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POREWORD 

Early in 1968 the Canadian Advisory Committee on Rock Mechanics 
established a sub-committee to review the requirements for improved 
practices with respect to waste embankments. The members of the sub-
committee were: C.O. Browner, Golder, Browner & Associates Ltd.; 
K. Davies, Cominco Ltd.; L. Dworkin, Kaiser Resources Ltd.; G. Godfrey, 
Rio Algom Mining Ltd.; R. Harris, Cassiar Asbestos Ltd.; K. McRorie, 
Wright Engineers Ltd.; W. Robinson, B.C. Dept. of Mines. After gathering 
information from industry, through a questionnaire and otherwise, they 
reported their findings and recommendations. 

The CACRM's report to me in 1969 showed that,whereas research on 
several aspects were required for good embankment design, much applicable 
technology was already available that could be applied by mine engineers 
for the design, Construction and maintenance of waste embankments. Accor-
dingly, the Mines Branch felt that the drafting of a design guide would 
be of assistance to the provincial.  mines inspectors and to the mining 
companies. The Mines Ministers' Conference of 1970. and the National 
Advisory Committee on Mining and Metallurgical Research confirmed this 
view. 

Accordingly, the Mines Branch commissioned the drafting of a 
report, which was done by consultants in a very short time. After cir-
culating the draft report for comment, it was edited and the Design Guide 
prepared as a public document, 

Many individuals and organizatiOns have assisted in creating this 
volume - too many to provide appropriate aknowledgements for each. Perhaps 
it is sufficient to say that the consultants are to be commended for having 
done a very good job and to thank the final reviewers: Mr. J.M. Fletcher, 
Canadian Johns-Manville Co. Ltd.; Mr. B. Hoare, Bert Hoare Consulting 
Engineers; Prof. L. Juteau, Ecole Polytechnique; and Dr. N. Morgenstern, 
University of Alberta. 

As mining economics are changing and new information is being pro-
duced by research, it is planned to revise this guide within a few years. 
For this reason the present ediéing has been kept to a minimum. We will also 
be looking for practical Criticisms from those in industry who try to follow 

• these recommendations. 

John  001-Ivey, 
bi_rector, Mines Branch 
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AVANT-PROPOS 

Au début de l'année 1968, lé . cOMité cônetiltetif Canadien dé la: 	' 
mécanique dea rochés a établi tin si:mis-comité pour réviser.les éxigendea 
pour les practiques amélioréesen tg qui cOncerné  1é terrils. Furent 
membres du sous-comité: C.O. 8ratinér, "Golder, Brawner & Assoéiates Ltd.";. 
K. Davies; »Cominco Ltd."; L. Dwarkin, "kaiser kesourceS Ltd:";  G.  GOdfrey, 
"Rio AlgOm Mining Ltd."; R.  Harris, "Cassier AabeatoS . Ltd."; K. MoRorié, 
"Wright Engineers Ltd."; W. Robinson,  "B.C. Dept. og Mines". Apréa avOir 
rassemblé les reneeigneMénta  dé  l'induattie, â•l'aide'd'Un gueatiOnnaire'et 
pat d'autres moyens, ils ont rendu pnbliguee leUra décoüvertes.et leUr$ , 
recommandations. 	 • 

Lé rapport du COMité côneültatif Canadien dé la'ffiééanigue deâ rethea. 
qui m'a été envoyé en 1969, a indigné que ' . tandia.qüe là recherche eut . 
plusieurs aspects était nécessaire pour  üti bOn Plan dU terril, beatiCOnp de 
technologie applicable était déP■ disponible pouvant être appliquée par léS .  ' 
ingénieurs des . mines pour le plan, la construction  et.rentrétien àes terrils: . 
La Direction,dée mines a donc senti que la .préparation du.guiàe de dessin  
pourrait  aider à là fois les  inspecteurs  provinciaux des mines etles CoM- " 
pagnies miniéres. La Conférence des ministres des mines en .  19O et lé Comité 
consultatif national de recherches  Miniéree éé iétalllitequéà  ont  COneirffié 
ce point de vue. 

La Direction des mines a donc autorisé la préparation d'un rapport, 
qui a été fait en peu de temps par les consultants. Aprés avoir fait circuler 
le rapport provisoire pour obtenir des commentaires, on l'a édité et on a 
préparé le Guide de dessin comme document public. 

Plusieurs individus et organisations ont aidé à la préparation de ce 
volume - un trop grand mombre pour pouvoir remercier chacun de facon 
appropriée. Peut-être, est-il suffisant de dire que(Ués consultants ennt 
dignes de louanges par leur excellent travail et remercier: M.J.M. Fletcher, • 
"Canadian Johns-Manville Co. Ltd."; M.B. Hoare, "Hert Hoare Consulting Engineers"; 
Prof. L. Juteau, Ecole Polytechnique; et Dr. N. Morgenstern, "University of 
Alberta," pour leur révision définitive. 

Comme L'économie miniére change et que.la recherche nous donne continuellment 
de nouveaux renseignements, on propose de réviser ce guide d'ici quelques 
années. C'est pourquoi l'édition actuelle à éte distribuée de faen restreinte. 
Nous attendons aussi les critiques pratiques de ceux dans l'industrie qui 
essayent de suivre ces recommandations. 

John ConveY, 
Directeur, 
Direction des Mines 
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SECTION 1 

INTRODUCTION 

SCOPE 

Purpose of the Guide  

The mining and processing of mineral ores generally results in the 
production of large quantities of solid wastes. In many cases, the pro-
cessing of these ores involves grinding and the addition of water and 
chemicals in the ore treatment plant, with a large portion of the resulting 
waste leaving the plant in the form of a slurry. Usually this slurry is 
ponded for sedimentation of the solids, free water accumulated in the pond 
being pumped back to the plant, or being allowed to discharge from the pond 
to an adjacent water course. Other wastes, particularly overburden, native 
rock excavated from the orebody and coarse wastes removed from the ore during 
its processing are stored in waste piles. With the increase in mining acti-
vity in Canada, and the trend towards the mining of grades of ore lower than 
those worked in the past, waste embankments are increasing in volume and 
height. Problems have been encountered with many of them and, in 1969, the 
Canadian Advisory Committee on Rock Mechanics recommended that: 

"A design guide be developed for use by mining engineers and govern-
ment officials charged with the responsibility of operation and inspection 
of mining projects. The prime purpose of the design guide should be to 
outline.the general aspects relating to stability. , the more common types 
of problems Which may develop and investigations>necessary to evaluate each 
of these problems. It is recommended that a portion  of the design guide 
be explicitly detailed to outline site investigation details, design require-
Ments and specifications, techniques of construction, procedures of inspection 
and the: approach to evaluate stability of existing facilities." 

• 
This Guide has been prepared as a result of that recommendation. 

For the user of the Guide, it is emphasized that considerable judg-
ment is necessary in assessing the values of parameters appropriate for 
use in the planning and design of mine waste embankments. Consequently, 
it is recommended that the investigations and  design of mine waste embank-
ments be made under the direct supervision of engineers who are competent 
In this field, which includes mine waste disposal techniques, geology, soil 
mechanics, hydroloRY epd hydraulics. 

Particular emphasis  ha  s been placed in the Guide on the adequacy 
of waste embenkments in retaining the solid and liquid wastes held by them. 
Their adequacy in preventing pollution of the environment by wastes has 
not been treated specifically, except insofar as such a requiremenl may 
affect their design. Research is continuing on finding the ways in which 
thiS source of water pollution can be eliminated. 
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Mine Waste Embankments . 

Varying classeS  of materialS Must be wasted 'iroemining OPeratiOnS :  
These can inClude soilS fro:ill.), strip and plader mining eperatiena, exeàvated 
rock, ground ore in slutry form and fine wet materialS such àS filtét Cake' 
from coal treatment plants. Their charaCtetiatica will vàty cenSiderably 
according to their geological .  Origin, particle size, prciçossiiig and water 
content. . The  most  practicable ietheds of dispoSaI Will depend oiLthe 
chatacteristics.and.volumes of thé waSte materials and on the  availability  

. of 'storage sites. Some Waste's MaY be USed.fOr back hiiing Mined OUt 	• - 
spaces; manY are'duMped in areas adjacent tb the .  Mite. Generally, coarse 
dry materials are.dumped.in 	 slurtieS'ate pen4d 

.behind retaining embankMents. Fine wet wastee may require tetentien by an 
eMbankment or may be incorporated in à pile of self -stippert .IngMatelïar 
depending on their .characteristiCs. A typiCal system  of mine  waËte'dlsptisal, 
iS illUstrated by Figure 11, 

As used in this Guide, "w •aàte embankments" inclUde all deilositS of 
mine waste-materials placed on the-ground  surface s  iribitidilig any 014/14énté 
necessary.to support theffi. :  HoWever, the teriii,does.not'inélude dépoéits. 
placed underground in.backfilling mined:Out•spaceà.  

, 	
• ' 	 . 

. 	 ... 	, 	 . 	 . 	 .. 	. 	 .. 	. 	 , 	. . 	. 	 , 	. 	. .. 	. 
. 	"Tailings émbankirients" are defined  as  eMbankMéntS reqüired,te retain 

slurries of ore and liqUid, ôt to.retain ileid alône. 	• • › • ._ .. '' . ' . . 
.. 

"Waste piles" include all waste eibankmentS net intended be i'étàih. 
liquid, including any émbankmentÉ .  nedessaty:te :support  the.. 'Ore st6rage. . 
plies, tholigh net containing "wà.ste" Materials; cotild bé t.éatéd• as wasté. 
piles for .design putposes ... 

SUMMARY 

Basic Functions 

The prime function of both mine waste piles and mine tailings ponds 
is to store solids. However, tailings ponds usually must provide temporary 
storage of:a certain minimum volume of water for clarification prior to 
reclaim for plant use or discharge to adjacent streams. Where tailings pond 
effluent would be a serious pollutant, tailings embankments may have to be 
designed to retain as much water as practicable, reliance being placed on 
water reclaim and evaporation to prevent its release to  surface or sub-surface 
water courses. If this is not practicable, it may be necessary to treat the 
water prior  toits  release from the pond. 
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Two extreme approaches are therefore possible in the design of 
mine tailings embankments - to make the embankment relatively impervious, 
or to make it relatively pervious. Whether one of these, or an inter-
mediate approach is. taken, the embankment must be adequately stable and 
necessary provisions must be made to control seepage through and under 
the embankment, and to control surface run-off into the pond. 

In some cases, it.  may be desirable to promote drainage of water 
from tailings ponds in order to consolidate the depOsits in  them.  This 
could be for the later excavation of fine coal tailings or for permanent 
stabilization of fine tailings which might otherwise be susceptible to 
liqùefaction under earthquake, or other'shocks. 

Problems Encountered  

There have been many serious waste embankment failures and stabi-
lity against sliding of embankment slopes is a major consideration in the 
design of waste piles and tailings embankments. Such sliding failures can 
be 'caused by weak foundations, placement of the waste materials at slopes 
that are too steep (or of too great a height) and high piezometric water 
levels within the embankments.  or their foundations. Breaching of tailings 
embankments can occur as a result of over-topping by water in the pond, 
or by piping of fine materials under the action of seepage through the 
embankment.  or its foundation. A,common problem has been the piping of 
tailings into decant and other culverts installed under tailings embank-
ments . : 

Burning of coal waste piles is a hazard because of its generation. 
of noxious gaSes. .0ther chemical changes, such as the oxidation of pyrite 
minerals, can cause acidic run-off from waste piles. 

Factors Affecting Stability  

The resistance to sliding along potential failure surfaces within 
the embankment and its foundation is a prime factor affecting the stability 
of an embankment. This resistance is governed by the shear strength of the 
materials, both cohesive and frictional, and the pore water pressures at 
the failure surface. The shear strength, of the materials can be reduced 
by weathering and by softening by water; it can be increased by compaction 
and, sometimes, by chemical cementing of the waste materials. Water pres-
sures will.vary from point to point within the embankment and its foundation, 
depending on the source of seepage water and the relative permeability of the 
various materials  in the embankment. 

Cracking of embankments caused by differential settlements can 
reduce the shearing resistance along potential failure surfaces. Where 
such cracking occurs in à tailings embankment, excess seepage may develop 
leading, ultimately, to piping. 
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Basic Considerations 	• 	 • 
• • 

The design of mine tailinga eMbankmenta sheuld censider the édenôMic.S . 	. 
of alternative Sites, types ef éMbankment,and Metheds Of waste dispeSai.;.these 
will be interdependent. The aVailabiIity ef Censtrtiction Materials,.the quan- * 
tites and characteristics of the: waStea,.climate, tepography and the nàtûre 
of the folindations at alternative sites  will  all be.factOra. The conSeqüenCes 
of failure-  should be considered.in  establishing the .  factor ofaafety for:whiCh - 
the eMbilnkffiént iS to be designed. .beÉàrmationS under earthquake sheeks; and 
the possibilities of liquefaction ef the tailings  or  embankMent materfals, 	. 
should be conaidered fer_ebbankMenta located in seiSmiCallY active areas,. 	-• 

MineralogicaipertieS efl ■itateriala 	. . • 
• 

. . Notes on the mineralogical prePerties Of Mine  wastes are giVen in 	- 
Section 3.. in general, the Strip Miningef coal SeaffiS n'sialts  in  thé .pro-
duction  of large quantitiea of broken 'shaleS, siltatehea.and sandatenea. 
These wastea are usually dumped.in Waste pilea;. the weathering of the shalea 
and siltstones may reduce their ahearing Strength and cansp , atabilitylireb- 	• 
lems, Fine Wastes  from  the ceal washing plantcan.be'pended for Settlement, 
or filtered and deposited.in  a More -or -less dry Cenditibit. 	• 	 • 

In the mining of industrial  minerais,  the proportion  of  waste to. 
ore is relatively low in comparison . to . that in:metal mining...Severe - dilating . 
often occura on asbestes waste'piles. -  The eaCape of brineSfrom petàah : 
tailings ponds can be a problem with-these waates..-H- .  

Finely ground Wastes that have a high éôntent àf silideous Materials . 
generally have .poor binding qualities and are very susceptible tO eresion 
by wind and Water. egh •ulphide - tailinga Will eften oxidize, cementing 	' 
to form a surface crust; howeVer, they May. ignite if the Sulphide content 
is very high and they- often .producaacidic . run-ciff whiCh inhibità Plant groWth. 
The treatment of gold ores with aodium:cyanide:Can resnit in poisoneus" 
tailings effluents which Must be treatedliefore'release.freM settling 	• . 	, 
ponds. Arsenic may alao.  be  .produced by the roaSting of gold bearingorea. 
Tailings from uranium mining can contain.dangeretis radioactive - materials. 

. 	. 
Geotechnical Properties of Materials 	- 

ClayS, where present  in the  feundation,. Can affeet.embankment 
settlement and stability. AoWeVer, theymay consolidate-Under the - weight:* . 
of fill placed over them and gain in shear strength as the - eMbankffient .  riàes. 
Saturation  and  swelling of uncompacted clays in Waate piles Can rechice 
their shear strength substantially. 

Silts can behave either as Cohesive or .as frictional Materials, 
depending on the conditions of density; gradation and moisture  content. 

 Sands.and gravels are relatively inCompréssible;-their shear stengt4 is 
primarily frictional and their behaviour can be predicted fairly reliably 
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when their gradation and density are known. However, loose, fine, saturated 
sands are often susceptible to liquefaction. 

The properties of glacial tills and other soil mixtures are 
dependent to a great extent on their densities and on the proportions and 
characteristics of the fines they contain. Their shear strengths may have 
both cohesive and frictional components. Dense tills are usually strong, 
relatively impermeable and incompressible. However, in foundations 
geological variations can be important. 

Organic soils, such as peat, are generally very compressible and 
have low shear strength. Removal from embankment foundations might be necessary. 

Rockfill composed of sound angular rock fragments will be strong 
and pervious, even without compaction. However, substantial settlements 
can occur in uncompacted rockfill. Weathering of sedimentary rocks, such 
as shales and mudstones, can seriously reduce the shear strength of rock-
fills containing a large proportion of these types of materials. 

Most mine tailings materials, particularly from siliceous rock 
types, will behave like sands, except for the very fine "slimes" fractions 
which will behave like silts or clays. 

Sound bedrock generally has more than adequate compressive and 
shear strength to support mine waste embankments. However, extensive 
seams of soft materials, such as fault gouge, can affect embankment 
stability, 

General Site Investigations  

Published climatic data should be consulted for the evaluation of 
evaporation and:runoff at embankment sites. Estimating methods utilizing 
.such published data are given in Appendices A and B. Their accuracy can 
be substantially improved by even a few years of evaporation, precipitation 
and stream flow measûrements at the actual embankment sites. For major 
embankments where runoff could be a decisive factor in promoting failure, 
it would be advisable to install the gauges necessary to obtain such records. 

Topographic maps are necessary for the planning and design of 
mine waste embankments. Aerial photographs are useful for interpreting 
the'general keology of the site and in locating potential sources of con-
struction materials. 	 • 

Soils and Waste Material Investigations  

A geological appraisal of the site should be made followed by a 
preliminary foundation investigation based on this appraisal. The invest-
igation should be reviewed and modified as required when initial test hole 
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data is obtained. High embankments, or thOse founded oh Clay's or siltÉ, 
may justify extensive foUndation drilling, sampling and testing. POT IOW' 
embankments, or at sites where bedrock iS ObvioliSly ai shallew'depth and 
the surface soils .are competent,.an inVestigatiOn.ConsiSting  of  aügér hôiés' 
and test pits may suffice. 

• • 
Soil samples should be Classified and-teSted in the laboratory to • 

determine their gradation, in-place déhsity  and  MoistUre Content. 'Where 
clays are preseht in the foUndatiOh,  consolidation  and Shear strongth 	. 
tests may be necessary td determine their CoMpreSsibility and shear strength 
characteristics. Field permeability  tests  May alSci.be reeirect to deiérMine 
the approximate poroSity of foundation niaterials 

Foundation . water levels Should be meaSured in all eXpleratOry 
holes; they are particiiiarly important where thefoiindatiOn ccintains 
several strata of greatly different perffieability charaCteriStidS. — All • 
eXploratory drill holes eloUld be acCuratelylOgged-and their.loCatiohs. 
and•elevations should be recorded on topegraphid maps and.sections. . . 

• 
For the design of mine  tailings.embankments, the specifiC gravity . 

and gradation of the tailings should. be'detérmined to assésâ- their . Suità. 
bility in embankment  construction  and te guidé the design of eMbankteht 
drains and filters. Permeability,  consolidation  and strength testinïalse 
may be required On representative.samplés ofthetailins. 	* 

. 	. . 	. Design  • 	• 	. 	- 	• 	 • 	' 	• 	. 	' 	• • 	: 	 . . 	 . 	, . 	. 	. 	 . . 	
- ' 

	

: • 	, , 	 .. . 	 . . 	• 	, 
•. As a general guide, the'proCedure•for the design ettailings - 

embankments usually Will involVe: .. 	. 	- •'• 	: 	'. 

mking a field reconnaissance of:the general site aréa.' 
• 

making -  preliminary:Iayouts and•coriiiOaring the areal extent,: 
height and economics of alternative pondS capable of 	r. 
storing the intedded mine output Of waste -Solidà - i 	• 

• . 	. 
selecting the mOst , promising . site;* making detailed . sita 	, 
inspections; and establishing a prograMMe,of foUndatiOn 	' 
and materials investigatiOns.(including .  Waste .ffiatetials) 	• 

estimating seepage, evaporation-and - runoff for . thé . pond'and 
assessing the range of pond - water-level variations, with 
both minimum and  maximum  Water reclaim from the pond to 
the mill, . 

studying alternative  embankment  types,  tailings  disposai: 
 methods and water control measures-for the selected site . 

and selecting the most economical overall:system,. 
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making seepage stability and, if necessary, settlement 
analyses and establishing the final embankment design, 

preparing construction drawings and specifications which 
should cover also, the waste disposal procedures to be 
followed. 

Except for the evaluation of probable seepage, evaporation and 
pond level variations, design procedures for waste piles will be similar. 

For small-volume embankments, a tailings dam constructed entirely 
of borrow or dry waste materials may provide the most economical system, 
allowing simplicity and economy in tailings disposal. 

Larger embankments usually require at least a "starter dam" of 
borrow materials, to provide sufficient freeboard to prevent over-topping 
of the crest when the pond is initially put into service and to provide 
storage for water clarification and reclaim. 

• 	Tailings sands (produced by spigotting, cycloning or sluicing) 
that Contain less than 10-15 percent of fines (-200 mesh) are usually 
suitable fer embankment construction. .However, unless they are compacted 
or kept unsaturated  in the  embankment, such sands may be susceptible to 
liquefaction. Embankments of tailings sands can be built by the "upstream" 
method, in which case the starter dyke will usually be located at the down-
stream toe - and should. be  pervious relative to the sands. The principal 
disadvantages of this method are the limited heights to which such embank-
mentS can be built because —of possible shear failures through the under-
lying slimes and the susceptibility of the loose and saturated sands in the 
embankment to liquefaction. 

Embankments built by the "downstream" method usUally will  have the 
starter dyke at the upstream toe - and this dyke should be relatively imper-
vious. The method usually requires cyclones for the production of sand-fill 
material, although sluicing could also be used. The cyclones often require 

. maintenance and frequent replacement. Also, substantial variations in 
sand gradation can be caused by fluctuations in operating conditions 
in the tailings pipelines to .the cyclones. The principal disadvantage 
of the downstream method is the large volume of sane required for 
construction of the embankment cross-section. With finely ground 
tail,ings, it may be difficult to keep the embankment crest above the 
pond surface because of the low available  volume of sand suitable 
for placement in the  embankment. However, this difficulty can 
oftèn be solved by constructing part of the section with borrow or 
dry waste materials. The eMbankment cross-section and construction 
schedule can then be arranged to provide adequate freeboard. 
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Methods of seeps.gé, stability and séttlement analysis for tailirigs
embankme:ïits, and for waste piles, are déscribëd in Section 5: Also
indicated are the extent of site and, material investigations and of design
analyses that could reasonably bé required for waste eritbankménts: Minimüm
factors of safety for variôus cônditiôns, and liniitirig çre.st widt}is, aire'
suggested.

