler

verslon. This was in fact the case and, considering the linl-ted extent

of the laboratory test prograûìme, greater elaboration rüas considered

unwarranted. Again consistent rù1Lh previous modelling, shear modulus

wae found to be the critical stiffness parameter.



7 -L2

(c) Shear etrength, Íf - c * Øn.:uattQ prJ-or to yl-eld and

Íf - cr + or-'t'ar.âr at yield and post-yleld'
(e¡ c"r Q, and Q, are constants; and

ør, is normal et,ress. )

Thie speclficatlon represenÈ6 tlro dtfferent etrength crlt,eria: the

initiation of yteld l-s judged accordlng to the normal Mohr-Coulomb

equatlon for maxlmum ehear etresa, but once yield hae occurred etrength

is evaluated along the s11p plane (that isr l-n the dl-rection of maximuo

shear etrain). Davis (f968) demonstrated the relationshl-ps between

these eonditiona as cr = c.cos p, and øÊ tan-lsin /, although for

strain-softenJ-ng materials cr and QÊ are better approximated by the

actual residual shear strength parameters. The approach correlatee lt-Ith

the ehear element etlffness matrl-x formulation invoked for post-yLeld

behavlour (Rlehards 1980a), which eesentially involves preventíng

further normal atresa parallel to the ealculated elip pIane. Any excesa

shear etrese in these yielded elements may be redistrlbuted in the next

l-teration vía nodal loads.

For stability analysis materials ranging from fresh waste-rock to sol-l

were selected from the lower bound of laboratory strength test results

shown in Figure 6-6(a). In order of decreasing Percentage coarse

fragments¡ they were JAB2OI, MG08, BJ427A, Jlß2022' a¡rd RM27B. Because

of the gap betl¡een MGOS and RMz7A, trùo hypothetical materials lrere

added (named Erag75 and Frag60) ç-Ith stiffness and strength Parameters

intermediate between the two sampled materials. RM25 ¡¡as also lncluded

to represent the natural surface uaterl-a1 over wtrtch the dumps ere

constructed.

Table 5-2 províded inltial estimates for shear strength conatents. For

the fl-rst laboratory test roodelled, trial values for bulk and shear

modulii ¡¡ere calculated from the early increments of each load stage.

Eo¡vever, volume strain measurements in partieular ¡gere not sufficiently
precise in these ranges, and first-run values for other materials l¡ere

adapted from the amended previous analyses. For each triaxial testt

constants were alt,ered by trial-and-error until reasonabLe fit rvas

obtained rrith peak strength for the first load stage, and with the

complete axial stress-deformation curves for later steges. (As noted in

Section 5.2.2, beddlng-in was suspected in the flrst stage, so its

load-deformation behaviour rüas not modelled.) Figure 7-2 Presents
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reeults of the final models, arrd Table 7-l eun'marlees the cont,ributing

constants. These material models were then lncorporated into the finit,e
element analysis of dump slope stab1lity.

Tatrle 7-1 lrfateria]. Constants for Finite E].ement DIodeIs

22-3

25.5
23.O

21.5
20.8
17.2
11.3
24.0

55
35
43
52
60
72
94
50

0
6
4
2
0
0
3
0

28
?5
24
23
22
18
11
27

57
40
48
57
65
80
96
66

.5

.5

.5

.0

.0

.5

.0

.3

1

0
0
1

1

0
1

0

350
250
250
250
250
200
150
250

0.70
0.35
0.35
0.35
0.35
0.40
o.25
0.60

50
50
50
50
50
50
50
50

800
800
800
800
800
800
800
800

Fresh Èl.ChIorite
óyr Schist

El,, Pegmatite
Duno SoiI

EU Pbgmatite
Mine-soi t

F rag75
Fragó0
Rt¡|274
JAB2O?Z

JAB2O1
l.lG08

Rtr,t27B
Rtr,l25

SHEAR STRENGTH

'.Ê"1 
t lin,l t'

MODULUS

fi1" lnnlS'

SHEAR
q

BULK I,IODULUS
k tk

MPg I neå

DESCRIPT¡ONI,IATERIAL
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7.2.3 Geometric Details

Teble 3-1 included slope angles for the dump eampling and photography

sltes, whieh were estl-mated from ml-ne contour plane. Values ranged from

22o to 47", lr-ith a tangent mean of 32". Richards, Peter, & Lueas (1986)

adopted 36o (I:1.4) as a typl-cal angle of rePoee ln the earlier
prelimlnary lnvestigation of the waste-rock dumps. Eo¡severr' for the

analyses carried out r,¡ithin the present projecÈ, a slope angle of 33.7'
( I : I .5 ) was selected to s inplify the mesh geometry ¡¡hl-Ie remaini-ng

withln the range of typical dump batter slopes.

According to Richarde, PeÈer & Lueas (1986)r the general plan fot
construction of the dumps wae three ltfts of lIm height: perusal of

mlne survey plans fron 1981 to 1989 indl-cated that actual- lift heighte

have ranged from about 6m to Ilm and that the t,l-me lapse between

completion of one 1lft and coñmencement of the next has varied frou

less than one year to several yeers. A model lift height of lOm ¡¡as

selected, again from consideration of geometrie simpJ.ieity of the mesh.

Although prlmary lnterest was ín dump stabill-ty up to three liftsr as

the planned configuration, analyses were continued for t¡so extra lifts

to a total dunp helght of 50m. The main purpose of thls was to assl-st

understanding of the mechanious failure for dump slopes, but analysis

of higher dumps could also prove useful with regard to pl-anning future
dump extensions and constructions.

2Omo

Figure 7-3 Finite Element Mesh for 1:
Dunp

L.5 Slope vlaste-Rock



7 -L7

The coneequent flnite element mesh, modellJ-ng a l:1.5 elope built up J-n

IOn high lifte Ëo 50m, 1e illustrated ln Flgure 7-3. Locatione of the

meeh boundarl-es, l-deally dl-etant from the elope face, r¡/ere constrained

by progra"'-e arÊay limltatione (700 nodes and L2OO elements) and the

undesirability of highly elongated element,s. The vertical boundary

through the dump and natural subsurface baee !üaa further than 40m

behind the slope face over the first three lifts. Although at the fl-nal
model height the top of the slope waa I4m from thLs boundary, only

horlzontal restraint rres l-mposed. As dieplacement at the top of a elope

is predominantly vertical, particularly at the onaet of failure,

eignificant, interference rüaa not expected. (As discussed ín Secü1on

7.3, the proxJ-mity of the boundary did aPPeer to lntersect slip

surfaces, but only at the upper two 1ifts.)

Nodes along the bottom of the meeh !üere pinned in both horlzontal and

vertical directlons. Partlal horizontal restraint could have been

modelled uslng specially deflned joint elements but in vlew of the

competent nature of the undisturbed subsurfaee, the simpler option of

full restraint rf,aa a reasonable approximation. To minimise any chance

of dlsturbance to atress disËributions in the proxiuity of the slope,

the boundary lras located 15m below the original land surfecer comPared

to 8m as ueed by Richards, Peter, & Lueas (1986).

The short vertical boundary beyond the toe !¡as restrained against

horizontal displacement on1y. Some coneern was held that fixity in thLE

region nlght artificially suPPort the toe (by providing horizontal

react,ion) and thus inhibit failure in the model. Consequentlyr a serles

of runs was made varying the extension of the mesh beyond the toe. As

shown in Figure 7-4, for boundarLes closer than about 20m the toe

displacement Iúas significantly reduced, but for w-ider meshes the

further ehange was smalI. Conseguently, a base extension of 24m beyond

the toe of the slope lùas speclfLed for the meeh modelling the 1:1.5

batter.