Construction and Operâtién

The design of mine waste embankments is particularly dependent on
the methods' utiliced for taasté disposal, as thesé éstâ.lilish thë céndition
and distribution of the materials in the embankménts: For tailings embarik"
ments, thé methods and locations of sl`izrry disposal and wàtér récl.aim are
major fâcto'rs to be considëred. By lcicâting dispiisal.points near thé émbdtik"
ment crest and the reclaim ivater intake on the far side of the pond,, the pond
water can often be maintained at â location well back from the upstream face
of the embankment. This will reduce seepage through the ëmbs.nkmerit, lôwer
the level of the phreatic surface within thé embankment and ;a:llbtv grés.tér

.freedom in.selectzon of the type of embankment. Dmbankments cf tâ:ilings.'
sands alone are more likelÿto be stable under these conditions,than they
are with the pond locatëd close to the upstream fâ.cé of thé einbariknient.

Barge-pump reclaim systems are likely to be more ecônomicâ.l tlis.n:
decant or si.phon.sÿstems when the pond.is located distant f"roin the émbâ.rik-^
ment, because of the culvert ^engt}is involved. Décant cülverts shôuZd be
conservatively designed, because of the danger of piping into collapsed
sections and open joints and along the outside of thé culvert - a céminôn
type of failure in the past. Siphons have several serious bperdting
disadvantages.

Mine waste embankments are usually-raised to 'full; height. over s. .
period of many years â.nd;during this time, many factors can develnp-to
influence the stability of the embankménts, High embanktnénts shôuld;be.
instrumented to inonitor.môvements in the:émbâ.nkment and its foundation;
and to measure changed in piezometric levéls and séépagéflows.. Suits.blé
instruments are.described in Section 6.'Ddtâ. dbts.inédby thèseiristrûments,
and construction and waste disposal prbcedtires, should be recorded and
periodically reviewed to énsuré the safety of the embankment throüghoüt'
its life.

Maintenance and Reclamation

The objectives of maintenance programmes for mine waste.embankinents
are described in Section 7. These should includé periodic inspectiôns and
reviews of recorded méasurements and'ofwaste rnaterials and dispôsal methods:
Careful attention should be given to ensuring effective drainage and effect-
ive seepage and runoff control. Methods of improving the stability of
existing waste embankments such as slope flattening, the addition of berms
and slope height reduction are described, as are méasures.for .çontrolling



piping and surface erosion and for controlling fires in coal waste 
embankments. 

Descriptions of waste pile reclamation by landscaping, seeding 
with grass and reforestation are included also. 
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SECTION 2  

TUNCTIONS PROBLEMS  AND  GENERAL CONSIDERATIONS 

FUNCTIONS OF MINE WASTE EMBANKMENTS 

Solids Storme.  

The prime purpose of waste embankments is the storage of solids. 
In the case of tailings embankments, a secondary requirement may be the 
temporary storage of liquids (usually water) for clarification or pollution 
preventiOn purposes. The approaCh to be taken to final disposal of the 
liquid included with slurried wastes may be influenced by requirements as 
to the final disposal of the solids.  For  example, fines.from coal prepara-
tion plants are sometimes recovered for sale from settling ponds. In this 
case, there would be an advantage in promoting rapid drainage of water from 
the pond in order  ta  reduce the water content of the fines prior to their 
recovery. In other cases, slurries may contain potentially dangerous liquids 
which may be so damaging to the environment that a basic requirement will be 
to,reduce their escape from the pond to a minimum. 

Sedimentation and Consolidation of Solids 

Usually, needs for the reclaim of water from tailings ponds for 
re-use in the ore treatment Plant, or for discharge of tailings effluent 
iritd adjacent streams, will require that a tailings embankment retain a 
certain minimum volume of liquid for sedimentation of the suspended solids. 
Non-colloidal tailings solids will settle rapidly from the slurry in this 
pool leaving a relatively clear liquid for reclaim or discharge. 

Initially, particles settling from the liquid in the pond will 
'accumulate in a very loose state, deposits near the surface having a high 
void ratio and a high water content.. These loose deposits will consolidate 
with time aaliquid is expelled from the voids between the particles, the 
void ratio at any point and the water content being influenced by: the 
effective vertical pressure of the.overling material, the permeability of 
the surrounding deposit, the distance  that the liquid must travel to drain 
fromthe deposit, and the time during which vertical pressure has been 
applied. 

The amount of liquid elçpelled from the deposits during the consol-
idation process will be much smaller than the amount of free liquid produced 
during the initial sedimentation stage. Sedimentation occurs rapidly; 
consolidation is a slow process with some tailings ., particularly those that 
are finely ground or have a high clay content or low specific gravity. Even 
after consolidation under their  on  weight for many years, such deposits may 
have very high void ratios and watgr contents. This condition, which is a 
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Factor in the long--term stability of tailings deposits,.: will remain
.inde£.initely, unless additional méasurés are taken to promote further
drainage of liqiiid from the dépôsit.

PRINCIPAL REQUIREMENTS

Stability

There are. feiv situations in which instability of miné vis.sté èitibdnk-
ments can be tolerated. Instability of waste émbankments loca:téd in-isôlaté,d
areas may not involve risks to adjacent property or installations, at tlie time
the), are formed but may become a.thréât; due to nearby develripiiténtt â.t s.cime
time after their abandonment. Süch unstable waste' pilés coüld éridé.rtgéx porsdns
working on or near them during operation. Âri added ds.rigér in thé câsé of thé
failure of tailings embi3,nkments would be thé loss of liquid arid.unconsâlids.ted. . .:
solids from the pond, with_ consequént poss3.bilities of flood ws.Vës and pb1.^u^
tion in adjacent streams.

Runoff C'ontrol,

There w.il.l always be some ciltchmént atea ëontribüting,'runnff iritc
the area of the mine waste embankmént: This. may Vary from a minimum ériçqmpâssitig
the area of the.waste pile ( or té.ilings.pond) itself to a substâritiâlarea
incorporating the. drainage area of streams entering the walléÿ..acrciss ,whieh.
a tailings embankment is constriicted. Siabstantiâ.l runoff volumes .. and flows,
can resi.ilt from heavy precipitaticsn or snow melt over relatively small..c_st^h-
ment areas.

The effects of runoff can, include: surface erosion of wasté' piles,
with downstream pollution; saturation of waste pilés, with a danger of .. -
d^-!creased resistance to sliding failûres; aridziovertopping of tailings émbank,-
ment, with the threat of a çomplete failure. The pciteiitially serioûs cônse-.
(Iuene:es of a failure to effectively control runôff into.tfié -ai.reâ .of. mine waste
embankments make suçhcontrol an important considérs.tionin the design of tliése'
embankments,

TYPES OF PROBLEMS ENCOUNTERED

Instability

1. Rotr.ationad Slides

Earth slopes commonly fail in the form of'a rotationâl slide, as
i.lliistra-t:ed by Figure 2=1. In.this type of' fai.luré, the surface along which
movement occurs closely approximates.that of a horizontal cylinder or sphere.:
This is characteristic of failures of slopes composed ofmateria,ls whose
shear strength includes both cohesive and frictional çomponents. Slopesôf
cohe,sionless materials may also exhibit this form of ins-tability when the

foundation materials under the slope are instruméntal in bringing about
fa .i.lure .
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The first sign of rotational slipping is usually a tension crack 
at the top of the failure surface, sometimes accompanied by slumping of the 
material on the slope side of the crack. Bulging at the toe of the slope, or 
heaving of soft foundation materials close to the toe, may also occur. The 
rate of development of rotational slides is unpredictable. In some instances 
the rate of movement may be sufficiently slow to allow promptly executed 
remedial works to arrest the movement. In others, large rotational movements 
occur so rapidly that insufficient time is available to complete remedial 
works. 

2. Surface Slides 

The sliding of shallow surface layers is a form of instability 
characteristic of slopes of dry cohesionless materials formed by dumping at 
the natural angle of repose of the material. It is a special case of rotational 
sliding where the radius of the failure surface is large and the failure 
surface almost planar. 

3. Slides on Planes of Weakness 

Planar failure surfaces, and other modifications of the cylindrical 
surfaces occuring with rotational sliding, can be caused by surfaces of 
weakness beneath the slope. Such surfaces can include: buried slopes which 
at one time were exposed to weathering; snow covered surfaces over which 
additional waste material has been dumped; layers of fine waste materials 
included in a pile of coarser waste; and foundation strata of low shear 
strength. With these conditions, failure surfaces may follow the surfaces 
of weakness producing non-circular or wedge-shaped slides as illustrated on 
Figure 2-2. 

4. Creep  

Movement of a mass of material forming 4 slope at a slow and steady 
rate down and parallel to the slope is known as creep, particularly where .  
the material moves as a consequence of deformation rather than along a 
defined failure surface. The siting of a waste pile on a natural clay 
slôpe increases the forces tending to cause downhill movement of the clay 
and may initiate creep. However, changes in pore water pressures may be 
the more  explicit cause of such deformation. The apparent creep of a slope 
may thus develop into a slide'along a defined failure surface. 

5. Mud  Flow 

A mud flow occurs in the form of a rapidly moving stream of water-
borne soil having the consistency of mud. It is usually caused by the 
saturation of soil masses by heavy rainfall or springs and commonly occurs 
at the downstream toe of tailings embankments and waste piles constructed 
of relatively fine and impervious material. Dumping over-the-side on steep 
slopes can produce particularly critical conditions. 
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6. 	Provve. Sliding  • 
• • 

Where a slope is interrupted by a:minor- Slide, as eày OCP.11-  aS a 
result of the emergence of seepage ôn'the Slope, sUbsequent sliding. of 
progressively increaSing siie May océtir repetitively .  above the yerst slide, 
the material fromreach slide being reMoVéd by- the seepage water at the toé 
of the slide area .  Similar slides may ocCuryhére thé Material froffi a' minor - 
slide is excavated without restoration Of thé  original geoffietrY be the Slope .  
The fore. taken by progréSsive slidihg iS illustrated on Figure 2-3. 

7 . 	Flow Sli des 

Some soils; such  as  very fine-grained uhiforM sand and colléSiohleSS . 
silt or ràck fleUr-adopt à loose Unstable  structure  When deoSited throUgh 
water. The permeability of subh Soils may  be  relatively ieSW.. If such.a soii 
is disturbed, its structilire May draiàp'sé, thé soli partiCleS aiteMpting tô 
find a new structure.by  which they oCcupy à Smaller' volume.  If, atthe Same . 
time, such a soil.iS saturated it  cari  only . deCrease.itS  volume  throUgh -
drainage of water from the 'voids between the Sôiipartiéles: if the s'oil has  
a low permeability, this drainage  may  Occur too SloWly,to.prevent at-ransfer 
Of weight froM thé soil skeleton to the ,PcireWater. ThiSreSidis:in the 4011 - 
particles becoming temporarily suspended in the Water' and the.soll mass 	. 
suddenly acquires the property of'a viscouS .  liqUid. ThiS-tranSfôrmation is 	: 
known as liquefaction. 	._ 	 . 	. . 	 . 

	

. 	 . 	. . 	. 	. 	. 	. 	. . 	. 	. 	 . . 	• 	. 	 . . 	 .. . 	. 	 .. 
. • Large volumes of liquefied soil - Can . flow throUgh relatively narroW 

openings and can travel  for  cohsiderable distances before stopping : . looSe 
soils deposited at void . ratios - above acèrtain critical value are MôSt 	- 
susceptible.'Their liquefaction can be caused by vibration ,,,resulting from 	• 
earthquake shocks or nearby blasting, byllarge strains resulting-from: -  
additional loading by stiperimiposed› materials, or by a rapid.rise or fail 	- 
the water table within the'soil:  mass...Mine tailings deposited'in pôndS Often 
satisfy the known criteria identifying Soils.Susceptible to liquefaCtiOn. - 
A'number of serious tailing s .  embankment failure s .  have been'attribUted.tô' . 	' . 	. 
liquefaction of the tailings  and/or:  the' fine  sanClembankeent used-to-retain 
them. 	 . 	 . ,, 	. 	 . 

Runoff and Seepage 
•  

1: 	Overtopping 
• 

Overtopping of an earthen embankment by water usually resültS in 
serious damage to the embankment, and can result in a complete andAisastrous-
failure of the entire embankment. PrObably , it has - beenthe - Mostdommon single 
cause of dam failures." ' • • 
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The most important factors affecting the extent of damage to the
embankment are:

the rate of flow over the crest,

the duration of flow over the crest;

the erodibility of the materials in the embankment
and its foundation.

The rate of flow, and the length of the embankment crest, establish
the depth and velocity of initial flow over the crest. With a relatively low
flow and a long embankment, this initial depth and velocity may, theoretically,
be low. However, unless the crest of the embankment is absolutely level and
is composed of a material strongly resistant to erosion, the flow will concen-
trate and rapidly erode a gully in the crest. As the gully develops, the flow
becomesmore concentrated with subsequent rapid increases in flow velocities.
With sustained high flows through such a breach in an embankment of erodible
materials, a major failure can occur ve.ry rapidly.

Tailings embankments have an advàntage over dams retaining water
alone in that the volume of water in the pond may be relatively small;
consequently the pond.may empty before disastrous damage occurs to the
embankment. On the other hand, tailing embankments are often constructed of
highly erodible matèrials, namely the cohesionless sands.of the tailings
themselves. Breaching of the embankment may allow not only water to escape
from the pond but, also, the unconsolidated deposits of solids accumulated
in the pond which may liquefy and flow through the breach as a viscous fluid,

2. Surface Erosion

In areas of high runoff, particularly where the slopes are long and
composed of erodible materials, erosion gullies may form on the slopes of
waste embankments. A common location is the contact line between embankment
and foundation, where runoff from adjacent hillsides will concentrate. If
allowed to develop deeply, these gullies may promote slides of adjacent waste
material on.the slopes of the embankments. If sufficiently deep that they
reach the water table within the waste embankment, they will promote the
concentration of seepage flows into the gullies, with consequent increased
erosion of material in the gully. The material eroded adds to pollution of
the environment downhill of the waste embankment.

3. Sub-Surface Erosion

A common form of sub-siarface erosion is the "piping" which sometimes
occurs on the downstream slopes of earth dams and tailings embankments. It
is caused by seepage through the embankment or its foundation, the seepage
flows usually concentrating in layers or lenses of materials more pervious
than the average. If the exit velocity of the seepage water from the soil is
sufficiently high, this water will move grains of soil from the embankment
or foundation surface. With continued movement of the soil, a hole or gully
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will develop-at the seepage exit point. In cohesive materialS - „or eVén 
in wet cohesio-nless materials, the Material Mily'arch over the developing 
hole and progressive erosion Will develop a "pipe" extendingqlatk toWards 
the source of the Seepage. The developffient of this pipe.decreases'the 	- 
length of the seepage path froM source to,pipehead, with conseqUent 
acceleration of the rates of seepage and ercisiOn. If thé sourde ofthe 
seepage is,a pond of water, this water will éVentually break through:into :  
the pipe and unreStrained flàw Will occhr frot*the pond throligh Or unàer 
the embanÉment. 

lhiS  type  of failiire Can occur Ver.5e rapidly if the,developMent . 
 of the piping Is not noticed. Ii doeS•not necesSarily odour ai expOsed 

ground or éMbankment surfaces.  It often oddurs beneath thé ground Surface 
by  érosion  of fine materials into the'veidS of CoarSer MatérialS, (Fer 
example )  by thé movement of  grains  Of tailings  and  intO thé Opén:VOidS 
of a rockfill embankment). It is.proMoted by any Sittiation 

.to cencentrate seepage along - a.cOnfined pa th, Stich : as - along the Silioètrth 
surfaces of éulvert or decant pipés .passing through the embankment. 
Numerous lailtires of this type have  ocCurredWith tailings'eMbankMentà 
by erosion of tailings solids into, through  and  around decant lines 
inStalled under the eMbankMent. 

The development of pipihg is iliUStrated on Figure 2-.3: 

Burning of Coal Wastes 	. 	 • 

Coai waste piles may be ignited accidentally by eXterhal agencies, 
such as the tipping of hot ashes or by lighting open fireS on thé  piles. 
The most comMon cause of - burning, hoWever, is spontaneousébmbustion-of . 

 carbonaceous materials,-often aggravated by thé presence-of pyrite. 
• • 

Burning May cause theformation:of voidS within a waste..pile, mhith 
may result in local éollapsing and - adverse changé in.the sttess distribution 
within the pile. Not all thé results of burning.haVe an adverse effect on 
*stability hOwever;.burning may cause_anIncreaSe in the shear.strength  of  
the waste and, where teMperatures are sufficiently:high, ftising May otcur. * 

. „ • 
The  chief hazards associated with the burning  of  coal wastes are 

due.to  the generation of noxious gases. These intlude éarbon mOnokidei 
carbon dioxide,:sulphur dioxide and OCcasionally hydrogen sulphide; each 
can be dangerous if breathed at certain concentrations which-may be foiand 
at waste pile fires. Ihe rate of evolution of the gases may be accelerated 
by disturbing à burning pile, for exaMple by- excavating spoil or by *.* 
ré-shaping. 	 • 	• 

Carbon Monoxide iS the most dangerous and the most insidioüs. of 
the noxious gases, as it May be present lh . potentially lethal concentrations 

,and cannot be detected by smell, taste, or Irritation. The_shlphur gases ' 
are not likely to be present in high concentrations and they re readily.' 
detectable by smell, taste, and irritation long befOre the'lethal leVels'• 
are reached therefore the sulphur gases,:althoUgh adding to the Overall*. 
toxicity, are MainlY . a nuisance rather than a:threat to life. - 
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Combustion in a waste pile may lead to the formation of cavities 
below the surface, leaving a crust on the surface of the fire area which 
appears to be solid but which would not support the weight of a person or 
machine. Similarly, the ashes over a supposedly burned out portion of the 
heap may appear harmless but often cover red hot embers to a considerable 
depth. 

Steam when in contact with red hot 
mixture of carbon monoxide and hydrogen. A 
in which the proportions •of the latter are 
explosive and these conditions could occur 
Incidents have occurred where persons have 
scattered by an explosion on or in a waste  

carbon forms water-gas, a 
mixture of air and water-gas 
between 5 and 72 per cent is 
on a burning waste pile. 
been burned by hot material 
pile. 

When working on a burning waste pile every effort should be made 
to prevent the formation of a cloud of coal dust in the vicinity of the 
fire, as a mixture of coal dust and air, if ignited, may explode with 
great violence. 

FACTORS AFFECTING STABILITY 

Foundations 

Instability of mine waste embankments is not necessarily confined 
to sliding on surfaces located .wholly within.the waste embankment itself. 
In many cases, the foundation materials beneath the embankments are sub-
stantially stronger than the wastes deposited on them. However, even in 
foundations predominantly of sound rock, or of well consolidated soils, 
strata of relatively weak materials may occur. Such strata could include 
thin seams of soft fault gouge material in strata of otherwise sound rock, 
or strata of soft clay occurring between deposits of relatively firm sands 
and gravels. The low shear strength, and in some cases the low permeability, 
of such strata can result in sliding along surfaces located partially within 
the foundations or abutments of mine waste embankments. 

The principal foundation characteristics affecting the stability 
of waste embankments are: 

shear strength, 

compressibility, 

permeability. 

The shear strength determines directly the resistance to sliding 
along potential failure surfaces passing through the foundation. Compression 
of the foundation can cause appreciable settlement of the overlying materials, 
sometimes causing cracks in tailings embankments which lead to excessive 



seepage and even failure by piping. The permeability of the foudation 
affects seepage through it, semetimes leading.to  réductions in stability' • 
front an increase in Water preSsureSbeneath br . in  the  embànktent, or frOM 
saturation Of the waSte material with a résillting inbrease.in it$ weight 
and reduction in its shear strength:. Foundatie perffiéability iS,parti•ulàriy 
important for tailings embankments during the early yéàrs df,pchd Opération, 
when excessive seePage under the embankMent mày lead directly to piping, 
failures. Examples Of soMe foundation conditions affecting Stability ate 
illustrated On  Figures  2-4 and 2-5. 

Loads 

The total driving force tending to create instability is Supplied 
by gravity acting on the mass of the Waste materials; it is proportional 
to the specific gravity and volume of solids and liquids in the waSte 
materials. Superimposed plant or equipment live loads are not generally 
significant in relation to the weight of these materials. 	' 

Slopes . 	_ 	. 	. 	. 	. 	 • 	. 	. . 	 . 	. 	. 
. 	 • . 	 . . 	 . 

	

. ' The steeper the slope Of  .a. Waste embankment, the.higher.are .t4 	. 
shearing  stresses  that develoP..on:any-Pbtential failUre'Sürfabe.: Con-
sequently, higher.shearing_strengths:Musi be MObilized -aleng theSt  surfaces  
to reSist sliding:  . 	 . 	. , _ 	

. 
Characteristics Of MaterialS 	 • ' ' 	. • . • . 

' 	. 	• . 	 . 	 . 	. 	. 
The principal  material Characteristics affécting•Stability are; 

, 

	

grain size and distribution(gradation), • . . 	,:- 

' 	density,  
, 

' permeability, 

• • 

	

	shear strength, 

moistilre content, 

plasticity. 