Staged eonstruction of the ¡yaete-rock dumps was modelled by specifying

each lif t r^r-ith dif ferent uaterial numbers (although not necessarily

lrith different material properties), as shown in Figure 7-5. For each

lncrement a uaxitnurn effective material number corresPonding to the top

of the current, lift was also speeified. To emphasise ariy relationshlp
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bet¡¡een weathering and srabill-ty it rraa decided to focue on slopee

modelled ae comprlelng homogeneorrs meterial. Eowever, a eeri-ee of rune

was also performed which eoneldered eoil foroation at the top of the

flret three l1fts. îhe material numbering in Figure 7-5 permitted both

optionsr ês material numbere 3r 5, and 7 could be assigned the

properties of either the current bulk material or the dump soil
(JAB2OZz).

30

Extension of Mesh Beyond Toe (m)

Figrure 7-4 Effect of Base Extension on Toe Displacement

Figure 7-5 Specification of Material Numbers for slope
AnaIYses

Failure through the natural base is one of the cormnon modes of dump

instability (Caldwe11 & Moss f985). It i6 normally antieípated when the

foundatíon is weak or saturated, conditions which a dump can itself can

índuce in other¡¡'l-se sound material . the weight of waste-rock creates a

bowl-shaped deformation in the underlying surface. In fact, Rlchards
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(f987) predi-cted more than lm dl-fferential vertlcal compreeslon under

dumps at Ranger Ml-ne. In the comrnon ca6e of the dump beJ-ng mueh more

permeable than the base, wateï (seepage and runoff) can drain into thie
depression and gradually wet up the material under the dump. Therefore,

another set of analyses was carrled out in which the rorr of baee

elements i'nmediately below the dump were assigned different materlal
propertiee after the eecond .lift ¡¡as applied. Since the focus of this
research wae strength-¡veaÈhering relationshipe in waete-roek, nat,ural

surface mine-sol-l was considered mainly in a comparative sense and ¡¿as

not. widely sampled or tested. The conatants selected to model eoftened

base represent reasonable possible strength values (c=cr-l$lçps; Q:I8" i

Qx=L2"). The intention of these anal-yses was einply to test Lhe

potential for foundation fallure, and whether seParate detalled

inveetigat,ion might be warranted.

Slopes l-n the finaL rehabilitated landform ¡ril1 be much flatter than

the present ¡vaste-rock dumps, !.rith the current proposal based on 1:5

(11.3.) grades. Consequently, it was intended to undertake finite

element analyses uslng t¡vo other meshes, modelling 1:3 and l:5 slopes,

to invest,igate mass stability, in particular of the more weathered

ma¡erla1s, within longer term landscape geometries. Eolvever, based on

results for the 1:3 roesh, discussed in Section 7.3, the flatter series

tùas considered unnecessary. The mesh for the 1:3 slope is givea in

Figure 7-6.



I
No

Figure 7-6 Finite Element llesh for 1:3 Slope in Rehabilitated rand.scape
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7.3 Resu].ts and Discussions

7 .3.L General

A summary of the finite analyses carríed out ls provided 1n Tab1.e 7-2.

Regarding general interPretaËl-on of the results, lt was found that

stress contoure provlded a check on the behavlour of the model and soue

appreciation of the mechanisms by wtrich a elip could develop. Eowever,

yteld l-s dietated by the ratio of sÈress to strength, rather than by

stress in an absolute senae, and so these contoura rtere J-nadeguate to
positively identify progression towards slope fallure. Furthernorer at

the on6et of failure there lvas a tendency to numerl-cal i-nstability

which rapidly invalidated strees cont,ours throughout much of the meeh.

A condition f)-ag indlcating the state of failure was included 1n the

output for each element. This flag is speeified such that lt' 1E not

very seneltl-ve prior to fallure, but unlike stress contoura It remains

meaningful wtren slope instablllty occur€ (refer to the legend in FJ-gure

7-10). Condition flags were thus valuabLe ín illustrati.ng the shape of

any sl1p whích occurred ln the model.

Nodal displacement vectors gave a better perception of the aecumulating

deformation leading up to slope instability. As failure occurredt

numerieal instability usually affected displacements at the top of the

model, but the lower portJ-on and most of the batter face continued to

produce l-nt,erpret,able results. Vector plots also provlded some

indication of the locations of slip surfaces, but generally not as

clearly as the condition f1ags. To allow direct colnparison of different

analyses, tIüo singJ-e-value Parameters !Íere extracted, namelyr Etoe

(horizontal displacement of the first node above the toe on the slope

face) and E 
^* 

(maximum horizontal displacement along the elope face,

excludlng any numerically unsLable Parts of the nesh). The former is

more neatly defined, being at a fixed locatíon, but it was thought that

Er"* night be more appropriate if slip failures occurred which

daylighted above the toe. In fact, displacements rtere often greatest

some distance up the face, but Eto. and E 
"* 

provided consistent

comparisons between model runs.

In f o11ow'ing dl-scussLons of the seParate seríes of luns r a general

assessment of slope stresses 1s presented first, taklng material RM27A

as reference. This is fo11o¡ved by descriptlons of any slope instabiltty
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obeerved, including l-nference of the modes of fallure. The

characterietic dieplacements at increaeing dump hel-ghts are then

eompared for the dlfferent materlals and related to a level of
stability (or otherw'ise) of ¡¡aste-rock dumps at Ranger Mine.

Massl-ve slope failure
Approaching faJ.lure

Large deformation

Slope failJ-ng
Approaching falLure

Overstreesed regl-ons
Massive slope failure
Massive slope failure
Slope faJ-l1ng
Slope failing
Slope failing
Cottr-encing failure

JAB2Ol
MGOs

Erag75
Frag60
RM27A

JAB2O2z
RM27B

JAB2OI
MGOS

Erag75
Frag60
RM27A

JAB20I
MGOS

Fxag75
Frag60
RMz7A

JAB2O2z
RM27B

JAB2Ol
MGOS

Erag75
Frag60
RM27A

JAB2O2z
RM27B

t:I.5 slope; dump comprised of
a single material; 5 x IOm
Il-ft.s.

l:I.5 slope; dump eomprised of
a predomiria¡rt Dateria1 ¡rith 2m
thlck soil layere (JI¡B2O2z) at
the top of the first 3 lifts;
5 x lOm lifts.

1:1.5 slope; dump comprised of
a sLngle materJ-al; the ro¡v of
elements i"'mediately below the
dr:op modelled as eoftening
after the second llft is
placed;5xIOn11fte.

1:3 slope; dump comprised of a
slngle material; the ro¡¡ of
elemente ln"nediately below the
dump modelled as softening
after the second lift is
placed;5xIOnlifts.

main

eoil

base

11n3

COMMENTSMATERIALDESCRIPTIONSERTES

TabLe, 7-2 Summary of Slope Anal-yses

7 .3.2 Reference Analyses (main)

The main series of prograrñme runs nodelled a dunp consistlng of

houogeneous material w-ith l:I.5 batter slopes, and constructed on a

base of natural minesoil with the properties of sample RM25. Stress

contours, from the analysJ-s for RM27A are presented in Figures 7-7,

7-8, and 7-9. Vertical stress distributions were typieal of gravity
loading, w-ith para1le1 contours following the slope of the surface.