Materials vary widely  in  grain size and gradation, rangingifroM fine 
grained, impervious, - compressible clays to coarse grained, permeable, ,  
incompressible gravels and rock fills. The grai n.  size, shape and  distribution  
all affect à materiai's résistance  to shearing,  as  does its in-place density 
A.relatively small increase in density can Substantially increase a:soil's 
shear strength and reduce its permeability. 	'  j 	 . 
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The permeability of soil or waste materials, and the relative 
permeabilities of different materials in a deposit, affect seepage 
flows and water levels in that deposit. These in turn can affect 
the shearing resistance of the deposit. Of particular importance in 
determining the overall permeability of soil or waste deposits are 
the voids and stratifications which may exist in the deposit. These 
can cause substantial directional variations in permeability. The 
influences of open fissures and stratification often make it im-
possible to accurately predetermine seepage flows and water tables. 
Under these conditions, estimates can be made only of the probable 
range of seepage flows and of the approximate locations of water 
tables. 

Usually, the shear strength of a soil will have two com-
ponents, a cohesive and a frictional component. The cohesive com-
ponent of a soil's strength is not affected by the pressure of the 
pore water in the voids of the soil. However, softening by absorp-
tion of water can reduce cohesion values. The frictional component 
of a soil's shear strength, however, is a function of the effective 
pressure between the grains. 

Granular soils (those containing only small percentages of 
clay or silt sized particles) generally have very little cohesion, 
their shear strength consisting almost entirely of the frictional 
component. 

Some soils exhibit a reduction in shear strength with in-
creasing strain. Such soils may produce sudden slides if stressed 

. to a point beyond the "peak" shear strength. Beyond this point, the 
strength available to resist sliding suddenly drops to a lower 
"residual" shear strength, while the activating forces remain 
constant. 

The consolidation of soft, saturated, impervious soils, 
such as clays and silts, can affect embankment stability. As these 
soils are compresséd'under the applied loads, water is squeezed from 
the voids. During this process (consolidation), the water in the 
soil voids is.under pressure. The increase in shear stress with 
little immediate increase in shear resistance, can affect the stability 
of embankments of fine waste materials, particularly if the rate of 
waste placement is faster than the rate of pore pressure dissipation. 

The water content of an undisturbed, natural, soil when compared to 
the Atterberg limits of that soil, provides a key indicator to many of the 
soil properties. Soils whose natural water contents are close to the liquid 
limit are usually highly compressible. Soils whose natural water contents 
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àre highur Uldh the liquid limit  are  usually sensitive te . reffioulding 
and may liquefy, under-relatively small straihs,.When leaded. . 

*: 
The placement water Content 'of soils Used for effibankMent  con-

struction  may greatly affect the .charactériStics of  th e:embankment H 
(density, shear Strength, compressibility, perMeability).. For every . . 
soil there ekists an optimum water content at- which Maximum dénsitieS 
can be achieVed using a minimum  eoMpactive efforts. 

Changes in Material  Characteristics.  

1. 	Weathering  

• Physical and chemical changes in waste materials felleWing their 
deposition on embankments càh  affect the  stability Of theSeembankments, . • 
A cemmon physical change is the breakdeWn  of.  shales and SiltStonesWaSted 
.dhring coal mining. This•cari alter the gradation of  these materials from 
basically coarse breken rock  th  soils, with consequent changes in shear 
strength and permeability. The extent of breakdown depends  on the parent 
rock, and the effects of air, water, frost and handling-betWeehMining 	- 
and plaCing  on the pile. Particles. Of .cealSand'SandstoneS . Which-hsVe 
strongly demented bonds'do not change appreciably - ônexposùre Whereas 
weakly cemented-coals and Sandstones break deign readily..• Shales and 	• 
sils  tones break down ,to an extent related te  .the grain size Of the . Parent .  
rock. The finer the grain, the  quicker the degradation, although a fine 
grained rock from one . region or horizon  inay be More resistant -than a 
coarser-grained - rock'frem ancither .. SOMe waStes break - down to an extremely 
flaky material. 

Degradation of the shales and siltstones Can  start within a few 
weeks of placement on the surfacé of thé pile,, the  first effeet,being the 
degradation of the larger particles into fine . gravel and-Sand-sized 'particleS. 
At depths below a few inches degradation occurs more slowly Or not at> all. 
A reduction in particle size will:tend te Cause à decrease  inH permeability. 
ConSeqUently Some wasteS Will in time acquire a - relatively imperviotis skin. 
This effect will not be so pronounced for thé more  Stable Wasteg i  'as .the  
permeability change for such material is  net' likely to:be large. 

• • 
Shales in which the constituentscontain à large proportion  of'  

clay minerals can degenerate into plastic sells of Very low- shear.stréngth. • . 
• 

2. 	Softening 	 • 	. 	. 	. 	. 	. 	: 	• 	
. : . 	 .  . 	 ' 

Soute  soils and waste materials Will soften or swell when- in contact 
with water, often resulting in a radical reduction in shear strength, These. 
materials can include certain types of clays and clay-shales. If a deposit 
of such à clay is extensively fissured, water penetratinginte the fissures  
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can seriously weaken the whole deposit, in that its shear strength will be 
governed by the strength of the softened material adjacent to the fissures. 
Remoulding of a clay can produce the saine effect. 

Materials at the surface or toe of a waste pile, particularly where 
there is ponding, are most likely to exhibit softening or swelling. This 
may cause local reduction of stability resulting in local sliding, and hence 
sudden changes in stress within the adjacent intact pile or its foundation. 
Materials which have softened or swollen may constitute surfaces of weakness 
within any waste pile built over them. Chemical solutions seeping through 
a pile or its foundations may react with the waste and bring about changes 
in its shear strength and other properties, with resultant adverse effect 
on stability. 

3. 	Chemical Changes 

Pyrite, and rocks containing pyrite, are often found in wastes 
from iron and coal mines. Such materials oxidize continuously while lying 
on  the surface of a waste pile. The acidic products of pyrite oxidation 
can cause chemical changes in other waSte materials, affecting their shear 
strength. Water draining from the pile may be contaminated with acidic or 
neutral salts. 

Changes in Water Level  

. 1. 	Within the Embankment  

Changes in the level of the water table in a waste embankment will 
change the pore pressures and consequently the resistance of the pile to 
sliding. Increases in level can be caused by surface water seeping into a 
waste pile, springs loçated under the pile and not effectively drained, 
seepage water from settlement ponds constructed on the pile, blockage of 
drainage culverts beneath or around the waste pile and changes in the chara-
cteristics of the waste materials placed in the pile. 

In tailings embankments, increases in the level of the water table 
can be caused by blocking of drainage and filter layers within or below the 
embankment, freezing of surface layers of material on the downstream slope 
of the embankment and changes in methods being used to construct the embank-
ment. 

Alteration of the permeability of foundation materials below waste 
embankments caused by strains induced by mining subsidence can also affect 
the level of the water table. 

2. 	Pond Drawdown  

Seepage from a pond through its retaining embankment will buildup 
pore pressures within the embankment, these pressures being highest near the 
upstream face and reaching constant values if the water level in the pond 
does not vary. The more impermeable the embankment materials, the longer is 
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rmilu Legnuced .  for  the  seepage pattern  and  pore  pressures  to react to 
d ■ anges fo pônd level and reach â• new steady.State. 	• 	. 

it Lhe.pond water leVéi drops; -  there wili le, until the neW steady 
itate seepage pattern is'establiàhed, continuing pere.preaeureàin'the 	• 
embankment fill. ,The additiônal shearing .stresseS CatiSed by the 'draw-. 
clown in the npstream . Slopes :may cause failure: In general, the magnitude.  ' 
of the additionalforces›introduced by Pond draWdoWn WillyarY•direCtlY: 
w1 eh  the rate of drawdown and inireràélY. With the Permeability  of  the 
embankment meterialà. . 	 • 

Disturbance of Waste Embankments 

1. 	General 

• Disturbances -  of Waste eMbankmentS will Often reduce their resistance 
to sliding faillites. Such disturbanCes-MaY bé Caused bY: vibrations from.  
earthquakes, blasting, pile driving or  machines ii  the vicinitY of the pile; I . 
mining subsidence or other foùndation settLeméntS; impact loading froffi dumping.. 
or from material slipping froM one PaTt ofthe pile to . anothér; Orly local.i.zed. 
sliding causing sudden changes in stress within:the Pile , or its folindation 
Particularly where waste materialS are satUrated, sudden disttirbances Which 
cause rapidly applied shearing strain .in the pile,orits-foundation MaY cauSe 
increases  in  pore 'pressures, .resialting in à redüctioh in - stability:Shere 
disturbances preduce large shear Strains., the Mobiliied shearing resiStande 
of the material may pass through its peak value tti a ieWer residual value 
along potentiaJ. failure surfaces': If disturbances induce tensile Strains 
within an embankment or its foundatien,  open cracks  may develop along Which 
no shearing resistânce:-canbe'Mobilized. 	 • . 	. 

• • 
• 2. 	Differential  Settlement  

. 	 . 	. 
The  shape of the foundatien s  or the nature of the foundatiOn: 

materials, n;ay cause differential settleffiéntS to ocCurin  an  embankment' 
which can affect its stability. Particularly . in  rélatiVelY.brittle fills,::;,, 
such di ff erential settlementS'can cause eXtensiVeüpen'craCks in the ....- : 
embankment and its foUndation. In the presence of:seepage, füll - hydrostatiC. 
pressures can develop  in  such cracks. - ' ' 	'- 	- ,. , 	. . 	 . 

-' . 	. . 	 . 	. 	. 	 • 	. 	. . 	 . 
. 	ExaMples of foundation conditions - causing differential settlémerit 

are shown on Figure 2-6. 	. 	 • . 	 _ . 	. . 	 . 	 _ . 	 . 	. 

GENERAL CONSIDERATIONS 

Economics 

The design of waste.  embankments ,  cannot be separated from consider-
ations of the costs of alternative methdds.of disposing of the waste. . 
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Construction procedures long regarded as standard in producing stable 
highway, dam and other embankments may represent a substantial item of cost 
when applied to mine waste embankments. However, the increasing size of 
waste embankments, and the increasing number and seriousness of failures, 
makes it important that stabilization procedures, such as compaction and 
seepage control, be used to the extent to which they are necessary. Trad-
itional waste embankment construction procedures should also be critically 
reviewed. Procedures such as the raising of the downstream slopes of tailings 
embankments with flashboards may have produced adequate embankments with 
relatively small quantities of coarse grained tailings but may be entirely 
inadequate with large quantities of finely ground materials. Spigotting, 
though a simple procedure with large tailings quantities, may be inadequate 
in producing a stable embankment when the materials are finely ground. 

Waste Quantities  

Together with the topography and geology of sites available for 
the disposal of waste materials, the overall quantity of waste will establish 
the extent and height of waste embankments. A lower but more extensive 
waste pile may ensure a greater degree of stability at some sites but may 
be less economical than one of greater height and more limited extent. The 
required rate of disposal may affect the method of disposal, also, and 
consequently the design of the embankment. 

Sources of Materials  

A fundamental consideration in the design of any earth embankment 
is that of the sources of material from which the embankment can be built. 
13ecause of the relatively large quantities of fill involved, it is desir-
able to locate borrow pits close to the embankment. The cost of hauling 
borrow materials more than one or two miles is usually prohibitive. In 
the case of embankments required to retain mine wastes, the low costs of 
waste materials available for use as fill will often dictate that these 
materials be used to the maximum possible extent for embankment construct-
ion and that more costly borrow materials be kept to a minimum. 

• Waste Material Characteristics  

Apart from the effects of their physical and chemical character-
istics on stability, the handling characteristics of the materials are 
important in thedesign of mine waste embankments. Some fine wastes may be 
so wet when dumped that they cannot be mechanically compacted and must be 
retained by coarser . wastes or by compacted embankments. Even after two stage 
cycloning, the sand from some fine tailings may have such a high content of 
fine material that it must be allowed to dry before it can be spread and 
compacted in the embankment. 
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bisposà1  and  Reclaih Procedures 	 • 	 • 
• 

Particularly in the design of  tailings eMbankmentS where Substantial 
cost. savings çan be Made by thé use of tailings sands as fill material,,the 
Manner of deposition of tailings in the.pend, and the  tyPeof - Water reclaim•

facilities used, Can subStantially affect the design of the embankMent. 
, 	. 

In embankMents coMposed prédominantly Of tailingS sands, thé ' 
location  of  the water  table  within the eMbankMent_may Well be.oritical in • 
determining its stability. A high water  table May cause s1idini  0 1. piping 
failures; ,  with ldw water  tablés, thé eMbankMent  ma  y be aMply'Stable: 

The principal factors geverning the location of the watértable • 
will be the elevation,  and location of the pond water  surface, .ii  relation 
to the downstream face of the eMbankMent, and the'distribution  of  PerMea-:, 

 bility of the materials betWeen thé pond and this doWnstreahi face. With 	• 
disposal of thé tailings along the:Upstream edge of the crest .of the 
embankment, the tailings depositsin the pond Wi4 slepe downWards into 
the pond away from this crest and there will.be a decrease in Material 
size and permeability wierincreasing distance.froM  the  crest. Ifthe free, 
water in the pend canthen be càntrolled so that it.is:alWaYS. iodated a 

'considerable  distance  upstreaM of the creSt  of the embankMent (oVer  the  
more iMpermeable tailings fines)., the Seepage froffithe pend tô thé doWn- 
stream face of the eMbankMent May be relatiVelysmalf:and the water  table ..•  
low. However, if because of high runeff,..er ether reasons -, the free water 
in the pond approaches the crest-of thé embankffient, seepage ihrotighthe 
coarSer and more permeable tailings béar the downstream slope  of the  - - 
embankMént will'eauSe the water table - to rise, 'reducing the stability of  . • 
this slope. This effect is illuStrated  on Figure 2-7. 

• • 
When the tailings are depoSited into the pond - at a considerable 	. • 

distance from the embankment, the fine -fractions will tend to.settle 	• 
against the upstream face of the embankment. This will.alSo• tend to .  be 
the lowest point in the pond, Where free.waterwill aCcuMUlate: Although 
this may shorten the'required length of.waterdeçant'or reclaiMpump line  

the result will almost certainly .  be  a high water table under the' downstream_ 
slope of the dam, unless speCial materials are used in.theembankment tO 
lower it. 	 • . 	. 

- • • . 	. 
Therefore, disposal and pond level control procedures which will : 

ensure chat the free water in the pond is always kept a conSiderable , 
distance from  the  downstream slope ôf the dam may mean that a homogeneoUs 	• 
embankment of tailings sand will be amPlystable.  In  contrast, procedureS 
which allow the free water.to  approach:the'downStream face  may  require, 
esSentially, the construction of a dam capable of retaining water alone. 
For adequate stability, this may require the use of relatively expensive 
borrow materials in the embankment. Such an arrangement is . shown on 	• 
Figure 2-8. 
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Climate and Hydrology  

1. 	Affecting Tailings Embankments  

The extent to which the climate of the area in which tailings 
embankments are located will affect the design of these embankments will 
depend principally on the effects of precipitation, evaporation and freezing 
on pond levels and on the materials in the tailings embankment. Fpr tailings 
ponds which are required to retain all of the runoff from the pond 
catchment area, the combined effects of runoff, evaporation, seepage out 
of the pond, and disposal and reclaim from the pond will be cumulative; 
pond water levels may rise or fall, not only season by season, but also 
year by year depending on whether there is a net long-term gain or loss 
of water in the pond. Long-term rises in pond water level may threaten 
overtopping of the tailings embankment at some time during its construction, 
or after its abandonment, if provisions are not made to pass runoff around 
the embankment. 

The importance of evaporation in determining whether there will 
be a net long-term gain or loss in pond water storage will depend on the 
climate and on the relative'areas of the pond catchment and water surface. 
In arid areas, and where the pond water surface occupies a large proportion 
of the total pond catchment aréa, evaporation losses may more than balance 
the runoff into the pond. Water levèls will then be principally a function 
of disposal into and reclaim from the pond. Where the pond catchment area 
is relatively large, runoff also will be a principal factor influencing pond 
water level-variations. 

Freezing can affect tailings embankment design in several ways. 
Spigotting or cycloning operations may be impracticable during the winter, 
thus prevènting raising of the embankment crest during this season. Mean-
while, with continued disposal of tailings into the pond, the pond level 
will continue to rise. Particularly with embankments constructed by 
spigotting, the freeboard available at the end of the winter for storage 
of the spring; snow-melt runoff-may be very small, involving a real danger 
of overtopping or piping failures. This seasonal variation in disposal 
procedures may also affect the distribution of tailings materials in the 
pond, winter dumping of tailings at points distant from the embankment 
sometimes causing the fine "slimes" fractions tà settle near the face 
of the embankment. Subsequent raisi.ng of the embankment crest over these 
slimes may then lead to instability of the embankment. 

Snow 3ayers incorporated in the embankment, or the freezing of 
saturated materials on the downstream face, can also affect its stability. 
Freezing of the downstream face, which is aided by high pond water levels, 
can cause instability by blocking natural drainage, thereby raising the 
water table in the embankment. Freezing of the pond water surface can 
also cause difficulties with water reclaim, thus affecting pond levels. 



2-16 

2. 	Affecting Waste_PileS 

The principal CliMatic  factor  influencing the design of mine Waste 
piles is the magnitude of precipitatien. Runeff froM rainfall and show 
melt affects the degree to which waate Materials May beCome saturated, or 
water pressures develop in  the pile, and the  degree  of surface  eresien which 
may occur. Freezing of fine wet wastes during 'winter placement  may have 
Some subsequent effect on stability when the froién Materials thaW; :ShoW. 
layers buried lh the Waste pile can causé Surfaces of weaknéas Eilohg: which 
sliding may occtir. 

:ropography 	 • 	• 

• • 
A major influence of -topography on thé  design of à Waste.embank-

ment is its effect on establishing the height and extent of thé eMbankment 
and the method of waste dispeSal. 7n some -daSea a high escarpMeni will 	• 
allow dumping of wastes over.à high face  to  Alm a_pile.oe relatively .. 
limited extent. With coarse relatively PerVieus wastes, the pile.may be. 
stable at the angle-of - répose adopted by the dumped materiat: With fine 
wastes which can becoffie saturated by Seepage or runoff water, or with thes.0 
whose material characteristics cah change byweathering àr soething ; 'such 
a pile may later beceme unstable. On  slopes aPproxiffiateiY -equa1 tp:the 
natural angle Of  repose of the waste Material, the pile may firatadcuMulate 
at the top of the slope'and then suddenly fail, sendirig a SUbstantial Volume 
of material sliding down the slope, In stich'cases, it Maje be necesSary . to 
construct a retaining embankment at the toe of'the'slope,'or te build Up thé, 
waste pile from thé bottom rather than by dumping from thé tOP,, . . • . 

• With tailings. embankments . ;  an importantinfluenCe-on the.desigh 
may be the relationship between the  volume  of fill required  in  the:retaining 
embankment and the volume availableln the pond for  torage of  the  tailingS. 
Along embankment requiring a large volume :of 	ustially mean that 
the embankment crest cannot- b&-keptimiich abeVé the'leVef : Of the rising pond ' 
and there will be a tendency e'er free Water alWays to be close to - th é . 
downstream face of the embankment. A shortieMbankMent having a low, Volume 
relative to the -pond capacity maygliow the embankment Crest tà.be kept ' 
always well above the pond stirfacethus keeping the free water wenback 
from the downstream  face,  redlicing seepage,dMproving StabilitY  and  reducing 
the possibility-of overtopping. 

Geology  

Geological featurea.of principal intereat in the design of waste 
embankments are those affecting the shear strength,. - compressibility and - 
permeability of the embankment and its foundations. 'These include-soft ' 
strata or seams  in the foundation and sàurces. Of seepage:Or hYdreatatic 
pressure. 

In most instances, the properties.of theSurfiCial soil'deposits' 
control the design, as eVen the softest rocks are normally more than 
adequate to support the:embankment. flowever, in some cases,' weak or highly 
pervious zones within thé bedroCk May  have  amajor effeet on thé embank- 
ment design. 
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Earthquake 

Oscillations of the foundations during earthquakes can cause 
substantial distortions in earth embankments, sometimes amounting to failure. 
The oscillations can occur in any direction and can last for several minutes. 
The characteristics of the oscillations, the duration of the earthquake, and 
the geometry and properties of the embankment and foundation materials are 
the major factors affecting the deformations which occur. 

Movements of - embankment materials along definite failure surfaces. 
may occur, under certain conditions, during earthquake shocks. A succession 
of slides of limited displacement which could occur in an embankment of 
cohesive materials is indicated on Figure 2-9. The type of sliding to be 
expected in dry cohesionless materials is indicated on the same figure. 
These types Of movement ignore the possibility of liquefaction of the 
embankment or foundation materials, which would cause lateral movement 
or Spreading of the whole embankment; and of vertical cracking, which would 
be caused.by  differential shearing of the embankment. 

It can be seen that the type of deformations to be expected during - 
earthquake shocks will lower the effibankment crest. With tailings embankments, 
such a lowering could . cause overtopPing by the water in the pond. Overtopping 
could also be caused by waves generated in the pond by slumping of the 
upstream face of the embankment, or by slides of unstable natural deposits 
(or of tailings) on the perimeter of the pond. Faulting or sudden settlement 
may also cause wave  action.  Transverse cracking of the embankment could lead 
to piping failures. 

.In considering the design of embankments to resist earthquake 
motions, two basic possibilities  have  to be . considered: 

liquefaction of the embankment or foundation materials, 

embankment slumping not associated with liquefaction. 

Slumping and sliding can be analYzed with a reasonable degree of 
certainty; liquefaction cannot. The best that can be accomplished is to 
identify a particular material as being susceptible to liquefaction. Whether 
this is sufficient to justify preventative measures, such as compaction or 
drainage of tailings sands, should involve an assessment of earthquake 
probabilities for the area as well as consideration of the consequences that 
a failure induced by such liquefaction would have. In assessing earthquake 
possibilities at a site, the distances to known epicentres should be con-
sidered. This may require a tectonic analysis of the project area to 
define the nearest active faults. 

Consequences of Failure 

Many factors involved in the design of embankments cannot be assessed 
with certainty. Such factors can include various characteristics of the 
materials involved, the magnitude of runoff flows into a tailings pond during 
its life and the characteristics of earthquakes which could affect the embank-
ment. Ultimately the degree of risk attached to the adoption of a particular 
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design must be assessed. This involves consideration not only.of the 
degree.of confidence - which can bé placed in the design patàmètets USed but 
ai n  oF the possible. consequences of . 6110 Or  more types or fallute'te which the 
embankment could he prone. For embankments threatening loss of life, serioUs 
property damage or environMental.pollution, the design shOuld be consérvatiVe. 
Where the consequences of failure woillilbe slight,.a greater-risk-of lailtire 
could be.acceptable. 

	

'Hie potential seridusness of a failure is telated te many factors 	' 
other than the 'size of an embankment. A low eMbankment located above and 
close to inhabited building coilid pbse a greater danger than à high embank-
ment in a remote location. riowevet; generally, there iS à telatiônship, to , 
the amOunt and rate of énétgy . thàt wbuld be teleaSed by à failute; Thé : 
amount of energy . releaSed can be telated to the Size of the embankment and 

	

its elevation above its stirtbündingS 	Often i  the petentially most dangerous' 
types  of.failures involve soils that Undergo a Sudden telease Of enere With-
out warning: examples are . soilS subjeOt to liquefaCtion and soils'having . a 
low ratio of residual to peak sheat Sttength. Such  Seils can occUr iirwasté • 

	

embankment's and theit fetindatiensi - 	: 	 . 	 • 	. , 

	

. 	 . 

	

. 	. 	. 
. 	 . 	 . . 	 . . 	. 	 . 	.. 	 . 

	

When assessing the'possible:tensequeneeS,of a tailings- émbahkment 	- 
Failure, the designer shoUld cOnsider'thatthe eMbankmeht Will always eXist 
and may still retain semi-fluid tailingS hundred bf yeats intb.the .firtüre., 

INVESTIGATION AND DESIGN PROGRAMMES 

Extent .  

• 	The extent to which:any  programme of  investigations and design' 
analyses of -mine waste embankments should be taken will depend primarily: 
on the consequences uffailute, •  the size of the embankment and thé - general 
site conditions. The complexity of the  conditionswili geverrithe extent , 
of investigations but these  investigations  should-be-sufficient to permit 
definition.and assessment of all advetse conditions:, .In-se-far that , 

 uncertainties in design paraMetets will iisually he more:critical fer higher 
embankments, and the . consequences of failure - More seriouS,'higher embànk-
ments generally  will  require a More'extenSïVe - pregrammethan-will:lower ' 
embankments. 

Generally, investigation programmes should bé taken to the point . 
 where it is known, with reasonable certainty, that thé parameters adopted - 

in the design analyses are conservative. The embankment designer iS in ' 
the hest position to assess this point and, therefore , . should.exert the 
strongest influence in determining the actual extent of the programme.  
However, For most high embankffients.(those in the order of 100 feet or more 
in height), it could reasonably be expected that the programme would include . . 
the folloWing: 
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Site and Material  Investi ations  

1.  Engineering SiteInszenions 

A detailed inspection of the ground surface at the site should be 
made, concentrating upon: the delineation of old underground mine 
workings; the relative location of any streams, dwellings or other nearby 
installations; the waste and foundation material characteristics relevant 
to stability of the embankment; available sources of construction 
materials; the requirements for further foundation, borrow material and 
waste material investigations; and the types of embankments suitable to 
the general site conditions and mining operation. 

2 	Topographic l■±1.2Epi.. 

Topographic maps should be made of the embankment site, potential 
sources of borrow materials and, for tailings embankments, the pond site. 

3. Geological Site Inspections  

If it is indicated to be necessary by the engineering site inspec-
tions, geological inspections of the site should be made concentrating upon: 
the location of rock outcrops in relation to the embankment; the probable 
location of bedrock in the embankment foundation and abutments; the dip 
and strike of stratified rock exposures; the nature of exposed bedrock 
relevant to the possibility of weak or pervious seams in the foundation; 
and the requirements for further investigations of the foundation bedrock, 
if any. 

4. Foundation and Construction Soils Investigations  

Embankment foundations and potential sources of borrow materials 
should be investigated by test pits and/or drill holes, and by laboratory 
testing, to determine their characteristics in relation to embankment stab-
ility, settlement and seepage.  In  some cases, the determination of bedrock 
location by geophysical methods may bé advantageous. 

S. 	Waste Material Investigations  

Proposed.waste materials should be sampled (producing sample 
batches in the laboratory for this purpose if-necessary) and tested in 
the laboratory to assess those of their characteristics significant to 
design of the embankment. If practicable and important to the design of 
the embankment, field and/or laboratory tests should be made to determine 
the gradation, permeability and handling properties of waste materials 
under the disposal conditions proposed for the embankment. Such tests 
could include trial embankments, cycloning tests and sluicing tests. 
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Desipu Analyses 

1. 	Economic ComparisonS 

Alternative  preliminary waste embankment design should bé made 
and the capital and operating tests of waste disposal evéi.  the  life of the 
mine  estimated for thé alternatives stUdied. 

. 2. . Seepage  Analyses 

. 	Seepage analyses - Silo -111d be made Of:tailings eMbankMents to deter- 
mine the probable locatiOn of the water table and the measiires -.reqüired 
for seepage control- 

• 3. . Stability Analyses  , . . . 	. 
. 	. . 	 . 

Static Stability analyses should be.made. Earthquake deforMations, 
and the poSSibility of liquefaction due to earthqUake shocks; ShOuld be 	- 

' considered . if the embankment is located in :a seienically :active area 	. 
. (Zonés 1, 2 and 3 as defined by theSatiohal. Büildihg tee), 	. . 	: 

4., Settlement Analyses 	. • 	. 	• 	• 	. 	- 	. 	.. : 	 . 	. 	 . 	.. . 	 ' 	• 	. 	. 	. 	. 	, , . 	. 
• If the foundation soils invéStigations indiCate that there are 

strata of substantial cempressibility in the embankment feUndation, settle- .  
ment analyses shotild be made to determine: the expected settlement of the 
embankment; the possible extent of embankment dracking due,to this settle- 
ment; and the amount of settlement of any. drainage or decant 'culvérts:to .. 
be installed Under the. embankment 	 . , 

	

S. 	Hydrological Analyses 	 . ' 	
. 	

> 	: • 	. • . 
• • 	• 	• 	- . 	 . 

	

. 	For tailings embankments, analyses Shottld be made tedetermine the 
probable influences of evaporation and runoff on pond Water levels. Initially 
these should be based on.available  records of evaperation, precipitation and 
stream flows in areas near the eMbankment site  and  on information On the ' 
proposed rates of dispoSal into., and reclaim. and seepage:froM, the pond. 
The results of these . initiai  analyses  will usually indicate thé neCeSsity 

	

fer further climatic.and hydrological investigations, if any. 	.'. 

(onstruction Supervision 	; 	 - . 	 " . 	 . . 	 . 	. . 	. 	 . 
1. 	Inspections . . 	.. 	. 

. 	 , 	. 
. 	• 	. 

For tailings embankments, foundation . preparation and fill  place-
miment shoul d be . Supervised continuously. For all high waste embankmentS, 
there should also be periodic site inspections by a compentent person 
to review the general status'of the eMbankment 
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2. 	Instrumentation 

If the seepage and stability analyses indicate that this would 
be advisable, seepaee levels and flows, and embankment movements, should 
be monitored by suitable instrumentation. Records should be kept of 
measurements made by the various instruments, and of any changes in con- 
struction and waste disposal procedures (and of waste material character-
istics) which may change the distribution and properties of the materials 
in the embankment. 

For lower embankments, particularly those in the order of 25 feet 
or less in height, some of these investigations will usually not be necessary. 
Where such low embankments do not consitute a serious danger, or site condi-
tions are particularly favourable, initial engineering site inspections, 
stability analyses utilizing assumed material characteristics and periodic 
inspections during construction may be adequate to ensure a stable embank-
ment. 



Tension 
Crack - 

Ràdiiis Of ..„ 
:Failure  Surface At Top 

-- 'Waste-- 

Foundation 
'--Failure Surface 

At : Weak  Surf ace 

Waste--N  

2-22 

ROTATTONAL.  

f_----Foundation 

' 

PLANE SURFACE 

ROTATIONAL AND 
SURFACE SLIDES 

FIGURE 2-.1 



\"---L----Weak Foundation ..e 

Failure at 
Weak Surface \----Waste 

2-23 

N \\■ 	
Failure Surface 

NON-CIRCULAR 

••••■■ 
•••••■•■•■ 

.\-----Weak Foundation 	 

WEDGE 

NON - CIRCULAR AND 
WEDGE SLIDES 

FIGURE 2-2 



Seepage: into pipe 

Pond water 

Ei.eePage 
ftom tOe 

Tailings-K -Watex.  ta4le 

Foundetion'-- 

2-24 

egidgs.gvÉ 

-- —Tailings eMbankment 

PIPING 

PROGRESSIVE SLIDES 
AND PIPING 

FIGURE 2-3 



Potential
failure surface at
smooth bedrock
surface -------

Water pressure ---'

SMOOTH BEDROCK SURFACE

Saf u- clay

`4 --- Fiacm gravelQ

SOFT STRATUM

FOUNDATION CONDITIONS

AFFECTING STABILITY

FIGURE 2-4



2-2.6 

Clay  and  Silt Strata- 

Stream-. 

(Pile of fine . WaStes 	• . 

\' -,--Spring cOvered  bÿ  waste 

Pôtential failtire: 
throtigh.Saturated 
material 

Water tabl 

Seepage at 
the Cauiéà alciughing, 

Pervious graVel Stïattat 
paSsing Seepage ItioM 'streak 

àeirrde  

Tailings pond,,,,  

embankhent 

r- Slimes 

'''ç •1111re  - sn ada 
. 	

totté stÉ4ita. 
.  

..._ 
.. 	. . 	

. . 	. , 
.. . 	. 

. 	. ___. 	__. 	.. 	. 	. 	.. 	• . 	 . 	 . 	 . 

Shaie.àtrata-- \ 
failure surface 

. -along soft  gouge  filled SeaM 

• SOFT SEMS  

Tailings -----Tailinga embankment 

,Potential 
piping failure 

Silt strata ----- "---Pervious sand strata 

PERVIOUS STRATA  

FOUNDATION CONDITIONS 

AFFECTING STABILITY 

FIGURE 2-5 



Crack caused by differential 
/7— settlement of waste material 

Waste pile 

Potential failure surface 
along crack & . talus slope 

Steep rock face 

Weathered talus slope 

7--Crest of tailings embinkment 
,--Cracks caused by differential 

settlement ovgr<clay stratum 

Soft clay stratum 

Ançient river valley 
gilled with sand & gravel- 

2-27 

OVER STEEP FOUNDATION SURFACE  

-Cracks caused by differential .settlement 
( over steep abutment 	 • 

OVER SOFT FOUNDATION STRATUM 

DIFFERENTIAL SETTLEMENT 

AFFECTING STABILITY 

FIGURE 2 - 6 



.2-28 

Tailings diàpC)sà1 line . 

eÉbankSient ttest 

,-Free water surface 

S.treee doWn 

--bàwnstreki siopà 

ow water  table ' 
Fotindation 

POND DISTANT FROM CREST 

tailings line • 

„- Free :water aurface 

SliiSee 4— Tailinge-;-r+ -Sande 

Dewnetreati à1.-én)e .  

High water table 

FouneatiOn----  

POND NEAR TO CREST 

TAILING EMI3ANKMENTS 

EFFECT OF POND LOCATION 

ON WATER TABLE 

FIGURE  27  
L- 



--Downstream 
slope 

Slone down 

Homogeneous 
embankment Foundation 

High water table 

Free water surface 

, 

TUU-nge-:  

/A 

(,--Tailings line 

Sand 

Foundation 

Free water surface 

---Embankment with drain 

Low water table 

2-29 

--Tailings disposal line 

IN HOMOGENEOUS EMBANKMENT 

IN ZONED EMBANKMENT 

TAILING EMBANKMENTS 
EFFECT OF DISPOSAL AT POINTS 

DISTANT FROM EMBANKMENT 
ON WATER TABLE 

..•■■■•■•01,1•MIIIIMM■C717137111■,01■111■• 



2 - 30 

- 

Fire lhoCk 

>„ :' 
, 

/ 
 / 	
.s 

-›, •, 	, 
■ 

■ 	 ■ 
■ 	 ■ 

-----  ■ _ - 
- 

Second shock. 
_ 

/ / 
,,'"*" 	 . 	 • 	 ./ 

.../ 	
. \>.. 	

/ / 

/ --- 2,"‹.- -x-, 
• ■ 

..,* 	 ■ 
■ 	--- 

-- 	 .- 	
- 	

. 	 ■., 

Third shOck 

• • • 

Jeer thrçe successive shocks 

IN COHEs :iy4 -  meeneks, . 

-- Slope after small shock 
Slope after seyçral 
major shocks , major shocks , 

ene 

IN GRANULAR MATERIALS  
MAJOR EMBANKMENT 
DEFORMATION DUE 

TO EARTHQUAKE 

FIGURE 	2- 9 After .  Alexueye 



SECTION 3 

PROPERTIES OF MATERIALS  

CONTENTS 

MINERALOGICAL 

PAGE 

3-1 

General 	 3-1 
Physical Properties 	 3-1 
Chemical Characteristics 	 3-3 
Coal Wastes 	 3-5 
Industrial Mineral Wastes 	 3-5 
Metallic Mineral Wastes 	 3-7 

GEOTECHNICAL 	 3-9 

GenEral 	 3-9 
Soils and Fine Wastes 	 3-9 
Rockfill 	 3-13 
Sedimentary Rocks 	 3-14 
Igneous Rocks 	 3-14 

FIGURES  

	

3-1 	Typical Soil Gradation Curves 

	

3-2 	Gradation of Typical Tailings 

	

3-3 	Gradation of Coal Wastes 

	

3-4 	Plasticity Chart 

	

3-5 	Plasticity Characteristics of Some Soils 

	

3-6 	Plasticity Characteristics of Some Chilean Tailings 

	

3-7 	Plasticity of Coarse Discards and Pond Deposits in 
Coal Waste Embankments 

	

3-8 	Typical Curve of Dry Density Versus Compaction 
Water Content 

	

3-9 	Typical Densities of Natural Soils 

	

3-10 	Permeability Coefficients for Soils 

	

3-11 	Coefficient of Permeability Versus Dry Density 

	

3-12 	Coefficient of Permeability Versus Gradation 
and Fines Content 

	

3-13 	Permeability Classification of Soils 

	

3-14 	Typical Values of Effective Cohesion and Angle of Internal 
Friction for Soils 

	

3-15 	Typical Pressure-Void Ratio Curves for Sand and Clay 

	

3-16 	Consolidation Curve of East Geduld Tailings 

	

3-17 	Consolidation Curves of Undisturbed and 
Remoulded Tailings 

	

3-18 	Effect of Particle Size on Angle of Internal 
Friction of Quartz Materials 

	

3-19 	Effect of Relative Density on Angle of Internal 
Friction of Quartz Materials 

	

3-20 	Angle of Internal Friction versus Confining Pressure 
for Crushed Basalt 

	

3-21 	Typical Mechanical Properties of Rocks 



3-1 

SECTION 3 

PROPERTIES OF MATERIALS 

MINERALOGICAL 

General 

There has been little quantitative data assembled on the physical 
and chemical properties of various classes of wastes from different mining 
operations, as they may affect the design of waste embankments. However, 
it is known that some types of wastes have particular characteristics which 
can affect the design requirements and stability of embankments in which 
they are stored. Some qualitative notes are given in this Section on chara-
cteristics of wastes from three classes of mining. The three classes of 
mining are: 

coal, 

ïndustrial minerals. 

Those mined in Canada as principal products include: 

arsenious oxide; asbestos; barite; feldspar; 
gypsum; magnesitic dolomite and brucite; 
nepheline syenite; potash; pyrite, pyrrhotite 
(for production of sulphur and sulphuric acid); 
quartz; salt; soapstone, talc; pyrophylite; 
sodium sulphate and sulphur. 

metals 

Those mined in Canada as principal products include: 

cobalt; columbium; cepper; geld; iron (also produced 
as a by-product from pyrite and pyrrhotite); lead; 
magnesium; mercury; molybdenum; nickel; silver; 
tungsten; uranium;and zinc. 

Those produced in Canada as by-products include: 

antimony; bismuth; cadmium; platinum and tin. 

Physical Properties  

1. 	Grain Size 	• 

There.is no general or "normal" grind for tailings fTom different 
ores. The size and gradation of the tailings wasted from the treatment plant 
will depend on the grain size of the native rock and the "grind" necessary 
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to liberate the matketable minetalS. Some grinds usually kePt.aS CoatSé as 
possible are those of asbestôs  and  potash, premiuM prices being Obtained 	• 
for coatse products with these minerals. 

The grain  size of the tailings haS an important  influérice oh :the 
slope adopted by the surface of the tailings . deposits in the pond arid, . 
consequently, on the height  of  embankment requited to Store a particillar 
volume of solids. Generally, the coarser the tallingS the stéepet will be 
the .slope adopted. It Can tange frOm about '60 pet.céht for tailings CoarSer 
than 3 m.m.  grain-size (+6 Mesh) tà lesS than 1 pet cent  for  tailings . finet 
than 0.07.m,m. (-200 mesh): (À second ,  factor affecting the slàpe assuffied by 
a given tailine Matetial is the ratio of water to Solids at . the tiMe of 
discharge). 	 • 

• 2. 	Grain Shape  

The Sheat strength of à wastematerial is affected by the shape Of 
its.particles,Slabby rock pieCeS such.as thdiSe reSultihg froM•eXcaVatiOn' 
of serpentine and hard shaleswill tend to slide oVer each othét. They will 
thus tend to  have  UnStable . angles of repose and be susceptible to sliding 
when subjected to the shock loads tesulting from dumping. 

• • • 
In tailings, the shape  Of. the  grain iill depend On the natùré of 

the native rock and its Manner of fraCturing duting grinding: Minetals such . 
as halite and pyrite will tend to ptoduCe cubic particles; quartz and feld- 
spar particles will.tend to Wangular. Peridotité, olivine,  serpentine,
sericite, mica  and talc will tend -to produce.plate-shàped partidles; generally 
resulting in lower shear strerigths. 

3. Thixotropic Characteristics  

If a sample of a vety fine Soil fraction iS thoroughly kneaded and 
is then allowed to stand without further disturbance, it acquires cohesive 
strength, first at a relatively rapid rate and then  more  and Mote slôwly. If 
the sample is again kneaded at unaltered water content, its coheSion détteases 
considerably but, if it - is once môré . ailoWed to stand, Its coheSion is comp-
letely regained. This effect is•known as "thixOtropy". Thesoftening and 
subsequent recovery seem:to be.due to  the destruction  arid subsequent ..rehab-
ilitatiOn of the molecular  structure of the adsorbed layerS - . 

These thixotropic effects -occur -with Materials such as bentonite, 
clays, fine gauge materials, potash . 11claysY (the water insoluble portion of 
the ore) and basic rock types, to à greater extent than they do With siliceous 
ores. In particular, they can occur with finely ground tailings from shales, 
peridotite, olivine; serpentine, sericité and talcy Minerals. 

4. Cementing  

Well graded soil or tailings materials will tend to bind together 
better than gap graded mixtures, particularly when there is jistsufficient 
quantity of the fine fractions to fill the voidS between the . coarser pattiCles. 
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Some mixtures containing  minerais  such as clays, bentonite and finely ground 
shales have better binding characteristics than others. Soluble minerals such 
as halite form actual cements, brine cooling and evaporation from the voids 
forming crystal bridges between the grains. Oxidizing sulphides will cement 
to other  minerais.  Such processes can result in very rigid stable deposits. 

5. Settling Rate  

Sedimentation of tailings in ponds occurs in more-or-less two 
distinct stages. Settling of the coarser particles usually occurs within 
several days; settling of the fine colloidal material suspended in the 
remaining "free" water may never occur naturally. Characteristics of native 
rocks, and of ore processing methods, which increase the percentages of fine 
and colloidal materials in the tailings will slow both stages. Low specific 
gravity materials will also be slow in settling. Coal fines, and tailings 
from the naturally fine grained and platy  minerais  such as talc, chlorite 
and mica will generally have slow sedimentation rates. Flocculating aids 
may be required for such minerals, to clarify the water for reclaim or 
release from the pond. 

6. Oil Colnag.  

Tailings resulting from the extraction of oil from tar sands can 
be oil-wet after processing. This oil coating of individual grains could 
affect the frictional component of the tailings' shear strength. 

Chemical aharacteristics 

1. 	Oxidation 

Pyrite, and rocks containing pyrite, are often found in wastes 
from iron and coal mines. Such materials oxidize continuously while lying 
on the surface of a waste pile. Oxidation of pyritic minerals within the 
pile is determined by the rate of penetration of air into the pile and this 
depends upon the particle size distribution, the degree of compaction, and 
the*degree of saturation with water. The products of pyrite oxidation are 
extremely acidic and are water soluble, but these acidic products may be 
neutralized rapidly by other alkaline  minerais  in the waste. 

The effects of these neutralizing reactions are: 

the pH value often remains near 7.0 and seldom falls below 3.0 

iron oxides are precipitated, giving rise to ochreous staining 
of the waste, 

calcium sulphate crystals form inside fracture planes in the 
other rocks, and sodium sulphate crystals form as efflorescence 
in dry weather on the surface of the pile, 
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the shales.in  proximity to the pyrite May he •OnVerted into 
plastic clayS by the action Of Stilphuric aci4 

any water draining from the pile May be conteinated with 
acidio or neutral salts'. 