This characteristic sho¡sed no variatl-on related to the leve1 of slope

stability or otherw'ise but !ùaa a useful check on the status of the

model with respect to nuoerical stability.
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2Om Dump

30m Dump

40m Dump

50m Dump
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Figtre 7-7 Vertical Stresses for P{l427A - maìn Rvn
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2Qm Dump
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Figfnre 7-8 Horizontat Stresses for Rl{27A - main Pct¿rt
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Figrure 7-9 Shear Stresses for RM27A - main Frvrt
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Eorizontal stress co¡tËourê were somewhat more lnformatlve. In Fi-gure

7-8, the kinke juet above the base indicate out¡sard horlzontal thruet

deveJ-opl-ng at that IeveI. (For material JA320l, for which the dump was

etronger than the base, these klnks were lees Pronounced and located in

the rolr of elements irmediately below the dump. ) Minor zones of

horizontal tension occurred along the top of the dump whlch sometLmes

extended a short way dolvn the right boundary at the f1nal l1ftr as if

the meeh ¡vas trylng to pull away at that corner. Thle euggested that

the model was not large enough to contain the complete eliding mas6.

Eowever thie dld not appear to significantly ínterfere rrith the lower

part of the model and eince the mesh rùas already near the sl,ze l-imit

for the prograÍme, the shortcoming lras tolerated.

As seen \from Fígure 7-9, ehear stress (along horizontal and vertLcal

planes) was also concentrated at the toe. At' each load increment

contours tended to elongate elightly along a line eomewhat eteeper than

the faee, r¡trich mJ-ght be envisaged aa a surface of mlnímum stabLlity

for the dump at that heíght. This line appears to intersect the face at

the top of the dump until the final lift when, as illustrated by the

ZOkPa co¡¡tour, the higher shear stress ProPaga:ues back into the dump'

(There may be a connectíon with the extended zone of horizontal tenslon

noted at thl-s st,age.) Eowever, condition flags for the one run in this

series ¡shich resulted in slope failure suggeeted a slip surface further

from the face at that level. In auumaryr atress data produced by the

analyees were plausible and conslstent w-ith static equilibrium (up to

the occurrence of mas6 failure), but provided no clear indl-catj-on of

the developnent of slope instabJ-lity.

It í]r¡Le main series most runs behaved in a slmilar Dannerr excePt the

analysis incorporating material MGOSr in which mass instabil-ity

occurred when the final ll-ft ¡vas applied. Up to 30n dump height element

etreases were much the seme as for other materials but at 40m some

localised sLress oscillations were noted, and at 50rn fallure was

evídent in the body of the dump and the toP of the dump model became

numerJ-cally unstable. the analyeis was repeat,ed rt'ith the f l-nal lift

applied 1n trrto stages and despite the Persistence of numerical

inconsistencies, failure was controlled sufflciently for the condltlon

flags to delineate the slip. Figure 7-10 indicates the failed mass as a

broad arc daylighting 1n the toe, rising almost parallel to the face,
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and lntersectlng the right mesh boundary in about the fourth ltft. Such

a failure 1s conslstent with an embankment on a sound foundation.

MGOB - 5Om Dump

. Approachlng Yleld
- Ylelded
x Post-Yteld
r Shean Element
o Tenslle Fallune

Figrure 7-1O Condition Fl-ags for lfGO8 ma¡n R:uI¡

The hypothetical maüerial Erag75 ehowed evidence of approachJ-ng

ínstability at the final 1ift, wtth some elements in the toe region

converted to shear elements and other lfinited zones of overatresst

partJ.cularly extendfng from the rl-ght mesh boundary between 36m and 42m

height. No other runs ln tlnl-e main series showed significant actual or

numerical instabillËy. Materl-als MG08 and Frag75 represented waste-rock

after about 6-10 years exposure on the dump batters, a stage ¡¡hen both

c and A ltere reduced (relative to as-mined rock) by the decline of

partiele interference effects, but before there ¡sas sufficlent clay to

develop true cohesion.

The resuLtant trough in the value of shear intercept (refer Section

6.L.2 and Figure 6-4) ís apparently the critical factor, sínce frl-ctl-on

angle contlnues to decrease ¡v'lth degree of weathering but the older

materl-als did not fail in 5On hígh dumps. The specific implication of a

1o¡r value of shear intercept is lower shear strength at lo¡v normal

stress, that is, when the friction contrlbution is not dominant.

Consístent with this, the failure for MGOB was mainly inít.iated in the

top of the dump (under 1ow vertíca1 stress) and propagated downwards. A

suggested t,ranslation into the physical slope ís that the weight of the

new Iíft deforms the existing dunp to a:x extent Lhat the consequent

strain l-nduced ín the neIù 1ift, keeping in mind the low conflning
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stresses, is sufficl-ent to cornmence failure. The subeequent load

redistributlon and further deformation permit, the slip to Progress

through the dump batter. It may be doubtful whether a real slope ¡sould

fail extensi.vely 1n such a manner, or whether the t.op l1ft ¡¡ould simply

slump and repack. The (inltially) l-ndependent loca1 toe failure
supports the former. At the least, it roay be concluded that slopes

eomprlel-ng waste-roek in a conditlon represented by MG08 are

el-gnifieantly lese stable than those consisting of freeher or more

¡seathered material.

Figure 7-LL, 1n which displacement vectors for MG08 are compared with

those for RM27A, shows bofh the siml-larity of results at 40m height, and

the region of numerical instability wtren MG08 fa11ed. This

indeterminacy was at least exacerbated by the mathematical possl-b1l1ty

for an element t,o suffer more than 1OOZ compressive straln, ¡s&rich 1s of

course physieally not possJ.ble. StabilLty of the solution nJ-ght be

improved by progra"'ning against this, such aa by inereasing stiffnese

paremeters again aftex 60Z strain. Ilowever, the numerlcal difficulty is

probably more fundamental, reflecting the fact that a massive slip

destroys the material contlnur¡m and contravenea static equillbrium.

Therefore, since most of the mesh remained solvable and was not greatly

affected, it ¡¡as not attempted to nodify the progranme and the results

rì7ere accepted as produced.
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Characteristic displacements at. the dump face are presenced in Flgure

7-L2 (refer Table 7-L for material descriptions and properties). The

freshest material, JA32Ot, produeed the leasË deformation, and the

approxlmately llnear increase in di-splacexûent with dump helght implies

that it would be stabl-e at,1:1.5 (33.7') slope almost regardless of

height. This result is reasonable, considering the high angle of

internal friction (2g.8" ) and the slgnlficant shear lntereept due to

fragment l-nterference. At the other extremer material RM27B waa

markedly more deformabre even at' Iow dump heights t t'¡ith increasing

increments of displacement after each successive 1ift. lhe shape of the

curve suggests a comPonent plastic deformation, and the material night

be susceptible to long-term creeP. Consequently, despite the fact that

this analysis showed only uLnor overstressing at the toe and in the

fourth Lift, it cannot be confidently predicted that this material will

be stable indefinitely at 1:1.5 s1ope. Eowever, RM27B was included in

1.j¡e main series mainly for comparl-son of materials, and it is unlikely

0
1
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that the dumps ¡rill ¡seather to this degree before they are flattened

and reshaped into the final rehabilitaüed landform'

Results for the remainlng five materials were remarkably slmllart

except that for MG08 horizontal dieplacenente were much greater at the

fl-nal ltft. the curves for both characËeristic displacementa eteepened

slightly in the prevlous lift but not enough to be a clear warnlng of

lmpendJ-ng fa1lure . fuag75, whJ-ch at 50m appeared from localieed stress

concentratlons to be at abouL the aame etage as MG08 Ìsas at 40mr rùas

not dietinguishabLe from the other materials. The physicaL dumps are

developed somewhat dlfferently fron the model, each lift as-constructed

conslsting of freshly mined waste-rock (JAB2OI) and then weatheringt

possibly non-uniformly, to the state represented by MG08' (Also¡ the

current dump height 1s ll-mited to 30n. ) Furthermore, r¿tthout

callbratfon of the model agal-nst field PrototyPes at Ranger, the

resultant dlsplaeements are only valid in a relatlve sense. Eo¡¡ever it

mey be concluded from thl-s eerles of analyses that with resPect to

slope stabj-Iity, the critLcal 6t,age of ¡vaste-rock weatherLng is ¡shen

shear intercept l-s minímised (for example, at 5-10 years exPosure on

batterE). Any failure 1n such uateríal is be exPected to be of a rapld

and masslve nature.