These chemical changes may result - in adid and sulphate attack on 
concrete; pollution of drainage Water, and reduced fertility of theWeathered 

:WaSte Materials. 	 . . 

The sulphate content of highly weathered unburfit coal waste is 
normally sufficiently high to reeire special precaUtionS in the design of 
concrete structures Which may be in contadt with the waste or with Water 
from the pile. This problem will be intensified if the waste has a low pH 
value. 

Drainage water flowing from a coal waste pile May contain concentra-
tions up to several thousand parts per million (p.p.m.) of ferrous,  fric  
and aluminum sulphates, and of calcium and magnesium sulphates derived from 
the action of sulphuric acid on carbonate minerals and clays. Concentrations 
of manganese salts, up to 10• and sometimes 100 p.p.m., may also be derived 
from the latter source. Many of the iron bearing waters are relatively clear 
when they emerge from the pile, but raPidly become ochreous on exposure to 
the atmosphere. In some coalfields, waste pile seepage waters may contain 
sodium chloride in concentrations of a few hundred p.p.m. which has probably 
been derived from the waste fiatérials,,but the concentration may rise to 
thousands of p.p.m. when tailings  ponds are located on the waste pile. Some 
of these waters may cause pollution if they are discharged directly into a 
stream or on to adjacent land. 

Fresh coarwasté is normally neutral:Or slightly . alkalîne in reaction, 
but as weathering proçeeds it may become increasingly acidic. High acidity, 
and high local  concentrations of salts Of Manganese, iron'and partidularly 
aluminum, may increase the toXicity . of the surface of the weathered pile and 
inhibit or prevent the growth . Of Vegetation. 

Other minerals such as pyrrhotité will oxidize'i.n .  waste piles, pro, 
ducing soluble salts and sulphuric acid. Some minor amounts Of arsenopyrite, 
texahedrite and tenanite also occur in soffie tailings; these minerals Will . • 
oxidize.  S • 

These oxidation proçesses tend to produce acidic and toXic conditions 
in.tailings pond effluent and in water running off, or seeping through, Waste 
piles.  They may contribute somewhat to increased Stability, also, byjoroducing 
some cementing of fine waste materials. 

2. 	Toxicity 	 . . 	 . 

The processing of some minerals results in tailings effluents which 
are toxic to persons, animals and plants. These tailings can inclilde gold oré 
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cyanidization plant residues, arsenopyrite residue, high sulphide tailings 
(which produce acidic effluents), potash plant brines (which kill plants) 
and uranium plant tailings. 

For such tailings, retaining embankments will usually have to be 
designed to limit seepage losses to a practicable minimum. 

Coal Wastes 

In coal mining there will generally be several separate types of 
waste. Strip mining usually produces a volume of waste shales, siltstones 
and sandstones aMounting to several times that of the raw coal mined. The 
tendency for these shales and siltstones to degrade by weathering in the 
Waste piles has been described previously. 

Cleanihg of the raw coal in the treatment plant often results in 
about 15 - 20per cent waste, the bulk consisting of coarse material, usually 
containing a high percentage of shale particles, and the remainder consisting 
of fine coal particles and clay. These coarse and fine wastes can be stored 
separately or together, Sometimes, the coarse materials are used to construct 
settling pond eMbankments for the fine wastes. If the percentage of fine 
waste is high and/or the mine output large, this procedure can require very 
large ponds, because of the relatively slow sedimentation rate of the fine 
and low specific gravity materials. In other cases, the slurry containing 
the  fine wastes is filtered in the plant and the resulting filter cake 
material hauled away to separate waste piles, or combined with the coarse 
wastes. The filtered material is still relatively wet when it leaves the 
plant and is a sticky and soft material to handle in haulage units and on 
waste piles. 

It is important to recognize the differences in permeability, shear 
strength and handling characteristics of these different types of coal wastes 
when designing embankmentS for them. The presenoe of clays and clay shales 
in these wastes can substantially reduce their shear strength. With fine 
clay-like slimes in the slurries, flocculating agents may be required to 
clarify pond  effluents. 

Industrial Mineral Wastes  

1. 	General 

In most cases, the proportion of waste to ore in the mining of 
industrial  minerais  is low in comparison to that in metal mining, since the 
unit value of the mineral is too low to justify the mining and treatment of 

lew grade ores, However, J.11 most respects, the disposal of industrial mineral 
wastes is similar to that of metallic mineral wastes. Some specific problems 
ehcountered  are  described below. 
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2. Asbestos wastes 

Coarse and fine Wastes eriginating from asbestes mills can be 
dumped separately but are usually Cenveyed to ohé cembined Waste pile. 
The presence of clays,.and seMetypes of shales and serpentine, which 
will soften on exposure te the atmosphere and to water can affect the 
stability of suçh waste piles. 

Probably, thé Main haïard from asbestes waStés CoMeS freM dust 
on the waste .piles.  The öre  is dried prior to separatieh of the asbestos; 
the fine waste materials are usually warM,  or hot, and Severe dusting 
occhrs at the discharge point on the pile. Water IS usually Srayed Onto 
the waste, either on the cenveyor or on the *pile, te reduce duSt losseS 
but wetting is not always complete  and  some dusting Still ceecurs. WihdS 
will  also  blow dhst from the pile if thé fine  wastes are not kept wet, 
or stabilized by a "binder" chemiCal. APart frem thé pollution aspects 
of this dusting, the very fine asbestos  fibres in the &1st can  causé  
illness in persons inhaling it. A tee liberal use  of  Water on the pile 
could also affect its stability. 

3. Potash Wastes 

Potash mill tailings Usually range in 'grain size erem à maximum  
of abeut  S  m.m. (4 mesh) down to very fine Salt (NaCl). They generally 
contain minor amounts of potash (KC1) and varyihg . qhantitieS of finely . 

 divided insoluble "clays" (usually consisting of about equal aMounts of 
carbonates and silicates). These tailihe  are  often pumped to settling* 	* 
ponds in a saturated salt-potash brine. - The relatively coarse salt portions: .  
of the waste settle and drain qhickiy, settinein place tà form rigid and 
brittle; but partially soluble, deposits. HoWeVer, the "clay" :Materials, 
which cannot normallY be thickened by settling to more -than 25-30  percent  
solids *(by weight), settle sloWbi and entrain air, often producing a frethy 
scum.on the surface  of the  settling pond. Cleat brine can be decanted from 
the settling pond if sufficient settling area is previded and baffles are 
used at the decant intake  to  hold back the scuM. 

Problems have been encountered in potash waste disposal in using 
a single settling pond in which a large pool of brine ois continually hel d . 
in the pond. Being partially soluble, the settled waste deposits will 
develop solution channels which allow brine to escape from:the pond onto 
surrounding lands. These channels may develop at cracks caused by contrac-
tion or differential settlement of the relatively rigid deposits, or at 
points where unsaturated brines percolate through the deposits. (Runoff 
water can cause such unsaturated conditions). the escape of this . brine. 
onto surrounding lands, or into the sub-soil, can contaminate surface or 
ground water aquifers. 

Because of this danger of the escape of brine from the main settl-
ing pond, it will often be necessary to use natural basins to retain potash 
'wastes, to construct retaining embankments of borrow materials, or to use 
separate ponds for final settling of the "clay" portion of the waste. With 
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such separate ponds, the bulk of the brine is decanted from the primary 
pond to supplementary ponds for the sedimentation of the "clay" fraction, 
thus limiting the volume of brine which may escape from the primary pond. 
These supplementary ponds are retained by relatively impervious embankments. 

The necessity to limit the seepage of brines into the sub-soil 
usually requires that the soils underlying potash waste ponds be of low 
permeability, or that impervious membranes be laid down over permeable 
soils prior to the disposal of tailings over them. 

Metallic Mineral Wastes  

1. General  

Metallic minerals containing less than one percent of marketable 
minerals are presently being mined. The extraction and concentration of 
these low grade ores produce large volumes of waste. Some particular problems 
associated with the disposal of wastes from metal mining are described below. 

• 
2. Low Sulphide -  Hi gll  Siliceous Tailings 

Tailings low in sulphides, but high in quartz and silicates, often 
result from the mining of copper-porphyry ores. Such tailings, low in clay 
minerals, have poor binding properties (low cohesion). They can usually 
be used in the construction of retaining embankments  but are very erodible 
when dry. This makes them susceptible to erosion by wind and water. 
If such erosion constitutes a serious problem, deposits of such 
tailings may have to be stabilized by seeding a layer of topsoil spread 
over them. 

3. High Sulphide Tailings 

The mining of massive sulphide ore bodies (for example, of copper, 
lead, iron and zinc) sometimes results in tailings having a high sulphide 
content (particularly if iron sulphide is not removed): In concentrating 
these ores, the heavier sulphides (generally pyrite and pYrrhotite but  also 
some minor amounts of others) are more finely ground than the lighter sil-
iceous fractions. After deposition of the tailings, these finely ground 
sulphideS will partially oxidize and cement to form a surface crust in 
dormant  areas of the  tailings pond; (areas not receiving tailings). Such 
a crust will reduce surface erosion by runoff from the tailings deposits. 
HOwever, if it forms on the downstream face of the retaining eMbankments, 
it cOuld, because of its lower permeability, raise the water table within 
the embankment and so reduçe its stability. 

If the sulphide content of the tailings is very high, they can, 
under favourable conditions of moisture and air, spontaneously ignite and 
burn. Usually, such burning çan be controlled by smothering the burning 
materials with more tailings pulp but the permeability and stability Of 
the deposits can be affected. 
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4. Gold 

in the éZtradtiOn of  gold,  ores  àté Often treated with Sodiut - 
 cyanide., a poison. The  eittent of the tYanide treattént will  dcpend  on 

the manner in which the gold oteurs in the ore, Varying frot Complete 
treatment of all the ore to treattent of only à stall portion  from whidh " 
it iS diffidult to separate the gold. The tailings effluent may  have  
sodium  cyàhidé  content (in solution)  • varyihà froi a taxiMUM of abeut 
pounds per ton. (1560 m.g. per *litre) tà minor ambuntS or abàht  0 .01 
pbunds per ton (5 111.g: per litre). AlthoUgh Muth of the cyanide ispres- -  
ent  in the tailine as cotplex totpbündS,..and sôme degradeSdr is abSorbed 
in the settling ponds, the effluéht cah be a hazard id persons and animalS: 
Where water qUality standards require, the effluent dan be treated with 
thlorine.and.caustic to prochice . sodiüt tyanate and so  redue  the fred. 
cyanide to an acteptablé concentration 

Gold bearing arSehopyrite tisUally requireS roaStihg'tô rétove the' 
arsenic - and thus allow leachihg of the geld. The atsenit produded"frot thi 
roasting is highly toXic..and .thst bé Collected and Stored,  as  it iS not 
usually saleable,. It is ustially Stered in weather proothousihg On the sur-
face, or underground. in Suitable dry stopes. 

Thé danger of thé release of toxic effluent from gold extraction 
plants uSually requires that tailings etbankments be ConserVatively désiàned 
to enSure the minimum practicable Seepage from the pond and that  effluents 

 froM these ponds be monitored and, if neceSSary, treated to'Prevent the re- 
lease  of  toxic.solutions. . 	. 

• 	 • . 	. 
5. PraPile 	. 	 • 

Uranium mines using the acid leach process produce effluent wastes 
with very low pH and having a high content of metal in solution. These acidic 
effluentS must be neutralized (usually with lime) to a pH of 7.0 to reduce 
the toxic components to an acceptable leVel before disposal of the tailings 
to the settling pond. 

Tailings from uranium mining usually contain small amounts of radium 
226 and strontium 90, dangerous radioactive materials.  Th ' 	nature of 
these effluents makes any embankment failure which would release them a poten-
tially serious matter. 
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GEOTECHNICAL 

General. 

The general influences of material properties on the stability of 
mine waste embankments have been described in Section 2. In this Section 
these properties are described in more detail, typical ranges of values being 
given for those properties significant to design, so that their general differ-
ences can be gauged. It can be seen from the included data that characteristic 
values can vary over wide ranges and that they can overlap from one soil class-
ification to another. For this reason, it is important that values representa-
tive of the actual waste, fill and foundation materials be determined by test 
for the preparation of final embankment designs. Suitable testing procedures 
are described in Section 4. 

Soils and Fine Wastes 

1. 	Grain Size Distribution 

Grain size distribution (gradation) is the schedule of percentages of 
a material falling in various size categories in a generally accepted series 
of sizes ranging from 100 mm to less than 1 micron (1/1000 mm). Materials are 
often classified, on the basis of their average grain size, into four general 
categories: gravel (2 mm to 60 mm), sand (0.06 mm to 2 mm), silt (0.002 mm 
to .06 mm) and clay (less than 0.002 mm). Soils can be "well graded" (contain-
ing relatively constant proportions of the various size classes in the total 
mixture) or "gap graded" (in which there are only small amounts of one or more 
size classes in relation to other sizes). The Coefficient of Uniformity (U) 
is commonly used to describe the gradation of materials. This coefficient is 
defined as the ratio of the 60 per cent size of the material to the 10 per cent 
size of the material: 

i.e. U = D60. 
DIU 

Materials having U values of 3 or less are considered poorly graded. A well 
graded material, such as glacial till, can have a U value of 8 or greater. 

The wide variation in the gradation of individual soil types encoun-
tered in foundationS and fills can be seen from Figure 3-1. In general, the 
geotechnical properties of a given soil are greatly influenced by the charac-
teristics of the finest fraction of that soil. 

Tailings have a wide variation of grain size distribution, depending 
on mill operation, but usually range from coarse sand to colloidal material 
(see Figure 3-2). Generally, the particles are angular, especially when derived 
from hard rock sources. 

The usual range of grain size distribution for coal waste is shown on 
Figure 3 - 3. Coal waste can be expected to become progressively finer after 
being placed in storage because of the effects of weathering. 
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2. Plasticity

The plasticity characteristics of materials are described by thé

liqûid limit; plastic limit and shrinkage limit;.these limits, whi.ch are

expressed as water contents, are known as the Atterberg liinits: Iri general,
the plasticity of a soil is not significant where the proportion of finés
(-200 mesh) is low.

Soils may be classified according to thëir plasticity; This

(Casagrande Systém) method uses the relâ.tiônship bétween.].iquid limit and

plasticity index, the latter being the difference between liquid limit and
plastic limit, (see Figure 3-4).

Plasticity characteristics of vâ.rious soils are tabulated on Figure
3-5. The plasticity of clayey soils is infltiencéd by the âmount of cl^ÿ and
by the composition of the clay fraction (Scott, 1963).

Typical plasticity data for tailings fr.oni séiteral South Antericâ.n
mining operations which had embankment failurés are tâ.bülated on Figüre 3-6;
the range of values for coal waste is shown on.Figure.3=7.,

3. Water Content

Water content is one of the most irnpçsrtant,index propértiesfor a
given soil. It is defined as the ratio of the weight of watér to the weight
of dry soil, expressed as a percentage. The natural water content of a soil;.
or better - the liquidity index (a measure of the'difference between the
water content and the plastic limit), provides e. qualitative assessmént
of the soils compressibility, sensitivity and préconsolidatiori.

The water' contents of "soils commonly range from S per cent to 35.
per cent. However, for soil types that contairi a high percentage.ôf clay
or organic material, water contents in excess of 100 per cent may occur.
In general, the water content depends on void ratio, particle size, clay
mineral and organic content, and ground water conditions.

Water content data for.tailings- from the South American mines are
shown on Figure 3-6.

The water content of coal wastes generally variesfrom 5 per cent to
20per cent, depending on the methôd of coal preparation. Large variations may
also occur during the day-to-day operations of a.coal.processing plant.

4. Density

The unit weight or density of a.material is defined as the weight of
material divided by its total volume, (solids, liquids and voids): The
in-place density of soils will be a function of their manner of deposition,
gradation and loading histôry. Fine soils deposited by wind or water and not
subsequently subjected to superimposed loading will be relatively loose; if

subsequently consolidated by the'weight of overlying soil deposits or ice, or
compacted mechanically, their densities will be matérial.ly inc-reased.
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In general, when measuring the degree of compaction of a soil, the 
dry density (the density of the soil with the water removed while the volume 
remains constant) is used. For a given compactive effort, the maximum dry 
density is obtained at a particular "optimum water content", (see Figure 3-8). 

Typical ranges of density of various soil types are shown on Figure 
3-9. The dry density of tailings varies from 70 lbs/cu. ft. to 120 lbs/cu. ft. 
The dry density of coal waste tailings obtained from different deposits ranges 
from 80 lbs/cu. ft. to 130 lbs/cu. ft. 

5. Specific Gravity  

The specific gravity of a rock or soil is the unit weight of the 
particles which form the sample, expressed as a multiple of the unit weight 
of water. The average specific gravity of granite rock is about 2.65, with 
a range from 2.4 to 3.6 depending on the nature of the mineral constituents. 
Specific gravity may be used to determine other important soil properties 
such as void ratio, porosity and degree of saturation (described in Appendix C). 

The specific gravity of tailings particles may range from about 2.5 
to 3.5, depending on the mineralogical  composition. 

The specific gravity of coal waste may range from less than 1.8 to 
2.7, depending on the amount of coal, shale and sandstone present. The spec-
ific gravity of finely divided coal wastes is likely to be in the range of 
1,5 to 2.5. 

6. Permeability 

The permeability of a homogeneous soil is a function of the size and 
number of the voids between the soil particles. These are dependent on the 
size and shape of the particles, the gradation of the soil and its density. 
41 the analysis of seepage through Soils, the soil permeability is defined by 
a "coefficient of permeability", (K), expressed as the velocity of flow through 
a unit area of the total soil (voids plus solids) under a unit hydraulic grad-
ient (pressure head divided by the length of the seepage path). Knowing this 
coefficient, the actual hydraulic.gradient and the total area through which 
the seepage flow passes, the rate of seepage flow through a homogeneous soil 
can be Calculated. 

Seepage through natural soil or rock deposits is dependent not only. 
on the coefficient of permeability of the homogeneous material but also on 
local variations such as fissures, joints, lenses of open-work talus or 
gravel etc. The voids in a homogeneous soil, without fissures, can be measured 
in fractions of a millimetre, with consequent low coefficients of permeability. 
The dimensions of open fissures which can exist in natural soil or rock 
deposits, and in constructed embankments, can often amount to several inches. 
The seepage flow through such fissures can exceed by hundreds of times the 
flow through the homogeneous soil or rock itself. Where potential seepage is 
important, such as with tailings embankments retaining water, the possible 
existence of such fissures should be considered. They often occur in the 
foundation; at the contact surfaces between the embankment fill and the under-
lying foundation and abutments; within the fill itself, in the form of seg-
gregated seams  •f stony material between compaction layers; and at contacts 
between . pipes and walls incorporated in the fill. 
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The coefficients àf permeability  for  various soils and tailings are 
indicated on Figure 3-10. Typical relationships between permeability:and 
density for variens types of Solis and tailingS are illustrated on Figure 3-11. 

The influences on permeàbility.of soil - gradation .,  and  of the natee 
and amount  of thefines contained in the soil,' are illustrated  on  Pieure - 12. 
Soils may bé classified açcordihg to 'their Coefficients Of pérmeabilitY,.aS . 
shown en Figure 3-13. . 	 . 	• 

	

. 	. 
. 	 . 	 . 	. 	. 

• The permeability of  cal  Wastes depend$ priMarilylon their gradation 
and  degree of compaction. Typical Values of - thé cOefficient of pérMeability 
of coarSé wastes are in the range of l 0 -2  te 107 5  cm.  per second,  In  depoSits 
of fine waste transported  as  a slurry i •the ode/Set particles  tend  te settle 

	

out in thin layers inter -fingered with layerS of clayeY materials and,  as a 	. 
result, the heri'zontal permeability tends to be Much higher than thevertical 
perffieability. The coefficient of permeability of slurry deposits Varies,from 
about 10 -3  td 10-6  cm per second in the  horizOntal direction and froM 10 -5  
to 10 - 7 cM  per second in the vertical directieh, Tests  at the Van Stone 
tailings dam indicated_the  horizontal  permeability.of the tàilings'to'be,S - 10. 
times the vertical permeability. 	. 	 . 	. . 	. 

. 	 . . 	. . 	. 	 . 
7. 	Shear Strength-   . 	 . 	. 	. 

. 	 • 	. . 	. 	 . „ . 	 . 	. 
The shear strength of a soil iS made up,of two cOMponentsi CoheSion ' 

and  internal friction. 	. 	 . . 	. 

	

. 	 . . 	. 	 . 	. 	. . . 	. " s  . e l + F tan  0':, 	 . • . 	. 	• • 	
. 

	

. 	. 	 . : 	, 	 . 	• . 	 . *, 
where 	s = shear strength, 	. 	 . 	 • 	. . 	

. 	
. 

• ' c'= effeCtive cohesion, 	- 	: 	 . ' 	• . _ 	 . 	 . 
p = effective normal stress = (p-là) . , 	 • 	- 	. . 

	

	 . 
' p =  total stress normal to the plane of failure, 

' 	u = -hydrostatic pressure on the•failure plane,  
0'= effective angle of internal friction. 	- :•• -: 	• 	' • 

•• 	• 	• 
, The cohesion is derived from fleXiblelonds•between•fine soil part-

icles and is virtually independent of intergranular pressure. Cohésive soils 
have a high value of c' and a low value of 0', while .  CohesiohleSs soils have 
a high value of 0' and no cohesion. Typical values of c' and 0' for varions 
soil types are tabulated on Figure 3-14. 

• . 	• 	. • 
Because the frictional component of the shear strength of any givéh 

soil depends on the effective pressure, the shear strength' increases with - 
depth, (higher confining pressure). However,.in determining the effective 
stress that contributes to  the  soil's shear strength, one must be certain 
that a proper allowance for pore water pressure is made. (Effective stress  
equals total stress minus pore water pressure). 

Tailings usually have the characteristics .  of 'a cohesionless'soil 
(cl = 0), with average effective friction angles (0') that range between 
30  and 36  degrees, depending on the density of the soil and the angularity 
of the soil particles. The shear strength of tailings is also dependent on 
the method of operation of the tailings facility. Cycles of wetting and drying 
induce fluctuations in pore water pressure and, consequently, fltictuations in 
shear strength. 
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The shear strength of coal wastes is generally low. The effective 
cohesion and the effective angle of internal friction vary between wide 
limits. C varies usually from 0 to 1000 lbs/sq. ft., and IrS' varies from 
22 degrees to 34 degrees. 

8. 	Compressibility  

The compressibility of a soil is defined as the volume change per 
unit volume under an applied unit increment of stress. Soils are relatively 
compressible because of their high void content. The rate at which a soil 
settles, when loaded, depends on the permeability of the soil and the 
drainage conditions. The compressibility of a soil is determined by the 
relationship between void ratio and load-carrying capacity, and is obtained 
by consolidation tests (Terzaghi and Peck, 1967). Figure 3-15 shows typical 
curves of this relationship. 

The consolidation characteristics of most tailings are similar to 
those of a normally consolidated soil (consolidated by its own weight only). 
A consolidation curve for the tailings at the East Geduld mine is shown on 
Figure 3-16. A gradation curve for these tailings is shown on Figure 3-2. 
Consolidation curves for a very loose and low density tailings material, 
in an undisturbed and in a remoulded condition, are shown on Figure 3-17. 

Of primary interest in relation to the disposal of coal wastes is 
the difference in the rate of consolidation of finely divided coal and of 
tailings in settling ponds. Generally, the tailings consolidate at a rel-
atively slow rate and the finely divided coal at a more rapid rate .  

Rockfill 

The properties of rockfill depend primarily on particle shape, size 
distribution, mineralogy of particles, relative density and confining pressure. 
Typical values of specific gravity and density are tabulated on Figure 3-5 
and 3-9. The average coefficient of permeability of a well graded rockfill 
normally will range between 10 -1  cm. per second and 10 cm. per second. 
However, the placement of rockfills in high lifts by end-dumping can result 
in segregation and, consequently, can produce local permeabilities that are 
many times greater than the average values for the fill. 

Some relationships, determined by laboratory tests on crushed rocks, 
between the angle of internal friction and particle size, relative density 
and confining pressure are shown on Figures 3-18, 3-19 and 3-20. Typical - 
values of the angle of internal friction of rockfill materials lie above 
35 degrees. 

Sedimentary Rocks  

The behaviour of sedimentary rocks is affected by inherent strati-
fication and jointing. Some frequently encountered in embankment foundations 
are conglomerates, limestones, sandstones, siltstones and shales. 



3-14 

Typical values of some important mechanical properties of sedimentary 
rocks are tabulated on Figure 3-21. These proPerties, insitu, are greatly 
influenced by structural discontinuities such as joints, faults and foldings. 
However, they are generally high in comparison to the stresses under mine 
waste embankments. 

For tailings embankffientà, special.attentien should be given to IiMe-
stone foundations, because of thé effect of weathering  on  strength and perM.:. 
éability Hard limestones, hôwévér, 144éi good felindatien. .8andStenes can 
be relatively pervious:  The friable nature of .the mere porous sedimentary 
rocks  should bé considered if these rocks are te be Used as fill material. 

IgneouS Rocks  

Granite, dierite and basalt are  some  of the igneoilS reeks freqüently 
encountered in foundations; soMe of their Important in'opertiês  are  tabiliated 
on Figure 3-21. 'Generally, they are adecitiate feUndation Materials eéePt 
that basalt formations, in particillat, - can beverY perviouS bedauSe , bf heavy ,  

• jointing. • . 	. 
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Liquid 	Plastic 	Plasticity 	Specific 
Soil 	  Limit % 	Limit % 	Index % 	Gravity  

Heavy clay 	75 	 23 	 52 	 2.77 

Sandy clay 	40 	 20 	 20 	 272 

Sand 	 Non-plastic 	 2.70 

Gravel - 
Sand-Silt 	

Non-plastic 	 2.68 

Particle Size Distribution 
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LIQUID 
LIMIT 

PLASTIC 
LIMIT PLASTIC INDEX SPECIFIC GRAVITY SOIL 

Gravel-Sand-
Silt Non-plastic Average 2.68 

Rock Fill Non-plastic 	 Average 2.70 

3-19 

Lean Clay 	32 	 18 

Fat Clay 	 80 	 28 

Sandy Clay 	40 	 20 

Sand 	 Non-plastic 

14 

52 	 )-Average 2.75 

20 

Average 2.65 

PLASTICITY 
CHARACTERISTICS 

OF SOME SOILS 

FIGURE 3-5 
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Porosity 	Vold 	Water 	Unit Weight  
n 	• Ratio, 	Content 	 lb/ft3 

( % ) 	. • 	' w 
Description  	( % ) 	1rd 	Y  -......... 

1. Uniform sand, 
loose 	 46 	 0.85 	32 . 	 90 	118 

2. Uniform sand, 
dense 	 34 	• 0.51. 	19 	 109 	 130 

3. Mixed-grained 
sand, loose 	40 	'0.67 	25 	• 	• 99 	• 	124 

4. Mixed-grained 
30 	0.43 	16 	 116 	135 

5. Glacial till, 
very mixed- 
grained 	 20 	0.25 	9 	 132 	145 

6. Soft glacial 
clay 	 55 	 1.2 	45 	 76 	110 

7. Stiff glacial 
clay 	 37 	 0.6 	22 	 105 	129 

8. Soft slight 
organic clay 	66 	. 1,9 	70. 	 58 	98 

9. Soft very 
organic clay 	75 	 3,0 ' 	110 	 42 	89 

10. Soft 
Bentonite 	 84 	' 	5.2 	. 194 

i 11, Rock Fill 	, 	41 
+10«....MMW.M.MMMMffleldofflmoMmemeMmimmilmlum.Om 

.70 	25 

	

---------- 	 

TYPICAL DENSITIES 
OF NATURAL. SOILS 

FIGURE 3-9 

sand,  dense  

100 

27 8:".) 

125 

w . water content when saturated, in percent of dry weight 
Yc1 = unit weight in dry etee 

Ir e  unit weight in saturated àtate 
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. 	 . 
Drainage 	 .Good 	 Poor 	 Practically. Impervious 

-  

Soil 	Clean gravel 	Clean sands,-  clean sand 	Very fine sands, cirganic and 	"Impervious" soils, 
Types 	 add gravel mixtures 	inorganic silts; mixtures of 	eg. homogeneous 

sand silt  and clay, glacial 	clays below zone-  of 
till,-stratified clay deposits 	weathering . . 
etc. 

"Impervioùs" soils': modified by effects 
• of vegetation ànd weathering 

Direct 	Direct testing of soil in its original position -' 
deter- 	pumping tests, 	Reliable if properly conducted. 
minàtion 	Considerable experience required. 
of k 

Constant-head permeamèter. 	Little 
experience required. 

Indirect 	 Falling-head permeameter: 	FalIing7head permeameter 	Falling.head. permeameter. 
deter 	 Reliable 	Little expér- 	Unreliable. 	Much'exper- 	Fairly:reliable. COnsider 
mination 	 ience required. . 	 • ience required,. 	 able experience neCessary. 
of k 

-11  orn 	Computation from grain-sizedistribution. 	 . 
rn ,D 	Applicable only to clean cbhesionless 	 Computation  based on 

c) m Z ;a sands and gravels. 	 results. Of conscli- -  
11 DI 	 dation tests. 

CII .Ei > _ 	op iteliable..Consider- 
0 rn -- 	 able experience 	'• 

.... r- r- ._-- 	 -required- 
•

CIO ..0 
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Degsee of Permeability 	 Value of K, CM/SEC  

High 	 over 10
-1 

-1 
Medium 	 10 to 10-3 

Low 	 10
-3 

to 10
-5 

Very Low 	 10-5 to 10
-7 

Practically Impermeable 	 Less than 10
-7 

After Terzaghi & Peck, 1967 

See also Figure 3-10 

PERMEABILITY 
CLASSIFICATION 

OF SOILS 

FIGURE 3-13 
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Sôi 1

Bentonite shale

Muddy sand

Shale (fill cem.eritOd)

Sandstone (fill)

Soft clay

Very soft clay

Stiff clay

Silt (non-plastic)
medium dense

Si it (nôri-plastic)
.dense

Uniform fine to medium
sand - medium dense

Uniform.sand - dense

Well-graded sand -
medium dense

Weil-graded sand -
detise

Sand and Gravel -
medium dense

Sand and Grave l -
dense

* Such high angles require
confirmation by thorough
and extensive testing.

Effectivé, Effectivë Angle of
Cohesion (c ) Internal Friction
(lbs./5q.ft.). (deg'reés)

300

400

1000

7

30

34

35 to 45

400

37O to 200

1500 to 2000

Variâbié .
deperiding on
rate of
Iôâd
appi.,icâtion

28 fo ,32

30 to 34

30 , to 34

38. to 46*) Higher
values
occur at

36 'to. 42 *) low
) confining
pressures

40 to 48*)

40 to 55-)

TYPICAL VALUES OF
EFFECTIVE COHESION

AND ANGLE OF INTERNAL
FRICTION FOR SOILS

FIGURE 3- 14
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Preçgiurç, tg/cm2  

TYPICAL PRESSURE - 
VOID RATIO CURVES 
FOR SAND AND CLAY 

FLOURE 3 - 15 
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Symbol 	Particle 	Particle 	Min.& Max Dry Density 
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a 	 0.45 	Angular 	 73.6 	98.2 

à 	 0.58 	Sub-Angular 	86.2 	103.8 

+ 	0.67 	Su-Rounded 	92.1 	108.4 

(After Lee) 
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Initial. Void Ratio ki,  0.43. 
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Confining Pressure - psi' 

(After Marachi, Seed & Chan 
' 	1969)  

ANGLE OF INTERNAL FRICTION 
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FIGURE 3-20 
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Rock 	 Poissons 
leJ1 	 Ratio 

DIORITE 	 0.26 - 0.29 

FELDSPATHIC GNEISS 	0.15 - 0.20 

GRANITE 	 0,23 -10,27 

LIMESTONE 	 0.27 - 0.30 

QUARTZITE 	 0.12 - 0.15 

SLATE 	 0.15  -0.20  

SANDSTONE 	 0.15 0.35 

Modulus of 	Compressive 
Deformation PSI 	Strength PSI  

6 	 3 
10.9 - 15.6 x 10 	10 - 15 x 10 

6 	 3 
12.0 - 17.2 x 10 	6 - 12 x 10 

6 	 3 
10.6 - 12.5 x 10 	8.5.-  25 x 10 

6 	 3 
12.6 - 15.6 x 10 	4.5 - 15 x 10 

6 	 3 
11,9 - 14.0 x 10 	15 - 20 x 10 

6 	 3 
11.5 - 16.3 x 10 	3 - 8 x 10 

6 	 3 
4.0 - 10 	x 10 	8 - 20 x 10 

TYPICAL. MECHANICAL 
PROPERTIES OF ROCKS 

FIGURE 3 -21 
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SECTION 4 

SITE AND MATERIAL INVESTIGATIONS 

CLIMATE AND HYDROLOGY 

Records 

Records of air temperatures, precipitation, wind, solar radiation 
and evaporation measured at various stations in Canada are published by the 
Meteorological Branch of the Department of Transport, Ottawa. Various climatic 
maps and atlases showing average distribution of extremes of temperature, 
humidity, wind, rainfdll, snoWfall etc. are published also. Use of some of 
these data is essential in estimating the evaporation from, and runoff into, 
mine tailings ponds. A list of the Potentially most useful publications is 
included  in  the bibliography. They are available fromilInformation Canada; 	• 
Ottawa or from the Director, Meteorological Branch, 315 Bloor Street West, 
Toronto 5, except where noted. 

Records of measured stream flows are published by the Department  of 
 Energy, Mines and Resources, Ottawa. 

Euporation 

The rate of evaporation from water surfaces is influenced by solar 
radiation, air temperature, vapour pressure, wind and, possibly, atmospheric 
pressure. Since solar radiation is an important factor, evaporation varies 
with latitude, season, time of day and sky condition. 

Evaporation pans have long been used for estimating the evaporation 
frem lakes and reservoirs. Estimating methods based on measurements made in 
such pans are generally considered to give the most reliable results, the ratio 
of annual lake-to-pan evaporation being quite consistent, year by year, and not 
varying excessively from region to region. 

The U.S. Weather Bureau Class A pan is in standard use in Canada and 
the United States. It is of unpainted galvanized iron, 4 feet in diameter by 
10 inches deep, and is exposed on a Wooden frame in order that air may circulate 
beneath the pan. It is filled, to a depth of 8 inches and water is added each day 
to maintain this depth. 

For relating the evaporation measured in the pan to meteorological 
factors, the following additional instruments are installed near the evapora-
tion pan: 

wet and dry bulb thermometers (for air and precipitation 
temperatures, vapour  pressures, and  dew points), 

anemometer (for wind movement), 
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precipitation gauges - One non-recording and one 
weighing-type recording gauge. 	 • 

Pan coefficients (thé ratio Of lake eVaporation to pan  évaporation) 
are used in estimating the evaporation froà reservoirà. COMPariSons er evap-
oration from Class A pans with Measured lake eVapOratien values indicate that 
the annual Class A pan coefficient varies froM about 0.6 to 0.8 and that a 
relatively small error would be involved in aSsuming an average annual CoeffiC-
ientfof 0.7. HoweVer, these . compariSonS were with nattiral lakes and reserveirS, 
for which annual changes in energy Storage in the lake are usually small: 
Part-year coefficients àré more  Variable bedause energy storage Can be appreC-, 
iably different at the beginning and end of the periOd. Changes in  heat storage 
can cause pronounded variations in Monthly  coefficients. SuCh changes could be 
an important factor in the  evaporation froM à tailings pond storing Water at 
températures above thé amblent  air temperatures, 

Methods for estimating the affiount of évaporation from•Ciass A pans
and from lakes, are given in Appendix . A. They are based  On  the use  of publiShed 
data on solar radiation, air temperature, deW point  and  wind moveffient. The 
methods provide for adjustments to account for Changes in heat.storage in the 
lake. 

Runoff  

Two main influences of runoff require consideration in the design of 
mine tailings embankments: that of annual  'or  seasonal runoff volumes on 
long-term pond water levels, and that  of' flood  runoff volumes and peak flows 
on the short-tenu pond levels and on the discharge caPacities of diversions' 
or spillways possibly required to pass runoff water around the retaining 
embankment (assessment of peak runoff flows may be required also  for the 
design of drainage structures for mine waste piles). 

Where stream flow data do not exist or when an approximate figure 
is adequate, simple equations are available,in hydraulic handbooks to 
calculate runoff flow rates, culvert requirements and spillway  dimensions. 

The most reliable methods for estimating runoff volumes and flows 
involve: 

assessment of the precipitation over the catchment area; this 
will depend on the climate of the area and, in Canada, could be in the 
form of rainfall or snowfall; reliable predictions of precipitation to be 
expected on any particular date, or in any particular season, cannot be 
made far in advance but reasonably reliable estimates can be made of the 
probable maximum precipitation to be expected (say in a 24-hour period), 
and of the probable frequency of occurrence (in years) of precipitation 
exceeding particular values. 
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assessment of the runoff losses which will occur in the 
catchment area; these will include interception by 
vegetation, evaporation, depression storage and infiltration, 
all depending on the characteristics of the actual catchment 
area; 

assessment of the rate of runoff, this again being dependant 
on the actual characteristics of the catchment area. 

To be reliable, runoff estimates should be based on precipitation and 
stream flow records of some kind - the more relevant the data to the particular 
catement area being considered, the more reliable will be the results of the 
computations. In many cases, there will be neither precipitation nor stream 
flow records available for the particular catchment area and records from 
adjacent catchments, or generalized data available on published climatic maps, 
will have to be used. Usually, in estimating runoff volumes, runoff losses will 
have to be estimated from experience with other catchments; often, the rate of 
runoff will have to be determined from a synthetic stream-flow hydrograph based 
on particular characteristics of the catchment area. Methods for making such 
estimates are described in Appendix B. Their accuracy can be substantially 
improved by only a few years of precipitation and stream flow records in the 
actual catchment area being considered. Such records can provide a correlation 
with long-term records available for other catchments, a check on actual runoff 
losses and determination of the actual shape of the runoff hydrograph. 

For major embankments for which runoff could be a decisive'factor in 
promoting failure, it would be advisable, therefore, to obtain at least a few 
years of records at the actual embankment site. This would entail the installa-
tion of a non-recording and a recording type rain gauge (such as those required 
with an evaporation measurement station), a snow Storage gauge and a reCording 
stream-flow stage measurement gauge. Stream flow measurements would also be 
required to determine the stage-discharge relationship of the stream gauge. 

TOPOGRAPHY 

Topographic maps useful in planning the location of mine waste embank-
ments are published by the Department of Energy, Mines and Resources. These 
maps are generally at scales of 1: 50,000 and 1: 250,000 with'contour intervals 
of 100 feet  and 500 feet respectively. Aerial photographs of most parts of 
Canada are also available from the following services: 

National Airphoto Library, Ottawa and Calgary 

Surveys & Mapping Branch of the 
Department of Energy, Mines & Resources; 

Provincial coverage, available through 

Airphoto Libraries, Departments of Lands in 
British Columbia and Alberta and 

Departmental Libraries in various branches of 
other Provinces; 
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Private sources 

generally it is advisable to  check the national 
air-survey companies Working in an area ;  often 
they have coverage not available through other 
sources and  will Make the photos available With 
the permission of an earlier client. 

The small scale maps are Most uSeful  in  studying the areas -  StirroUnding 
the waste embankment site to assésS the possible effects ôr seeage, floWS, 
runoff and the consequences of failure on nearby developments. The sdaleS and . 
contour intervalS requited for the design Of the Waste Storage fadilitiés will 
depend  on the size of thé area and the VertiCal , relief. Generally; maps having .  
a scale of 1: 5,000 approximately and a Contour interVal Of 20 feet are adequate 
for preliminary studies. For detailed design, larger scale Maps and sMaller 
contour intervalS are often reqUired. 

PhotegramMetric Mapping is Usiially.iiSed, aà it is both  fat  and. ecOnoM-
ical. Also, the aerial 'photographs Obtained for:the Mapping -  danAe Very ti.Seful 
in interpreting the general geology of the site . and in lél'ca:titig potehtial 
sources of construction material.- 	- 

• 	 • 
Topographic mapping of embankment sites shoUld•indlude  location  of 

ground surface contours, rock outcrops, forest cover, shrfade and underground 
drainage features, buildings, mine werkings, services both above greund and . 
buried, access routes and any features Which might . affect the security - of the' 
embankment or Might be relevant in. determining whether -the site Will besatis-
factory.  Data on present and former land use at the Site May . be relevant, as 

 well as information on land ownership. The location of folindation exploratory' 
holes and test pits, and of any foundatien instrUmentation,'Shouid also  be ' 
recorded on copies of the topographic maps. 

The area mapped should be sufficiently extensive to allow asséâsment 
of the areas which may be affected by pollution or by a failure of the embank-
ment. The catdhment area:of tailing embankments should bé maptied stifficiently 
to enable reliable runoff estimates, and add:La-ate pond storage-elevation clirves, 
to be made. 

GEOTECHNI  CAL 

General 

Geotechnical investigations at mine waste embankment sites should be 
directed to determining the: 

nature of the soil deposits (geology, recent history of 
deposition, erosion and consolidation); 

depths, thickness and composition of each significant soil 
stratum; 

location of ground water, hydrostatic pressures; 

depth to bedrock and its general composition; 

the presence of old underground mine workings; 
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geotechnieal properties of the soil and rock strata 
that affect the design of the structure; 

availability of suitable construction materials. 

This Section describes the planning of the soils investigations 
and various techniques suitable to obtain this information. 

Geology  

Geological investigation procedures can include: 

research of regional geological reports, maps and aerial 
photographs,,  

field reconnaissance and mapping, 

geophysical surveys, 

exploratory drilling, 

borehole photography, 

measurement of ground water levels 

ground water pumping tests; 

laboratory testing of samples of rocks and soils, 
including mineralogical analyses. 

Generally, the most important aspect to be considered in the design 
of mine waste embankments will be the surficial geology - the nature of the 
soils in the foundations. Engineering investigations of these soils are 
described in the following pages. Significant items affecting behaviour 
which should receive geological consideration are: 

mode of formation of surface deposits (residuum, aeolian, 
alluvium, colluvium, glacial drift), 

evidence of buried channels, 

evidence of instability, collapse, solution cavitation, 

evidence of recent tectonic disturbance, 

evidence of weak formations, bentonite layers, mylonite, 
shear planes, 

seismic history. 

The necessary extent of investigations will vary depending on the 
fill height and the complexity of the fbundation. For all waste embankments, 
sufficient information should be obtained to define and assess the presence 
of weak zones in the foundation to establish that the foundation is strong 
enough to withstand the shear stresses, and that seepage can be controlled. 
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Considetatien of the geologiCal his -Le/7 of surficial deposits at, and adjacent 
to, the embankMent site can eften indicaté.thepotential iMportande of the$ 
deposits tb the  design, and  whether Étirthet investigation  of  thém'is required. 
This should indicate hoW the depesits were formed and Whether they ,  have been 
subjected to consolidation pressures  since theit,formatien. Information  on 
whether soil deposita are residual (prodUCed by.the Weathering ef'underlying 
bedrock), or of eroSional,  glacial  or  fluvial  otigin : Can indidate thé general 
characteristicS to be expected of theM. A geblegical  inspection of the  Site 
may be sufficient toldentify the posSibility Of btiried  river or glacial  
'channels under the Site:  This  ceüld  havé à Major effect on the :extent of 
Étirther Sub-sUrface : inVestigations at  the site.  Any signs ef past slicieS, 
creep  or  settleMent,of soil  or rock strata,neàt,the site shoUld always be 
consideted. Stich signs can provide  important  forewarning Of potentially 
unStele conditions at the Site .  