7 .3.3 Analyses Incorporating Soil Layers (soil)

The second series of finite element analyses (soil) modelled l:l'5 dump

slopes comprised mainly of uniforrn material excePt for 2m deep soil

layers (material JIE2O2z) at the top of each of the first three Iifts.

This configuration reproduced conditions observed on some aetual dumps

(Fitzpatrick 1986), where lift terraces Ìfere at final height ot had

been left exposed for several years before eonstructing subsequent

lifts.

Stress contours interpreËed from the analysis for RM27A were almost

identical to those from the corresponding main runr which 1s

understandable consJ-dering the simllar mechanical properties of RM27A

and JAB2O2z. Material JAB2OI showed sma1l increases in horlzontal

stress at the soil layers, but l-n general the ef f ects lüere minl-mal '

MGO8 again resulted in slope instabillty but, as shown in Figure 7-L3l

the sl-ip was not as ful1y developed as in the main run (compare to

Figure 7-ro). By contrast, Frag75 showed a relative inerease in



J-netabilJ-ty, which ¡¡ae horùever largely
f1fth I1fts, as is apparent from the

7 -L4.
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contained w-ithin the fourth and

displaeement vectors in Figure
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Figrure 7-L3 Condition Flags for ÌfGOg soil Rr¡rr

Frag7s (sotl on Flnst ThFee Llfts)
som oump - Dlsplacement Vectons

Figrure 7-L4 Displacement Vectors for Frag75 soi, Run

In comparison r,rith Figure 7-L2, the characteristic horizontal

displacements ín Figure 7-15 sho¡sed few significant differences between

the trüo series of analyses. The slightly íncreased deformation for

JA320l was a slmple corisequence of inserting layers of r¡eaker material,

while the niddle group of materials produced only marginally smaller

displacements. Eowever, despite the fact that for MG08 the top part of

the model had again become numerically unstabl-e, impending failure was

not obvious from the slope face dísplacements for this analysis.
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The basic conclusion from this series rüas that the lnclusion of soil

layers had only minor effects on finite element nodelling of the durop

slopes. Consequently, the simpler uniform material configuration was

used in remaining analyses. Eo¡¡ever, it is noted in passing that dumps

in wtrich soí1 has been formed aE lift terraces may be marginally more

stable than those which were constructed in an effectively continuous

operation from foundation to final height.
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7 .3.4 Analyses fncorporating Softening Under Dump (base)

30m Dump (with Softened Bose)

40m Dump (with Softened Bose)

SOm Dump (with Softened Bose)

Figure 7-L6 Horizontal Stresses for Rtr[274 - á¿sø Run

As described in Section 7.2.3, i-t. is feasible' even lLkely'
f oundatl-on materl-al iromediately below Èhe dump Ëo become

7 -34
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eoftened. The f1nal series of Plograûme rune (base) ueLng the I:I.5

slope mesh lnvestJ-gated this poseibility. In all analyses, elope

ínstability was observed deveJ-oplng after the third lift rù48 placed

(the base Ises softened after the second lIft). Comparing Flgure 7-L6

r^rith Figure 7-8, at 3On dump height there l-s aPParent a lDuch higher

horizonÈal thrust direetly below the toe and extendlng beyond the toe

(for example, consider the 250kPa contour). The imLnence of s11p ís

more evident after the fourth lift, w-ith contours below the toe being

closely spaced and tending to allgn horizontally. At 50m the slope had

failed and, despite obvious numerical instabl-lity in the toP of the

mesh, t,he large reglon of relatively constant horizontal stress bounded

by the 2ookPa contour can be envisaged as a block sliding out

horizontally.
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o Tenslle Fallune
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ltft. Results for the next fl-ve materlals were clustered as ueual up to
4Oro dump helght, lr-J-th lncreased displaeemente beËween 30n and 40m

warning of the impendlng slope failures. The important feature after
the fl-nal lift is that elips had obvlouely occurred: ít would be

difficult to dra¡s a fl-rm conclusion from actual values of final toe

dieplacement, although it may be slgnificant that those for MG08 and

Erag7i were largest,. Characteristically, RM27B eholred greater

deformation at the lower lifte, lese evidence of ehear failure at the

final llfts¡ and no distinct transitl-on from etable to unstable dump.

1

Dump Height (rn)

Figrure 7-Lg Characteristic Displacement at Toe - base Ru¡rs

Although, as stated in Section 7.2.3, the material properties modelling

a softened base rf,ere only guessed reasonable values, the precedLng

analyses have shovn that failure through a softened base is the most

likely mode of duop failure. No instability Isaa observed uP to 30mt

¡vhich l-s the height at which actual dumps are currently stable. In

fact, the nodelling suggested that dumps uight be generally stable to

4Oro height, although a more exËensive analysis of the sensitivlty to
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material propertlee would be advlsable before adoptlng thie liml-t for
deel-gn. Elowever, 1n sumary lt may be concluded that there Íe no cauae

to doubt the stabl-lity of the present dump geonetry over the planned

llfe of the mine, but that higher dumps should not be conetructed

¡rlthout thorough geotechnical inveetigation \,t-Ith emphaeie on the

potential for foundation failure.

7.3.5 Assessment of Stability over Èhe Long-Term

q)
o
o
l!

Figrure 7-2o
s Frogments

Correlation between Toe Displacenent and'
Proportion of coarse Fragrments

The relationship between materLal weathering and dump stability is

better íllustrated in Figure 7-2O, in which characteristic horizontaL

displacements are plotted agaJ-nst VoFragments. There ls a crltical range

as fresh rüaste-rock disintegrates to 8O-9OZ coarse fragments, when the

material is cohesionless, possibly highly voided, but not strongly

interlocking. Wtth further disintegration and the 6tart of

decomposition a more coherent grading is produced, after whlch there is
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tlttle effectl-ve further óhange in etabilJ-ty until leee Ëhan about 4OZ

coarae fragments remain. It is suspected that after this staget the

elay 6tart6 to become a significant comPonent in the fine matrix

(prevlouely dominated by the eand fractions), v¡hich leads to íncreased

deformability, although not, autoroatically to decreased slope etabllJ-ty.

Thls marke a sJ.gniftcant ehange ln the character of the materl-al and

the poseibllity of different tyPes of failure, such ae creeP-related,

becomLng lEportant. Eowever, thls phaee of weathering Ioay be more

relevant, to flnal rehabilitated landforms.

Regarding later dump shapes, a further eeries of analysea waê performed

for a l:3 batter sLope (refer Fígure 7-6\ and foundation softening as

previously consl-dered. Comparing Figure 7'2L of horizontal st'ress

contours at 40m dump height ¡rith those for the correspondlng baee run

(Flgure 7-L6), there If,asr predietably, much less thrust developed at

the toe. Shear 6tresse6 l¿ere slmilarly lees intenee. There !Íere no more

than occaslonal ieolat.ed zonea flagged ae near or at shear fallure for

any materlal.