Detailed inVeStigationS, SUCh as éore drilling Of bédreck, sheUld be 
required fet Mine Waste embankmentSenly in iiniasual CitcuMStanceS. - SuCh'inVeSt-
igations  are  semetiMes reqUited fer Water storage  dams  lecatiSe  of thé hie 
stresses introdgcéd into the fetindatiets by  the dams,  or thé dàhger of:Séepage 
and uplift ptésstires in the foundation rock strata, These cehsfderat•onS ate 
relatively unimportant-fet mine: waSte piles not retaining watet - HeWevet,.. they 
coUld be  important for high tailine eMbeikMents.rétaining Snbstantial depthS 
of water in direct contact With the letnidatiehs.' 	 • . 

The resistancete shearing:on  surfaces  leCated Within bedtpek iecitffiaH 
tiens is Usually substantially higher than that arcing  surfaces  lecated in 
overlying soils. :  Only:where therS'are  extensive  soft seamIS'in thebédteck is 
it likely'to be'critiçal for mine waate embankMentS . Such,seftSéamS - àrepart-
icularly.difficult te locate in bedrock formations; the reliable . aSséssient of 
theirdependable.shear strength is even  more  diffiCult. •While the final 
assessment of Whether they are extensive,, and 	they  do constitute a 
danger to . embankment stability, Will often depend : en judgment their, detection . 	. 
is important for Waste eMbankments in the erder  of  100 feet  or  more'in'height. 

Subsurface Explorations 	- 	.. 
• 

" - The first step  in foundation investigations should be'an'appraisal 
of any previonstindergroilnd mining  and  the general geolegical character  of  
the site The second  step should invoive'a fWexpleratory drillLhoies, 
located aftetS detailed examination of soil'and rock ékposUtes at the Site; 
Such an inspection may indicate thât geephysical surveys and echo seundings • 
in lakes weuld be useful at this early stage:cif investigation. Often à 
number of test pita and trenches will be Useful in'determining  the nature  - 
of surface Sells. 

Subséquent  stePs in the investigation  1..7111 depend on.the size  of  
the embankment and the general character-of the soil profile. The  impor-
tance of the Structure or,the results of earlier drilling May indicate 
the, need for a more detailed drilling pregramme.  At sites.where thé sub-
soil profile is ertatic, the objectives should beto define the pattern . 
of dissimilar soils, and the characteristics repreaentative of the variouà. 
strata encounterecL Great use of sounding methods (such  as the cone. 
penetrometer) might be appropriate in such circumstances in place of or 
supported by representative and undisturbed samples. 
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The depth to which foundation boring should be carried will depend
on: the size of the loaded area, the magnitude of loading, and the
sub-soil profile.

V

As a general rule, the foundation borings should be deep enough to
determine the sub-soil profile within the depth significantly affected by
the structure. However, if bedrock or relatively incompressible soil deposits
occur within the significant depth, then the borings need only define the upper
boundary of rock or incompressible soil, provided it is established that this
soil is underlain by stronger material.

Adverse conditions that require particular attention during sub-
surface investigations are:

large boulders overlying bedrock (it can be difficult to

differentiate between intact bedrock and large boulders
from drill cores),

karstic limestone formations,

expansive clay shales; stiff, fissured, highly plastic clays,

buried, coarse, talus deposits.

A common error is in the definition of the bedrock surface. Often,
large boulders occur in the foundation well above the bedrock surface and

provide cores that seem to be compatible with bedrock. If the bedrock surface

is flat, the type of rock known and the approximate depth to rock known, it
may be adequate to limit the coring to 5-10 feet in rock; however, at locations
where the bedrock is uneven, and where large boulders may be overlying the
rock surface, coring should be 15-20 feet into rock for low embankments and
may have to extend 50 feet into rock for high embankments.

Other problem foundations may include: limestones with solution
cavities; seams of bentonite within otherwise competent clay or clay

shale; gouge zones in otherwise sound rock; and buried talus deposits
which are highly pervious.

Types of drilling equipment commonly used for foundation investi-
gations are:

wash boring rig (the simplest, uses casing),

churn drill (the common well drill, versatile, uses casing),

rotary drill (of many types, including diamond drills, uses mud),

hammer drill (different methods, uses casing, air),



4-8. 

power auger (all  types,  ContinueuS flightS j  hollOW steM). 

Of the different  types of  eeipMent 'available, all can . find applida-
tion under certain site conditions. 

Borrow Materials 

The preliminary investigations of an area will uSnally disClose a . 
number of deposits of material that may be'suitable for'the:construCtion of 
an embankment .  Further inVestigation is USilaily necessary te détermine thé 
extent and characteristies or the materials in the deposits. Finally, alter- 
native sources of material can bé coMpared in termS Of volume, characteristics, 
and the cost of supply to the embankment. 

l'renéhing  and  drilling are usually applied to berrOW.matérial:inVesti-
gations folleWing thé same pattern or work desCribed for felindatiOnsMpling 
and testing shotild :be suffiCiently extensive to  confirai  an.  adequate quantitY" 
of material of the type required. bierMally, teStihg WoUldindlude dé termination 
of in-place moisture content, gradation,optiMuffi MeiSture * Content ror ceffipaction 
of the borrow matérialS and shear Strength. 

. 	 . SaMpling 	 . 	 . . 	 . 

	

. 	 . 
Samples are classified in accordance with the sampling procedures Used. 

A commongrouping is: wash samples; representatiVe distilrbed samples;  and 
undisturbed samples. 	 .. . 	 . 

	

. 	 . 	. 

	

• 	 . 
Wash samples consist of drill cuttings reMoved freM the hole by the : 

circulating water or air; orby . baiiing. They  have the  serions limitation' 
that some mineral constitilents have been removed by washing; they are unSuit-
able for positive identification of the soil, and for labOratorytesting, . 
but they often permit a .preliminary classification of the Soil and apprex- . 	. 
imate determination of stratigraphy.. 	. 	. . 	.. 	. . 	. 	, , 	. . 	. 	 . . 	.. , 

Representative disturbed saMples are usually Obtained in thick-walled 
sample  tubes.  They are suitable for gênerai  classification tests and Iden-
tificationof the soil, but they . are not Suitable for Strength - tests, -  They 
are commonly used to indicate water content, grain size, specific gravity 
and Atterberg limits. 

Undisturbed saMples require sophisticated sampling'equipMent  and 	- 
drilling techniques. They reqüire great càre . to  preserve - the sample in its 
natural condition, should be sealed to prevent loss of water during handling 
and storage and should be protected from freezing. They should be protected 
from disturbance during handling and are.usually shipped in tubes held in 
special shockproof containers. - Undisturbed  samples.  are  suitable for all 
laberatory tests and from them many characteristics of.the insitu soil deposits 
can be determined. 

The techniques of sampling from bore holes depend on the nature of  
the ground and the degree - of sample disturbance that is acceptable,. Those 
appropriate to various conditions are tabulated oh Figure 4-1. The frequency 
of sampling'is dependent on the variations found in the materials being pen-
etrated, but, usually, sampling at 5-foot interVals is satisfactory. On 
occasion, sampling at more frequent intervals, or continuous sampling, is 
necessary to examine weaker zones or zones of relatively high.permeability. 
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In cohesive soils, uncased and dry bore holes may sometimes be used 
to shallow depths, but stabilization with casing or drilling mud is usually 
required when undisturbed samples are to be obtained from deep bore holes. 

Sampling in sand and gravel usually requires casing or drilling mud. 
The casing is filled With water to prevent caving and heaving of the material 
at the bottom of the hole when drilling below the water table. A representative 
sample of sand may be obtained with split-spoon samplers, piston samplers and 
some types of thin-walled Shelby tube samplers .  Care and experience are nec-
essary to obtain good sampling in these materials. 

In gravelly soils, thick-walled drive samplers or barrel augers may 
be necessary .  

Hammer drills, using air and percussion, are frequently used in 
exploring gravels and sands. Samples obtained from the discharge of such 
machines are valuable as indicators of the material at the bottom of the hole 
but cannot be considered truly representative, because of degradation and 
segregation of particles in transport up the casing. 

Laboratory Testing  

1. Grain Size Distribution 

The laboratory procedure for determining the grain size distribution 
of soils is described in ASTM D422 (American Society for Testing and Materials 
Test Method). In this procedure, a sample of soil is divided into a coarse 
fraction and a fine fraction; the grain size distribution of material coarser 
than 200 mesh is then determined mechanically, using standard sieves; the grain 
size distribution of the material fin6r than 200 mesh is tested by hydrometer. 

From a series of grain size distribution tests of a given soil, an 
envelope of distribution curves may be developed to form a basis for assessment 
of some of the soil's other characteristics. 

2. Specific Gravity and Void Ratio  

The specific gravity of soil particles is determined by laboratory 
test ASTM D854. Knowing the dry density, and the specific gravity of the soil 
particles, the void ratio can be determined from the following relationship: 

Dry Density (7 d) =  7w (Gs) , 
(F0 

where: 

w = unit weight of water, 
Gs = specific gravity of the soil particles, 
e = void ratio (the ratio of the volume of voids to the 

volume of solids in a soil). 
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3. Relative Density  

The relative.density of coheSioniess,soils is Obtained by the deter-
mination of the void ratio Of the soil in the lOoSeSt state,livthe densest 
state and insitU. The relative  density is giVen by the relationship: 

Dr = e itiax -e 
e max -e min 

where: 

Dr = relative density, 
e max = Void ratio in the loosest state, 
e = void  ratio  insitu, 
e min = vOid ratio in the denSest state. 

4. Plasticity  

The Atterberg limit teSts*(Lambe and Whitman  i 1969):are uSed to 
determine the plasticity of soils. The liqüid limit definèS . theloundary - . • • 
between the liquid and plastic stateà and the plastic limit the bdUndary 
between the plastic and solid states. The difference between these two.Water 
content values  is the range of water . content oVér which.the soil rémainS plastic, 
and is called the plasticity index. This parameter iS used  in  classifying Soils 
for estimating other physical properties which have been correlated empirically 
with the plasticity index (Casagrânde System). 

5. Compaction  

The moisture-density relationship of a soil iS obtained by the stand-
ard procedure ASTM D1557. A definite relationship exists between the water ,  
content of a soil at thé time of placement and the aMonnt of compactive effort 
required to achieve a given density. If the soil is too wet Or too dry, the 
given density may be difficult or impossible to achieve by normal compaction 
methods. The objective of the laboratory procedure is to determine the optimum  
water content for the  specified compaction. 

6. Shear . Strength  
• 

The shear strength of a soil is usually measured by triaxial compress-
ion tests or direct shear tests. Triaxial s tests can define'the shear Strength 
under both drained and undrained conditions; conventional Shear box tests 
can define only the shear strength under drained conditions. 

Determination of meaningful shear strength parameters of soils, for 
use in design analyses, requires extensive knowledge and experience. Soil 
shear strength parameters are affected by many test factors including such 
items as: rate of loading, method of loading, principal stress ratios, rate 
of specimen strain, total specimen strain, degree of saturation, drainage 
conditions, etc. Moreover, in selecting the shear strength parameters that 
are to be used for specific analyses, the designer must estimate probable 
strains and rates of pore pressure dissipation in the field, and must decide 
whether to use "peak" or "residual" shear strength values. Soft soils will 
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generally require more testing to define their shear strength characteristics 
adequately than will firm soils. 

The data obtained from shear strength tests are normally presented in 
terms of effective stresses. During testing, both total stresses and pore 
water pressures are measured. The effective stresses are determined by sub-
tracting pore water pressure from total stress. Effective stress plots, for 
several soil specimens at failure, are conventionally presented in the form 
of Mohr circles, as shown on Figure 4-2. The effective cohesion (c 1 ) and the 
effective angle of internal friction (e) are defined by the position and 
slope of the Mohr failure envelope. 

7. Consolidation Tests 

Consolidation tests are made to determine the compressibility of a 
soil and the rate at which it will consolidate when loaded. Consolidation 
test procedures are detailed in ASTM D2435. The two soil properties usually 
obtained from a consolidation test are: 

( C c) c) the compression index, which indicates the compressibility of a soil; 

v ) the coefficient of consolidation, which indicates 
the rate of compression under load. 

The data obtained from a laboratory consolidation test are normally 
presented in the form of a plot of pressure versus void ratio. This curve 
is used to estimate the probable stress history of the soil, the item of 
particular interest being whether or not the soil was preloaded in its past 
geological history. 

8. Permeability  

Permeability test specimens may be either undisturbed or representative 
disturbed samples, depending on the purpose for which they are to be tested. 
Samples of foundation materials should be undisturbed, whereas samples of borrow 
material for embankments should be remoulded at a density comparable to that 
specified for construction. The method of permeability testing used will depend 
on the permeability of the soil to be tested. (Reference Figure 3-10). The 
constant-head permeameter is used to determine the permeability of granular 
soils, whereas the falling-head type is more suitable for soils of low perm-
eability. For soils of very low permeability, consolidation test data may be 
used to estimate permeability. (Lambe and Whiteman, 1969 and Laboratory Soils 
Testing, EM1110-2-1906, U.S. Army Corps of Engineers). The permeability of 
a soil can also be estimated mathematically from its grain size distribution 
using formulae developed by Hazen (Terzaghi and Peck, 1967). 

Field Testing  

1. 	Density  

Approximate estimates of the relative density of cohesionless soils 
may be obtained in the field from the "standard penetration test". The test 
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is conducted by driving a split-spoon sampler having dimension  of  1.375 inches 
ID, 2 inches OD, into the soil, using a 140 lb. weight drepping a diStanceor 
30 inches. The number of blows required to drive the SaMple spoOn. 12 inChes 
isealled the standard penetration resistance (N value) of the Sen.. Empirical 
relationships.have been deVeleped (Téraghi and Peck, 1967) whiCh - allew corre-
lation of penetration reSistancé to relative density, This telatiOnshipls 
illustrated on Figure 4-3. Soundine With:cone penetrometers can .also be Used 
for approximate determination of relative denSity. 

Approximate  corrélations  have alSo-been - Made.bétWeen standard Pene-
trationtest blow count (N) and the conSistency-of a  clay. ThiS relationship, 
which is shown on Figure 4-3, is approximate, and should be . uSed Only às à • 
guide. 

Several Methods are available for deterMining thé in-place unit Weight 
cf soils in pits and excavations. Two coMmonly Used precedures are: the sand 
cone method, ASTM D1556, and the rtibber ballOon methed, ASTM D2167. .Ih recent 
years, nuclear methods for determining  field  densitieS-and Water cOntents, 
have come into comffion usage. (Csathy, T.;. 1962; and ASTM; Sp. PubliCatiOn - 
No. 293, 1960.) 

2. Shear Strength 	 • 
- 	• 

Several Methods of conducting vane 'shear and static penetration'tests 
in boreholes are used to evaluate insitu shear strenàths. (Hvorsélév, 
1949; British Geotechnical Society, London, 1970) .  

• 
Occasionally, it may be desirable to Conduct à large seale standard 

shear box test in the field. An insitu saMple of soil or-rock -is eneloSed 
within a box, and vertical and horizontal loads applied: The lbad-diSplace-
ment curve is then obtained and analyzed, as in the laboratory test,.. 

• 3. Permeability  

Two methods are commonly used for determining- the permeability of 
soils in the field: 

infiltration Test - water is introduced into a drill hole, 
well or test pit, and the rate of -seepage observed under 
a fixed or variable head. A variation' of this test is te 
bail the water out of the hole and measure thé rate of inflow, 

pumping-Out Test - water is pumped from a borehole or a test 
pit at a constant rate and the drawdown of the water table 
observed in observation' wells placed on radial lines at various 
distances from the pump. 

Both methods have the advantage of testing the soll'in-place, so 
that the effects of natural structuré, stratification, orientation of the 
grains, and other natural properties, are included  in the tests. The 
pumping-out test method is relatively-expensive to perform and computational 
methods are available to calculate soil permeabilities. (Cedergren, H;, 
1967). Figure 4-4, illustrates a method of computing average permeability 
from the infiltration test data. 
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Test Hole Logs  

The logs of sub-surface exploratory holes and sampling form the 
permanent record used in the analysis of an embankment site. Completeness 
and accuracy of observations are, therefore, critical to correct analysis. 
Logs should contain not only the data required for determination of the 
soil profile, and the location of the samples obtained, but also any obser-
vations of detail which will contribute to an appreciation of the condition 
of the samples and of the physical properties of the soil insitu. A trained 
observer should be present continuously duxing drilling to supervise the 
sampling, prepare the logs and adapt the exploratory programme to the condi-
tions encountered. 

Typical standard forms for logging samples are shown on Figures 4-5 
and 4-6. A special effort should be  made  by different observers to standard-
ize on their interpretation of various materials encountered and tested. 
Logging of samples should be kept up-to-date and the logs prepared in final 
form as soon as possible after the hole is completed. This subject has been 
treated in considerable detail by Hvorslev (1949). 

MINE WASTES .  

General 

The investigation and testing of mine wastes is generally similar to 
that of soils, Factors requiring investigation that  are  particularly critical 
to the stability of waste embankments are: 

degradation of the waste materials resulting in a loss 
of shear strength, 

water levels in the embankments, 

sealing of embankment exteriors by weathering, 

the effects of drainage water entering the embankments, 

incompetent materials at the bases of the embankments. 

Investigations required can include: 

drilling and sampling as for soils, 

research on performance of similar wastes in existing 
embankments, 

accelerated degradation tests of waste materials, 

instrumentation ofembankments tO monitor continuing 
behaviour (piezometers to measure water pressures; 

• 

	

	deformation measurements; and photographs at regular 
time intervals to record changes in appearance). 

Notes on the investigation of degrading wastes and of existing 
embankments fellow.  Instrumentation  is described'in Section 6. 
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• Degrading Wastes 
• • 

The strehgth prôperties of soMé WaSte Materialà change after the 
material has been placed in â pilé. In Éeme cases, experiéhee:With Similar 
materials will indicate that particdiat wastés -are likely to bedoffie unStable. 
However,.in other  cases,  ân apparently sound Material may break down Under • 
the attack OÉ sôme particular Cherhical ôr .  effect ef exposure. 

/ 	Materials that foMmenly degrade are shales, SiltstoneS and MtidStones, 
/ Ofteh, when expoSed tô . freezing, thawing, wetting  and drYihg, Or to thé relief 
of stress  by  excavation,  these Materials will gradually leSe theirStrength, 
If this làss of strength ià substantial, u Wùte pile desighed  on the basis 
of the strength  of the Solihd material May bedoMé unStablé in future years:: 
Therefore, Piles of WaStéS that maY bé  susceptible  tC deeradation shotildbé 
desiÉhea tci be stable at the loWest strength that the Material might achieVe. 

' 	The final strength characteristics Of'degradilig Materials cah be • 
difficult to déterMine. Ihspeftlôn in the field may re -Veal degraded Materials 
which can be sampled and tested. Alternatively, addelerated tes ts dan be 
performed  in the laboratory Using rapid cycles of  freezing and thawihg„.Wetting 
and drying, or exposure to acids or other Materials tha -tniight attack and 
influence the waste. 	. 	- 	- 

Accelerated degradation tests are not •likely to indicate the final 
strength of the material reliably,  •but they could indicate the likelihood and 
general mechanism of breakdown. If the tests indicate that the waste materials 
could be attacked and their strength altered significantly, confining structures 
may have to be provided rather than relying on the material itself to remain 
stable. In some cases, the strength of the material may be maintained if the 
•waste pile is isolated from the agents, such as water and air, that cause 
loss of strength. 

In summary, the best procedure to be followed in investigating mater-
ials •that may be suspected of degrading in storage is to: 

investigate the waste materials on-site and the 
conditions to which they might be exposed in storage; 

perform accelerated degradation tests io duplicate 
as olesely ,as  possible the conditions —that are 
expected in theÀgaste pile; the results of these tests 
may indicate the approximate lower-level of strength 
that might be developed,  or methodà to 'prevent the 
degradatien of the waste; 

perform insitu tests where the actual agents of attack 
can operate and the results may be observed; methods 
of accelerating the rate of attack or the rate of 
strength change could be introduced; 
detailed examination of the pile may reveal an exposure 
in which accelerated degradation is already evident. 
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Existing Waste Embankments 

It is sometimes necessary to investigate a tailings embankment or 
waste pile in the absence of any history of earlier investigation, design or 
construction procedures. The investigation may be necessary to assess the 
present state of stability of the embankment, or to evaluate the pile for the 
disposal of additional material. 

The investigation of existing embankments is similar to that described 
for embankment foundations, except that additional information may be obtained 
from persons who have worked on the site in earlier years. Every effort should 
be made to obtain information available from this source, particularly infor- 
mation on the general methods of operation, equipment used, the initial state 
of the foundation and the distribution of different materials in the embank-
ments. Exploratory equipment and drill sites can then be chosen to provide 
the necessary additional information with the smallest possible outlay of time 
and money. In general, drilling and sampling should extend well into the found-
ation beneath the embankment; drill holes should be instrumented for continuing 
observation of water levels. Where waste embankments are suspected of incipient 
failure, installation of movement measuring devices may be necessary. 



RECONNAISSANCE 

EXPLORATIONS 

REPRES-  F.NTATIVE SAMPLES 

DETAILED EXPLORATIONS 

SMALL 
UNDISTURBED SAMPLES 

SPECIAL. EXPLORATION • 

LARGE 

,UNDISTURBED SAMPLES .  