Charaeteristic horizontal dlsplacenents in Flgure 7-22 show the êame

relatlonshJ-p between materials as in prevlous series' Eowever, unlíke

the I:1.5 dump elope, the incremental displacements from successive

lifts did not continue to increaser so that the curves (which ehow

cumulative displacement), Lend to be linear or 1eve11ing outt rather

than becoming steeper for the later 1ifts. In addition, toËal

displacements lrere less than half the magnitude of the correspondi-ng

results from base runs. From these tIùo attributes it is inferred that

l:3 dump slopes could be stable against mass slidl-ng under long-term

conditions throughout the Potential phase of accelerated weathering'

The current proposal is uriderstood t.o be for I:5 slopes and on t'he

results of these analyses, excepting construction over a steeply

sloping base, mass structural stabllity lv'ill not be the linitJ-ng

factor. Another mechanism, such as surface erosio¡lr is llkely to

control landform design.
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figure 7'22 Ctraracteristic Displ-acenents at
frn3 slope

SJ-ope Face

To sumarise, wlthout confirmation of actual materl-al conditions and

moisture regimes inside the waste-rock dumps, results of the finlte

element analyses must be treated as indicative rather than as absolute

predictions. Eowever, it has been made apparent that fallure through a

softened foundation is the most critical mode of slope instablllty in

the present rnraste-rock dumps, for uf,rlch a vedge analysis would be

suitable. The crucial stage of weathering occurs after 5-10 yeers

exposure on Ëhe batters (or an equivalent degree of weathering w'ithLn

the duup), when shear strength under 1ow normal stress l-s at a mlnimum'

Fina1ly, mass instability is unlikely to imPact on the design of final

rehabl-Iitated landf orms .
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8. SI]U}ÍÄRY AìID CONCLUSIONS

8.1 Techniques for Investigation

The etability of slopes constructed from mine spoil is a matter of
growlng importance both to the general con-unl-ty, which w'Ishes Lo

recover the use of areas after mlning, and to the mJ-ning industry,

which has to meet that wieh. Although the prlmary obJective of this

thesLs was to explore the link between degradation of waste-rock and

dump slope etablli-ty (speeifically at Ranger Uranium Mine), in the

couroe of the work techniques were developed and ext.ended to suit the

particular conotraints of these typee of materlals and constructions.

The main such technLque !ùas the photo-sieving procedure, devieed to

obtaln complete particle size dl-strlbutions for waste-rock containing

fragmente whieh aÍe too large to sieve in reality. To achíeve

conpatibllity lv-ith the results of normal mechanical sieving t a

theoretícal approach rraa adopted. Thl-s included statietl-cal simulatíon

of the relationshlp bet¡reen intermediate axis (sl-eve sl-ze) of actual

particles and linear measures of their outllnes on an image plane.

Consequentl-y, the following decísions ¡vere taken for the procedure:

a) All particles in the photograph to be seleeted for analysis;

b) Particle eíze to be desígnated by geometric average of the

horizontal and vertical axes of the particle image outline (refer

Fl-gure 3-8); and

c) In the resultant partiele síze distributlon, each partiele to be

valued (weighted) aceording to the area of its image as a ProPortion of

it,s total image axea.

Key aetivities ín the procedure subsequently developed to 'rphoto-sieve'l

dump batters at Ranger were:

1. Four scale markers rùere placed on the batter to be photographed (two

lying upslope and two lying across sloPe);

2. Several photographs were taken of the batter, ranging from close to

long distance;
3. A subsample of waste-rock, cont,aining particles not Laxger than

gravel slze, was collected from the batter;
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4. The photographe ¡¡ere developed ae slides, from ¡vhich paper eopies of
the partlcle outlines lrere traced using a stereo mieroseope;

5. Each outline traee wea ent,ered into computer via a vl-deo digit,iser,
and part,lc1e eizee and areaa lrere ueaeured using image analysis
software developed for the purpose;

6. A partl-c1e sl-ze dl-stribut,ion for each photograph wae calculat,ed from

the data for indl-vidual particles; and

7. Particle size distributions for photographs of the same batter, and

results from mechanical eieving of the collected subsampler r7e!e

collated inËo a complete grading curve for that dump site.

An important feature of the technique was the adoption of linear
approxlmations for tilt distort,ion, based on a study of tilt.ed
photographs of brickwork. This permitted use of scale markerE l-nstead

of surweyed points, and of sJ.mple rectificatJ.on algorithns l-n the image

analysis progranme. It appeared that thLs sinplificatlon roight have

íntroduced, or contributed to, a systematic error 1n axl-s est,l-mation,

but resultant particle distributlons were not recognisably affeeted.

As used, the t,echnique demonstrated the feasl-b1lity of photo-sievlng to
guantify physical description of ¡yaste-rock and siul-lar material.
Eor¡ever, the traeíng and particJ-e analysLs steps, in partíeularr were

tíme consuming and would not be suitable for routine use. A su¡mary of
procedures and possible improvements was provided in Table 3-7.

No special techniques !Íere developed for míneralogical characterisation
of the dump materials, other than that of focussing on different size

fractions to infer dat,a on initial composltion and current alteration.
Laboratory strength testJ-ng requi-red the adaptation of previous work by

others to scale waste-rock grading curves down to 20mm 6¿¡çimum parti-cle
eize. The approach taken was to maintain the relative proport.ions of
si1È, clay, sand, and coarser-than-sand. In practiee, this resulted ln
replaeement of the proportion larger than 20mm w-ith the sabe percentage

in the range 2.4-2Ow. Although research into the effects of scaling on

strength has been inconclusive, when prepared for testing the

laboratory samples had water contents and percentages of air voids

¡yhich appeared reasonable in compalison to similar investigations of
rockfi1l.
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The method used for elope stablllty analysis was an exi.eting finite

element proeedure !¡'lth w'Ide applicatlon to geotechnical engineering.

One of the maln advantages of finlte elements over more traditional

methods of stabillty analysis was that the mode of slope failure was

not predetermined. Becauee of the nature (and scatter) of resulte

correlatlng weathering and materlal strength, it wae rrot attempted to

integrate the effect of ¡veatheríng j-nto the analyËicaI model. Instead,

discrete analysee were performed eoverlng e Íatrge of weathering statea

from ae-dumped to soil. Reeulte of this finlte eleoent modelling

perÉl-tted clear comparieon of changes in slope etability as the !¡aste-

roek degrades. UnfortunateJ-y however, there is no established method to

quantify slope st-ability from the output of a specific finite element

analysís.
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8.2 Description of Dunp tr[aterial-s

8.2.1 WeaLhering

From field obeervations, physical deeeríption, and mineral

characterisation, a deserlptlon waa foroulated of'the mechaniems and

progrees of ¡¡eatherlng on the batters of the waste-rock dumps at Ranger

Uranium Mlne.

As dumped, waste-rock is a coar€e material - more than 952 by weight

larger than 2nrm particle size - and the fine particles thaù are present

iniÈially are removed from the eurface w-ithin one year of dumping. The

batters are thus oPen and free-draining, and in the first phase of

weathering (O-5 years), decomposit,ion is highly localised at graLn

boundaries and other similar f1awe. Because of the volume Lncrease

associated w-ith, especially, the decompoeition of chlorite to smectitet

euch lLmited chemical alteration reeults in the breaking dov¡n of la/ger

rock fragnento into successively smaller partícles. ThLs lE manifest as

an lncrease in the sand slze f¡aetlon, from less than lZ to about LOZ,

in the first half decade of exposure. The aroount of ¡seathering product

instigat,ing this dJ-slntegratl-on was almost undetectable in the batter

samples analysed.

SilÈ and elay size particles follow the increase in sand content after

a couple of years, and it appears that the sand fraction ¡¡ay govern the

emergence of decomposition as a process evident in its own rlght. Based

on previous J-nvestigation of soils formed on the tops of the dumpst it

is suggested that, ¡uhen the proportion of sand becomes sufficíent to

slow the passage of moisture out of the battere¡ the weathering

reactions are accelerated: riot only is the retention of water necessary

for chemical alteration, it also permits the establishment of sParse

vegetation, the litter of which is requJ-red by soil bacteria in their

own soil decomposiÈion activities. The oldest dump batters have reached

thls stage, when disintegration 1s stil1 dominant, but the waste-rock

has developed a coarse sandy gravel texture¡ and the products of

alteration aïe identifiable in the (smaIl) clay fraction'

Examlnation of naturally weathered materials from the minesite

indicated that dl-sintegrat,ion of l-arger fragments !v-i11 continue as

deeomposition becomes more sígnificant, with the major weatherJ-ng
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products bel-ng emectl-te (from chlorite), probable ill1te (from

muscovl-Ëe), and kaolinite (fron smectite and lIlite). A sample of soil
from the top of a dump (exposed less than 10 year6) showed chemical

alteration consietent lr-ith that of unmined extremely weathered rock,

emphaeising the greatly accelerated ¡reathering occurring on the lift
terraces. Eowever, even in the most, extenslvely decomposed 1n-sltu
eamples, only about 4OZ of weatherable primary mlneral has been

altered. Ae degradation on the dumpe proceeds and waste-rock approaehee

the character of natural residual minesoil, the factore promoting more

rapid ¡¡eathering will decline. Consequent,ly, current minesoll may be

considered the limiting material generaËed from ¡¡aste-rock due to

exposure on the dumps. Further decomposition, leading t'o eventual

depletion of smectite and illite in favour of kaolinite' should then

proceed at a similar rate as in undisturbed landforms.

8.2.2 Strength

The shear strength of waste-rock was investigated r¡ithin the framework

of continuum soil mechanlcs theory. Initially the characteristics are

essentlally frictl-onaI and non-cohesive. Triaxl-al- comPressl-on tests

gave angles of internal friction in the range 30-35o for dump batter

materiaLs exposed for uP to about 6 yearsr lrtth a trend of Phl

decreasing with batter age. As described in the previous secLio¡lt

negl-igible mineralogieal ehange occurs in this period, and the loss in

frlctional strength is apparently due to the disintegraÈion of large

fragments reducing the effect of particle lnterloek during shearing.

Non-zero shear intercepts (40-7OkPa) obtained for these cohesionlees

materials \ùere also attributed to particle interferenee, and also

decreased w-ith lnereasing duration of exposure.

Changes in strength parameters correlated vrell u"tth the proportion of

coatse fragments (gravel + cobble + boulder) for batter samples. Some

correlation persisted in the oore weathered materials but, consistent

with the increasing importance of decomposltion as a weathering

process, the simple physical deserlptor become less discriminating of

variation in mat.erial strength. At this stage of ¡veatheríng mechanical

behaviour 1s governed by the matrix of fine particles. Correlation was

found between sÈrength and Percentage of clay wtth a 2zL layer

structure, although it 1s thought that at least part of the dependence
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1s due to the facË Èhat the abundance of these minerals (1111te and

smectite) also reflects the proportion of platy chlorite and muscovite

particles in the sand and silt size fractions.

Among these weathered samples, friction angle decreased from 26" to l2o

a6 percentage 2zL layer elays inereased from about L-IOZ, and ehear

intercept increased lese definitely from about 60-lOOkPa for the sa¡ne

range. l^Iith partiele inÈerference no longer effective, reductlon in the

frictional component of shear strength is probably due to both

continuing ehanges ín particle eize dl-stribution and production of the

weak clay minerals. Shear intereept is due to normal clay cohesion, and

understandably l-nereasee w'ith increasing elay fractlon. From one sample

¡vhich eontained little smectl-te and illite but significant kaolinitet

it Ls possibLe that waste-rock rü-I11 have least strength ¡vhen the

proportlon of 2zL clay minerals Ls greatest: as these are altered to

the more stable (less plaet.ic) kaolLnite, frJ.ct,lon angle may increase

again. (However, weathering has not coÍìmonly progressed to this exterrt

even ín the natural profile.)

Mechanlcal behaviour of the waste-rock and other mlne materials

exanined was not dlfferentlable on the basis of either initíal mineral

composition or natural rock fabric. Results of investigation into the

relationship bet¡veen ¡yeathering and material strength were sumarised

in Figure 6-14.
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8.3 Stope StabiJ-ity at Ranger Uranir¡n Dfine

Followl-ng a brief review of avallable analytical proeedures, a non-

linear finite element model was select,ed to inveetigate dump stabi.ltty
agalnst maa€ sltding. Stress-dependent material propertl-es rüere

estimated from back-analysis of triaxial compreseion teats. Subseguent,

dump slope analyees consldered dl-ecrete stagee of ¡veathering (each

repreeented by a specJ-fic saupled material), feasible long-term

mol-sture condl-ti.ons, and dumps constructed i-n IOm lifte. The followtng
conclueions were dra¡¡n from the results:
1. Slopee at current batter angles (about 1:I.5) r,rill be stable at 30m

helght under typical conditl-ons throughout the intended ltfe of the

dumps;

2. Dumps up to 40m hetght ml-ght aleo be generally stable but further
investigation woul,d be requlred to confirm this as a deslgn 1lmit;
3. Battere are least stable l-n the period about 5-10 yeare after
dumpJ-ng, due to waste'rock at thl-s stage of degradation havlng 1o¡¡

shear strength at low normal stress;
4. The criticaL mode of fallure ie sliding along a softened base.

(Softening of an inltially competent, base is feasibler even likelyt
because of the sink created in the natural surface by the weight of the

overlying dump.) Of the traditLonal static equllibríuu methods of

stability analysis, a multiple wedge method is most appropriate to the

fal-lures observed in the finite element models; and

5. With regard to landforms in the rehabilitated site, slopes of 1:3

would be stable against mass slidíng under long-term conditions.

Theee analyses were based on conditions considered reasonable for the

dumps for sustained perlods. Before incorporating a¡ry of the findlngs

l-nto design changes for the dumps or final landscape, specific

consideration should be given to extreme conditions, such as those

relat,ed to moist.ure regimes and water f low in severe wet seaaons.
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8.4 Furttrer ResearcÌr

As observed throughout this thesis, materials such as lvaate-rock have

physieal characteristics ¡¡hich place them at the linits of current, eo1I
mechanics theorlee. Elowever, it is unlikely that the growing need for
better design and management of epoJ-l heaps ie alone sufficient to
generate development at a fundamental 1evel. Consequent,ly, it is
important to extend teehniques and methods eo that waste-rock/rockfill
is more rationally accom¡uodated within the exl-stlng framework of
understanding and practiee. Areas with poËentl-al for such development

include:

a) Vi-rtual Sanpling (photo-eieving)

The power of this approach has been demonetrated Ln this project, ¡shere

comprehensive physlcal characterisation was achieved beyond the
practl-ca1 limits of normaL laboratory methods. Currently the method is
rest,rict,ed by the lack of strong validation of the attempted

equivalenee between photo-sieving and oechanLcal grading. If thls
deflcíeney was redressedr lt is l1ke1y that ¡ride acceptance, and

development of ¡Dore convenient, analytical procedures would follo¡¡.

b) Measurement of Field Conditlons -
One of the dlfftcul-ttes l-n the laboratory strength testing prograrume

was deciding the conditione at which to prepare specimens for triaxial
compression tests. Improvement of techniques to measuËe in-situ
properties such as density, tüater content, and void ratio would greatly
improve laboratory oodelling of these materials; as input both to
testing prograruues and to research lnto aspects such as the effect of
maximum particle eíze.

c) Characterl-sation of Materíal Variablllty -
There are two aspects to this issue, namely spatial varl-ability of
mat.eríals in the dump structure¡ and random variaËion of properüies

¡riËhin a particular material. Because of the comparative nature of the

stability analyses undertaken, the use of 'averager or 'tyPical'
attributes !Ías adequate in this project. Elowever, ín the context of

detailed geotechnical design, there is grealu scoPe for both the

accumulation of relevant data and the extension of analytieal
techniques to utilise non-deterministic parameters.
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Speci-fic to the dumps at Ranger Uranium Mine, there aÊe aleo areas

¡varranting further lnvesÈJ-gation. VJith regard to the relat,ionship
between ¡veathering and strength, there rùas a significant gap bet¡veen

the oldest batter samples and the least decomposed naturally weathered

sampl-e. Future examination of dump materials (for example, about ten

years hence) ¡vou1d improve underetanding of the eorrelatíon between

mechanlsms of weathering and strerigth. As noted in SectLon 8.3, there

is also a need to Lnvestl-gate and develop modele for moisture

conditl-ons and water flo¡¡ through the dumps. Such research is relevant

to dump stabillty in the broadest eense, not just safety against

sliding fallure¡ but also to surface erosion and to movement of

contaminants.

The particular research difficultiee encountered in this project

highllghted the lmportance of gathering data from a range of sources.

No approach or analysis in isolation eould speeify the effect of

weathering on the shear strength of ¡vaete-rock and, subsequently, on

dump stability. Eo¡vever by eollating evidence from field observation,

laboratory analysis and theoretical modeLling, understandl-ng was

developed both of the effects of weathering and the mechanisms

producing those effects. It is rsorth noting that in Ëhe experience of

this project, observation provided much of the central evidence.
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A. COUPTITER ST]BROUTINES FOR IITÀGE AI{ALYSIS

line--detect

Return

&4in
2&3

Move rows 3
buffer 10 rows

Wrile too line of buffer
bock to digitiser memory

FOCUS - next pixel in row

ls FOCUS 2nd lost pixel in row ?

Set next oixel in too row
of buffer OFF (volue-O)

Set next oixel in too row
of buffér ON (voli¡e-15)

AVERAGE > THRESI-IOLD

Colculoie AVERAGE volue of
3x3 pixel block centred on FOCUS

Set lst pixelin top row of buffer ON (volue-15)

Copy next row of imoge to row 4 of buffer

FOCUS - 2nd pixel in row 3 of buffer

Copy top 2 rows of imoge to rows 2 & 3 of buffer

Creote buffer to hold 4 rows of pixels

Retrieve THRESHOLD volue

AL - Function to Produce On/Off Pixe1 Inage of OutJ.ines
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A2 - Boundary Tracing Routines for TotaJ- Sanpl-e and
Individua]. Particles

oulline/boundory

N

COUNT COUNT >æz}
l- 

- 

--J

Move left I pixel

COUNT > I

Set screen point on

lncremenl COUNTls oixel to
leift on ?

COUNT > I

scregn oolnl on
(volue:-14)

N

I

N

497L -.or*,

Set COUNT-O

Set START-current plxel

Move left I pixel

couNT - -l ls iniliol oixel
off (volúe-O) ?

t
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Return COUNT

r1Àove down I pixel

COUNT > I
current oixel

- STÄRT

Sel screen point on

lncrement COUNTls oixel to
riçjht on ?

Move right I pixel

current oixel
- STÄRT COUNT > I

Set screen point on

l- 

- 

---J

(error)

-Â<

N

COUNT

N

COUNT 497<

lncrement COUNTls oixel
oboie on ?

Move up I pixel

lncrement COUNTls oixel
belciw on ?

l---¡

(error)

COUNT ;k t
N

COUNT > 4s7 >>
N

A2 - outline/boundary (continued)
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À3 - Routine to Calcu].ate particle Àxes and Area

colculote porticle
poromelers

NOTES L Pixel coordinote origin

2. Boundcv oixels ore
slored dcickwise
from left ln øroy

N

Y

N

NN

2

x(b) > x(bj)Y(b) < Y(bj)

Y(b) - Y(bY(b)<x(bi) <

Y(bi) < Y(b)Y(bî)- Y(b)

X(b) ) X(c)

Y(b) - Y(c)

pixeI
prxer

bi
bj b

before b
following

lnilioliza triol end oixel
b - pixel following c

X(c) (Yfc) )

Y(c) - Y(cj)Y(c) > Y(cj)) X(c)

Y(ci) ) Y(c)Y(ci) - Yfc)

ci - oixel before c
cj - þixel following c

lnitiolize triol stort oixel
c - first pixel in cirroy

coordinote of oxis)xo-0

AX - -600

XR-
YR-
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Y(c) ( Y(cj)X(c) ( X(c

X(c) - X(cj)X(c) ( X(ci)Y(ci) ) Y(c)

X(ci) ( X(c)X(ci) - X(c)

XR - AX+l
XO - Y(c)

AX >. XR

AREA.

AX. I

X(ci) )

Y(c) )

Y(cl) (

X(ci)(

Y(c) ( Y(c

b - next pixelb - pixel before c

Y(ci) ) Y(c)

AX - X(b)-X(c)+l

X(b)-X(c)+l <

A-5

N

N

N

A3 - calculate particle parameters (continued)
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Return

Store XR, YR, XO, AREA

c - nexl pixel

YR - AY+l

AY >. YR

3

b - next pixelpixel before cb-

AY - Y(b)-Y(c)+l

Y(b)-Y(c)+l ( obs(A

Y(b) > Y(bj)x(b) >

x(b) > x(b) -Yfþi) <

x(bi) > x(b)x(bi) - x(b)

Y(b) ) Y(c)

X(b) - X(c)

bi - olxel before b
bj - þixel following b

lnitiolize lriol end oixel
5 - pixel following c

A3 - calculate particle parameters (contlnued)
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A4 - ['unction to Count pixeJ-s FiJ-J-ing an Àrea

infill

COUNT > O

Set point to COLOURI

Sel START-current point

Swç COLOURI E

Move left I pointooint to left
CoLouRl ?

S€t COUNT-O

Return TOTALls current
point off ?

Toke inifiol
point os current

Add COUNT to TOTAL

TOTAL - -I

Set TOTAL - O
COUNT. O

COLOUR2

Retrieve coordinotes
of initiol point

Retrieve COLOURI

N
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N

lncrement COUNTbelow

Move down I point

COUNT > O

Set point 1o COLOURI

lncrement COUNT

Move righl I point

COUNT > O

Set point to COLOURI

lncrement COUNTobove

/v\ove up I point

COUNT > O
current ooinl

- STÄRT

Set point to COLOURI

Move left I point

lncrement COUNTto left

A4 - infíll (continued)



ls PIX(|) ON?

i-i+l

obove left to below left

PIX(2-8) - pixels oround FOCUS
clöckwise from
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FOCUS - pixel(x-l)in row 3

ls FOCUSls FOCUS ON?

PIX(l) - pixel (x-2) in rowlPIX(I) - pixel(x-l)in row I
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xinrow3FOCUS.
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Copy row 3 of buffer to row I
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imoge into rows 2-4 of 'buffer. Copy rows (y-l), y, (y+l) of
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lnitiolise PIX( ) - ring of 9 pixels centred on FOCUS

y-2

Creote buffer to hold 4 rows of pixels

KEY - V (lrim
- H (trim

A-9

A5 - Funct'ion to Thin Out]-ines

line-thin

H

N

N
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Returntocopied
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memory
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memory
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KEY

x-x+lEnd of row?
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SWTCH < 3
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Y
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i<8

SWITCH-SWTCH+ I

ls PIX(|-l) OFF?

¡>t

A.IO

N

N

N

H

A5 - line_thin (continued)

N
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A6 - Fr¡nction to Ìfeasure rLumpedr Areas

lump

Y

Y

N

Y

ls point WHITE?

ls point ON?

Move right I point

COUNT - COUNT + togt(tr.y+l)/(lr.yt)l
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Move up I pointls point obove
ON?
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GREEN?
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COUNT. O
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Retrieva lr (scole poromet'er)
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Return
ÂÂove down I pointpoinl below

ON?

ÂAove up I point

ls point WHITE?

ls poinl ON?

/v\ove right I point

COUNT - COUNT + log(lr.y+t)/(tr.yt)l

(x,y) - coordinqtes of currenf point

Move down I pointls point below
ON?

Set point fo WHITE

(xlryl) - coordinotes of current point

Move up I pointls point obove
ON?

ÁÀove down I point

Y

Y

A6 - lurnp (continued)
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B. DT'MP SLOPE GRADTNC CURVES
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C. TRIAXTAL COMPRESSION TEST REST'LTS

Somple:
DescriptÌon:
Test:

Prepored to:

Comments:

MG08 Dote Tested: 6-5-91
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Somple: MG13 Dote Tested: 25-6-91
Des.cription: Schist (exposed 6.Syr)ïest: unsoturoted undroinêd rrioxiol compression
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Somole:
Desiription:
Test:

Prepored to: mc :
P¿:

After Test:

MG15 Dote Tested: 23-5-91
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Somple: JAB200 Dote
Description: Schist (freshly dumped)Test: Unsoturoted Undroined T

ïested: 25-6-91

rioxiol Compression
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Somple:
Description:
Test:

Prepored to:

Comments:

JAB2O 1

Mossive Chlorite Rock
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Dote Tested: 3-7-91
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Somole: JAB200z Dote Tested: 23-7-91
Desiription: Schist (exposed 3.Syr) _ .Test: Unsoturòted Undroinêd- Trioxiol Compression

After Test: mc _ 2.4
P¿ _ 1'98 3m
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Somple:
Description:
Test:

JABZO1z Dote Tested: 25-7-91
Mossive Chlorite Rock (exposed 3.5yr)
Unsoturoted Undroined Trioxiol Compression

Prepored to: mc : 2.6 %

P¿ _ l.g+ l/^t
mc: 2.5%
io : 2.on t/^'After Test:

Comments: Somple retested top ploten tilted first time
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Somple: RM23 Dote Tested: 28-7-91
Description: Pegmctite (fresh)
Test: Unõoturoted' Undíoined Trioxiol Compression
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P¿ - 1.89 t/^"
Com ments:

After Test: mc _ 2.2 x
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Somple:- RM24 Dote Tested:21-Z-gj
Des.cription: .Mossive Chlorite Rock (exposed ayr)Test: unsoturoted undroîned Ìrioxiol cofifiression

Prepored to: mc : 4.8 %
p¿: 1.91 l/m

Comments:
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Somole:
Desiription:
Test:

Prepored to: mc :
P¿:

Com ments:

After Test:

1

(..n)

RM26 Dote Tested: 5-7-91
Extremely weothered Schist
Unsoturoted Undroined Trioxiol Compression
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Somple:
Description:
Test:

RM27A Dote Tested: 9-7-91
Extremely weothered Pegmotite
Unsoturoted Undroined Trioxiol Compression

Prepored to: mc :
P¿:

Comments:
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Somple:
Description:
Test:

RM27B Dote Tested: 1 6-7-91
Extremely weothered Pegmotite (subsoil)
Unsoturoted Undroined Trioxiol Compression

Prepored to: mc :
P¿:

Comments:
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Somole: JAB2O2z Dote ested: 11-7 -91
Desiription: Dump Soil
Test: Unsoturoted Undroined Trioxiol Compression

After Test: mc - 9.8
Pa : 2'11

Comments
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Somple:
Description:
Test:

Prepored to: mc :
P¿:

Co m ments:

After Test: mc :
Pa:

RM25 Dote Tested: 14-7 -91
Residuol Mine Soil
Unsoturoted Undroined Trioxiol Compression
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Somple:
Description:
ïest:

MG15 Dote Tested: 24-8-91
Pegmotite (exposed 3yr)
Soturoted Undroined Trioxiol Compression

Prepored to: mc :
P¿:

Comments: Axiol stroin : 0.05mm / min
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Somole: JAB2O2z Dote Tested: 4-9-91
Desiription: Dump Soil
Test: Soturoted Undroined Trioxiol Compression

Prepored to: mc : 10.1
P¿ : 2'O2

Comments: Axiol stroin _ 0.028m m/ min
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E. OPER.ATION SUMMARY OF THE FINTTE ELEIT{ENT MODEL

- initialise

- call FEDAT

- open temporary data files

- call EÐl¡al
- stop

FEDAT - open input file

- read in node & element specifications g call NODES

- generates node & el-ement specifications according

to a rectangular grid, nu¡nbered from top left

- read in material specifications

- caII BOUNDB - (if invoked) generates roller boundary

conditions along specified horizontal and vertical

coordinates

- read in any additional boundary specifications

- read in any nodal Ioad specifications

- read in increment specifications: stresses; effective

materials; displacements

- read in any pore pressure specifications

- read in initial stresses and strains

- read in any specifications for changes in material types

during the run

- assemble geometric, load, & boundary data into element-

based arrays

- generate lists of node & element numbers, sorted along rows

from top teft (reguired for output fite)

- return

FEANA¡ - set progra¡nme control flags: analysis type; failure
criterion; constitutive equaÈions; etc.

- set increment and iteration counters

- determine matrix bandwidth; set counters for block matrix

solution

*
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- block by block:
element by element, !! element is included in current

block

- assign any new gravity loads (eg. from materials just

becorning effective) and nodal loads applied this
increment into global array

- if element is just becoming effective calculate gravity

stresses as current stresses

- test current stress again failure criterion and update

condition flag

- calculate elernent stiffness Parameters according to
current stresses, constitutive equation flag, and

stress condition flag

- caII FEI'Í - calculates and assembles element elastic
matrix [D], strain displacement matrix [B], and

element stiffness ¡natrix [Ke]. tDl and [B] are

written to a temporary storage file and [Ke] is
returned.

- if element is currently overstressed, assign

redistributed loads into global array.

- if element is effective, rnodify element stiffness
matrix and global load array to include any boundary

conditions.

- if element is not effective, divide stiffness matrix by

1000.

- add element element stiffness entries into global

stiffness matrix.

- update prograrune control flags and increment and iteration
counters.

- caII BANsoL - performs the matrix inversion and solution.
Incremental nodal displacement array is returned.

- call STRESS

- if last iteration of current increment, caII FEPRT - writes
failure condition flags, stresses, displacements, etc.
(as reguested) to ÀscII output file.

- if not last iteration of last increment, repeat from *

- reÈurn.



STRESS

E-3

- element by element, i-f. element is effective in current

increment

- add incremental nodal displacements into working array

of current nodal coordinates

- if last iteration, update stored array of current nodal

coordinates

- read element matrices [D] and [B] from temporary

storage fÍIe
- calculate incremental strains {e} = [B]{ô} and

incremental stresses {o} = [D]{t}

- assign stresses and strainE to Íncremental global

arrays

- average stresses and strains for pairs of adjacent elements

- add incremental stresses and strains into working arrays of

current stresses and strains

- if last iteration of current increment, update stored

arrays of current stresses and strains

' calculate current, total displacements

- return.
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