. SURFACE SAMPLING 

UNDISTURBED SAMPLES 

CONTROL SAMPLES 
METHODS OF BORING 

TYPE OF SOIL 

Methods shown in paren- 

theses are rarely useel 

Sainpling in Borings of 
each Significant Stratum 
but -5 ft maximum spacing 

' SaMpling in Borings 
Continuous Samples 
Diameter 2 to 3 In. 

Sampling in Borings 
of Controlling Strata 
Diameter 4 to 6 In. 

Sampling Close to Surface 
Accessible Explorations 

Earth Structures 

Displacement. Wash, Auger 
Continuous Sampling 
(Percussion, Rotary) 

Augers 
1 to 2 In. Piston or 
Open Drive Sampler 

Thin-Wall Drive Sampler 
Open .or with Stationary 

or Free Piston 

Thin-Wall or Composite 
Drive Sainpler with Free 

or Stationery Piston 
(Cut. Wire, Vacuum Relief) 

to 6 In. Thin-Wall, Open 
Drive or Free Piston Sampler 
4 to à In. Adv. Trim. Sample. 

8 to.12 In. Sq. Box Sample 

Common Cohesive and Plastic Soils 

Slightly Cohesive and Brittle Soils 
including 

Silt, Loose Sand above Ground Water 

As above but hep  boring 
dry for undisturbed samp- 
ling above ground water 

Thin-Wall Drive Sampler 
Free or Stationary Piston 

(Vacuum 'Relief) 

As above 
but advance trimming or 
box sampling preferable 

As above As above 

Displacement, Wash 
Bailers, Sandpumps 
Continuous Sampling 

(Auger, Rotary) 

Slit or Cup Sampler 
1 to 2 In. Piston or 
Open Drive Sampler 

(Core Retainers) 

Thin,Wall or Composite 
Drive Sampler with 
Stationary Piston 

Vitcuurn relief required- 

2  te 6 In. Thin-Wall, Open 
Drive or Sax.  Piston Sampler 
Danger-of soil movementa.and 
disturbance before sampling 

Very. Soft and Sticky Soils This-Wall Drive Sampler 
with Stationary Piston 

Displacement, Wash 
Bailers. Sandpumps 
Continuous Sampling 

(Rotary) 

Am above 
Release stat. piston 

before any intentional 
overdriving 

Thin-Wall Drive Sampler 
Free or Stationary Piston 

2 In. Diameter 

Thin-Wall Drive Sampler 
Free or Stationary Piston 
Vacuum relief or freening 
bottom of sample required 

2 to 6 In.  This-Wall'Sampler 
Open - or Free or Sta. Piston 

4 to 8 In. Adv. Trim, Sample 
Depress- ground water level 

Saturated Silt and Loose Sand 

Compact or Stiff and Brittle Soils 
including 

Dense Sand, Partially Dried Soils 

Wash, Augers 
Percussion, Rotary 
Continuous Sampling 

Augers and 1 to 2 In. 
Thick-Wall Piston or 
Open Drive Saropler 

IvIediurn-Wall Open Drive 
or Piston Sampler. Ham-
mering may be required 

(Partial. Dieturbance) 

Core Boring may be better 
than Drive.Sampling but 

danger of contamination in 
partially dry soils 

4 to 8 In. Adv. Trime..  Sample 
8 to 12 In. Sq. Box or Block 
Samples. Auger Core Boring. 
Bag Sample and Field Density 

Hard. Highly Compacted or Partially 
Cemented Soils, no Gravel or Stones 

Percussion, Rotary 
Continuous Seam:ding 

Thick-Wall Open,Drive 
Sampler. COre Boring 

Thick-Wall Open Drive or 
Piston Sampler. Core Bor-
ing. Samples srnall diam. 

often partially disturbed 

Core Boring preferab/e .  
te  Drive Sampling, Dan-
ger of fluid contamina-
tion in permeable, soils 

8tto: 12 In. Sq. Box Samples 
or Irregular Black Saroplea 

Coarse Gravelly abd.Siony Solis 
inclUding 

Compact and Coarse Glacial Till 

Persuasion, Barrel Auger 
Loosen by  Explosives • 

Thick-Wall Drive Sampler 

Barre/ Auger 
Thick-Wall Drive Saritpler 

(Core Reictiner) 

.Advance. Freexing 
then Core Boring 

Ste. /2 In. Sq. Box Samples 
Bag:Sample and Field Density 

Not practicable 

Gaseous or Expanding Soils 
(Organic Soft Clay, Silt, Sand) 

According to soil but 
keep boring filled with 
aster or drilling fluid 

AnaboVe according .  to 
basic stSil type 

Thin-Wall Sampler with Free or Stationary Piston. Ferce 
closed sampler through expanded coil. Determine original 
sarnple length.aiad volume. Sealing to prevent expansion. 

Thin-Wall•Drive Sampler Open 
or Piston ,  Type.. Danger. exPan- 
sion of,  soil before sampling 

Gradual or Sudden Changes in Soil 
Properties within a Single Drive 

As above accor .ding to , 
basic aoil type 

As,  above according to 
basic soil type 

Safe length of Sample increased when progressing .from 
weak to firm strata. and .vice versa. Thin  colt  strata. 
often disturbed. Withdraw after pasing firm stratum 

As above according to soil 
type. When possible•separate 
coarse and. fine-grained soil 

As above according to 
basic .  soil type 

As 'above. acCording to 
basic soil type 

As above ,  aeettrding to  batte  soil type., but,  the  results 
ot  strength;  consolidation, and permeability tests do 
not -always- represent properties ol undisturbed deposit 

Large Box or Blocs  Samples. 
Large test spe .cimens. Detail 
field tests ani observations. 

Sella  with Secondary Structure 

After 1-1Vors ley 1 9 4 9 
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c° - Effective Cohesion

Normal Stress

(P Effective Angle Of
Shearing Resistance

BS Total Normal Stress u= Pore Pressure

Effective Normal Stress

Shear Strength = S=c`-h(6-u) tan 0'

( Mohr Diagram Showing Envelope Of Soil Strength In

Terma Of Effective Stresses, And Relationship Between

Effective And Total Stresses.)

^ otal stresses
Mohr circle 6f

effective stresses
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\

TYPICAL MOHR DIAGRAM

FIGURE 4-2



Approximate Relationship Between 

Standard Penetration 

And 

Relative Density And Consistency 

Fôr Cohesionless Soils  

No Of Blows(N) 	 Relàeive DenaitY 

0 --4 	- 	 Very Loose 

	

4 - /0 	 Loose 

	

10 - 30 	 Maditim 

	

30 - 50 	 Dense 

Over. 	50 	 Very Dense 

For Cohesive Soils  

VerY 	 Very 

Consistency 	Soft 	Soft 	Firm 	Stiff 	Stiff 	Hard 

No. 	of Blows 	 ' 
2 	2-4 	4-8 	8-15 	15-30 	30 

(N) 

Unconfined Less 	0.25 	0.5 	1.0 	2.0 	over 
Compressive than 	to 	to 	to 	to 
Strength 0.25 	0.50 	1.0 	2.0 	4.0 	4.0 
(tons/ft. 2 ) 

STANDARD PENETRATION, VS. 
RELATIVE DENSITY 
AND CONSISTENCY 

FIGURE 4-3 
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FIGURE  4-4  

Aaeumptio it: Soi f  at intake, infinite depth and directions' inetropy (k. and In constant); no disturbance, segregation, swot ing or connolidation of noil; no efidi• 

mentation or leakage; no air or gas in moil, Nvell point, or pipe; hydraulic loasee in Open, well point. or filter negligible. (After Hvorslev, 	f'orpti of Engineers. 

FORMULAE. FOR DETERMINATION 

OF PERMEABILITY 
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Laboratory 
permeameter 

(oonsolidometer) 
(a) 

Flush bottom at 
impervrous 
boundary 

(b3 

Flush bottom In 
undorm soil 

(a) 

Well point-filter 
at impervious 

boundary 
(d) 

Well point-filter 
in unilorrn 

SOil 

(33 )  

DE F IN ITION SKETCH 
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LocAtiou 	Mill 12iver Bridge - West Abutment 	PRoJicT NO 	564  

sURF ACE ELEV. 	423,4 	FIXED DATUM 	M.5. L. 	er:m ■ ris ko. 	3  

BORING 	6'',  Casihq - FrankS Drill 21,q No..•11 	SHEEt 	/ 	OF 	4  

SAMPLE ns  2 -  Spli t . Darrel- 43/4" Piston Sam:pier  

sANuat.Es  J.Jar, P.-ParaffIned, L.,. 4.68".T.D. Liner 	É0qEMAN 	  

DATE  STAR T _.,5 20 - /946  	DATE FIN ■ SH 	5-24-1946 	ImispÉcroce  C. 23_1ae.4  

SOIL 	PROFILE 	 CIEP TH 1•■ 	SAUPLES 
D.  	3041N6 AND SAtiPLING NOTES . 

DESCRIPTION 	DEPTH SCALE P. 	NO. DEPTH 	REC. FORCE 

 	. 5. 	0, 	 . 
Topsol/ 	 5-20-1946 -chit...du-mild  

Orq. cladeu silt  

	

.à 	 Hole to 4.5 - auger  

C/adey silt  
medium -clerk 	 NJ 	I 	2.5 	 Casing fo 4.6  

ts. 
qrag - seams of  
brown sand 	

3.8 	
. Sample I With ewer  

tIole to 90-- adder  

tired saneld srlf 	5 	.7.  J 	2 	5.0  
/ 

e7 	 Sample 2 with auger  

— 
Samp/e 3 with auger  

Medium- fine  sac  d 	 J 	3 	7.0  
Yellow grey  	 N. 	 C.a.s/np to 9.2  
Medium dense Hole to /0.4 - ballet- 

' 9W 3.3  5-20-l94  
Streaks of coarse 	 ....___-_-_-• 	  
sand //ltle grave/ 	 'Water 9.9 	17 	0.5  

Time 11:45 /2.05 /2:25  

	  /0.2  /0 	
' ' . 	• 	 River .Stacie 	/5..6  

River Eleii. 	41 1 .7  
6ray si'/t4  sand e ../ 	4 	10.4 	12 	'/5 	  

with allItle clad 	
/ 	

• 	11,6 	I•1 	81/t, 	Simple 4 - 2" split barrel  
11.8  ifeimmer 2004, Drop 24'  

. 9raq  c/auee  silt easing to /2.0  

.sand seams % • 5-4  /2.82 Casing filiedwith ,,,vater 

	  143 	
•,,, 	 Cleanouf to e 7 -w,th  

-  	 / L 5-8 	 Calve jet auger  
5 	 5.43400 	  

Sdtd c/a:1j  	 5.39 	to 	 .....Somple 5  
Yellow dray 	 L 5‘C 	99.-2 2400  43/4" Piston sampier to  

Medium Stiff 	 • a 	lbs. 	/8.25 wIth block and  ,.. 
	  17.2 	r. 	 tackle in 7 second  

.." 	5-0 	 0.22'- bat. sample lost 	-  

lost /8.25  
Silty dal/ 	 Cajing to  17;9  
Olive:qras/ 	 ,P 6-4 /8.65 	 Cleanout to 18.5 .  
Medium ,saft 	• 	 Celli)/ jet .7uger 	• 

20 	L 6-B 	
with 

 

(After Hvorslev, 1949) 

TYPICAL FIELD 
LOGGING SAMPLES 

FIGURE 4-5 
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SOIL  PROFILE 	 TEST DATA 	 5AMPLES 

(After livorslev, 1949) 

TYPICAL. LABORATORY 

LOGGING OF' SAMPLES 

FIGURE 4-6 



SECTION 5 

DESIGN 

CONTENTS 	 PAGE 

GENERAL 	 5-1 

TAILINGS EMBANKMENTS 	 5-1 

Functions 	 5-1 
Pond Size 	 5-1 
Construction Materials 	 5-2 
Construction Methods and Embankment Types 	 5-3 
Embankment Design Procedure 	 5-3 
-Seepage Analysis and Control 	 5-4 
Surface Runoff Control 	 5-12 
Embankment Freeboard and Wave Protection 	 5-13 
Minimum Embankment Crest Width 	 5-13 

WASTE PILES 	 5-14 

General 	 5-14 
Classification of Foundations 	 5-15 
Classification of Waste Materials 	 5-16 
Piles of Permeable, Frictional Wastes 	 5-17 
Piles of Cohesive Wastes 	 5-18 
Degrading Wastes 	 5-19 

STABILITY ANALYSES 	 5-19 

General 	 5-19 
Failure Surfaces 	 5-20 
Methods of Analysis 	 5-21 
Effects of Earthquake 	 5-24 
Factors of Safety 	 5-27 

SETTLEMENT ANALYSES 	 5-28 

FIGURES 

	

5-1 	Tailings Embankment Construction Methods 

	

5-2 	Types of Tailings Dams on Impervious Foundations 

	

5-3 	Tailings Embankments on Pervious Foundations 

	

5-4 	Tailings Dams Constructed in Water 

	

5-5 	Flow Nets for Embankments on Impervious Foundations 



FIGURES - Cont'd 

	

5-6 	Examples of Flow Nets 

	

5-7 	Flow Net Construction 

	

5-8 	Gradation Requirements for Filters 

	

5-9 	Maximum Permissible Velocities in 
Unlined Waterways 

	

5-10 	Stone Paving, Average Velocity Against Stone 
on Channel Bottom 

	

5-11 	Stone Paving, Velocity versus Stone Weight 

	

5-12 	Embankment Freeboard and Wave Protection 

	

5-13 	Determination of Permissible Heights and Slopes of 
Piles of Free-Draining, Frictional Wastes 

	

5-14 	Determination of Permissible Heights and Slopes 
of Piles of Cohesive and Degrading Wastes 

	

5-15 	Design Procedure for Waste Piles 

	

5-16 	Perimeter Zones for Waste Piles 

	

5-17 	Stability Analysis by Method of Infinite Slices 

	

5-18 	Stability Analysis by Simplified Bishop Method 

	

5-19 	Stability Analysis for Wedge Failure 

	

5-20 	Stability Analysis for Horizontal Translation 

	

5-21 	Earthquake Accelerations in Canada 

	

5-22 	Tailings Embankments, Design Guards Against 
Liquefaction Failures 



SECTION 5

DESIGN

GENERAL

Methods of analysis coaamonly used in the design of mine waste
embankments are described in this Section. Those for tailings embank-
ments are described first, followed by those for mine waste piles.

Since methods of stability analysis are common for both tailings embank-
ments and waste piles, they are described last. Whereas methods of
reinforcing embankments have been developed in the construction
industry, they are not treated in this volume; some experimental
development work could lead to worthwhile payoffs.

TAILINGS EMBANKMENTS

Functions

The primary function of tailings embankments is to store tailings
solids and to keep them confined within a preselected area. A common
ancillary function is to temporarily store water from the tailings slurry
for clarification prior to its release or reclâim from the tailings pond.
These functions have been explained in more detail in Section 2. Notes
on determination of the minimum pond size necessary for effective water
clarification are given below. The importance of keeping the pond distant
from the embankment, which implies keeping it as small as possible, has
already been explained.

Pond Size

The area of the tailings pond required for adequate clarification
of the water prior to reclaim or discharge to local streams is difficult
to determine by theoretical means. Although the settlement velocities of
various types and grain sizes of solids can be determined theoretically
and experimentally, many factors influence the effectiveness of the pool.
Basically,.the problem is to provide sufficient retention time to permit
-the very fine fractions to settle before they reach the point of decant-
ation. Factors affecting the settling time are the size of grind, the
tendency to.slime (clay type minerals), the pH of the water, wave action
and depth of water.

The size of grind required for liberation of the metal is usually
sufficiently fine to produce particle sizes whose settling rate is governed
by Stokes! Law, with a high percentage under 200 mesh. Particles in the
range of 300 mesh or 50 microns with a settlement rate of 0.05 inches per
second can be affected by wind action, but will settle in a reasonable
time. The major problem is caused by the smâ.ll percentage of particles
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•in the range of 2 microns or less which produce turbidity. These parti-
cles have settlement rates less than 0.0. l inch,per second in still water 	. . 
and, under conditions prevalent in most tailings ponds, require some days 
to settle below the turbulence caused by Wave action. 

Various rules for clarification have been accepted as a result 
of observation in existing ponds. Among these  are  

the pool should be sized to allow 5 days retention time 

the area of the pool should be sized to provide  10 acres 
to 25 acres of pond area for each 1,000 tons of tailings 
solids delivered per day. An average of 15 acres per 
1,000 tons is usually considered adequate, unless some 
unusual conditions are présent.  

Construction Materials  

Fill materials for  construction of tailings embankments may 
include: 

'soll.or rock excàvàtéd from borrowareaà'lecated withi n . 
ecenomic haul distance Of thé éniloiankment, 

overburden Ca- waste  rock materialS available frein Oipén, 
pit  or  underground mining Opérations, • : 

solid waste materials reclaimed from the tailings disposal 
operation. 

• 
The materials used in the construction of the embankment should 

be those that permit its construction at least cost commensurate with 
adequate stability. For any given height of embankment, the steepest 
permissible fill slopes, and hence the volume of fill comprising the 
embankment, will be governed by the shear strength of the embankment 
fill, and/or by the maximum permissible shearing stresses within the 
foundations beneath the structure. .At locations where the sub-surface 
foundation soils are incompressible and exhibit high shear strength 
characteristics, the slopes of the upstream and• downstream embankment 
surfaces will be governed by  the shear strength and drainage characteri-
stics of the embankment fill, and by the height of the embankment. Where 
the embankment is constructed over weak foundations, the embankment 
slopes will be governed by the shear strength characteristics of the 
foiindation materials. 

•Regardless of the materials incorporated within the embankment 
section, control is required to assure that the quality, gradation, and 
density of the fill nmterials are in accordance with  the design  require-
ments. Alternatively, the designer must be aware of any differences 
so that modifications can be made to the design if required to accommo-
date the fill materials available. 
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Construction  Methods and Embanlç.menI_Lyps 

The design of tailings embankments is closely related to the 
methods used in their construction, particularly when the primary 
embankment construction material is sand Obtained from the tailings 
slurry. In this case the embankment construction is basically a part 
of the tailings disposal operation; the embankment design may be 
influenceà strongly by the need to arrive at the most economical 
overall system. 

Embankment construction methods are described in Section 6. 
An overriding factor will be the necessity to keep the embankment 
crest above' the pond surface. This can affect the entire design and 
the basic construction methods. Where tailings sand is the principal 
embankment fill material, one of three basic. placement procedures can 
be used. These, and the types of embankment cross-section resulting 
from their use, are shown on Figure 5-1. When other borrow Or dry-
waste materials are incorporated in the embankment -, many alternative 
types of embankment are possible. Some of these are illustrated on 
Figures 5-2 to 5-4. Notes on their applicability are given on the 
figures. 

Embankment Design  Procedure 

The design of a tailings embankment is a procedure of succes-
sive trials and refinements of the design concepts. Briefly, the 
general steps required in developing the final embankment cross-section 
are: 

from the topographic data within the prospective storage 
area, calculate storage volumes and plot the results in 
the form of a storage volume - elevation curve; 

estimate the total volume required for storage of the 
mine tailings; from the storage-elevation curve, 
estimate the final crest elevation and ultimate height 
of the required tailings embankment; 

select a trial embankment section that incorporates the 
most econoMic and readily available fill materials; 

make a stability  analysis,  for the trial section to 
determine its - factor of safety; the stability analysis 
should take into account the shear strength parameters 
and the densities of the materials comprising both the 
foundation  and the embankment, as well as the pore water 
pressures within the embankment and the foundation; 

Pore water pressures resulting from steady seepage within the 
embankment, and within pervious foundations, can be estimated 
from flow nets; if compressible foundation strata are located 
beneath the embankment, foundation pore pressures estimated 
on the basis of consolidation-time theory should be taken into 
account in the analysis, and should be checked by field mea-
surements during and after construction; 
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if the stability analysis for the trial embankment 
cross-section indicates that the section is unsafe, 
Or that the factor of safety is unduly, high, the 
section Should be adjuSted and the stability analysis 
repeated; 

stability analyses should be repeated until a section 
has been found that has the required factor of safety; 

prepare detailed construction drawings and specifications 
for foundation treatment, fill placement and waste dis-
posal, if these are an integral feature of the design. 

Seepage Analysis and Control  

1. Control of Seepage Pressures  

Control of seepage pressures and erosion caused by seepage 
(rather than the rate of seepage) are the important considerations in 
considering seepage effects on the stability of tailings embankments. 
Some hydraulic structures that pass seepage at a rate of several hundred 
gallons per minute have operated successfully for decades. Other struct-
ures where the rate of leakage has been onljf a few gallons.per minute 
have become unstable and have failed. Regardless of the rate of leak-
age, seepage pressures must be controlled so that quick conditiohs and 
piping do not develop. 

Water supply and pollution control requirements may necessitate 
the use of special design features such as impervious cotes, cut-offs, 
blankets, etc., to maintain the rate of leakage from the tailings pond 
within tolerable limits. 

2. Flow Nets 

Steady flow of an.incOmPressible fluid through a porous medium 
can be expressed mathematically by Laplace'S equations -, Of . which. the 
flow net is a graphical solution. The flow net is a grid formed-by the 
intersection of  two sets of orthogonal lines. One Set of lines,'the . ' 
flow lines, represents the loci of particles  of  liquid as they pass. - 
through the porous - medium.  The other set of orthogonal lines, known,as 
the equipotentie lines, are piezonietric contours; they reptesent the 
loci of points having the Same pressure head. The flow net is used in 
estimating the rate of seepage flow and  to predict the piezometric  pres -
sures at any point within the embankment cross-section. 

• 
Flow nets may be,constructed .using gtaphical . procedureS.(sketched 

by hand), electric analogs or from model studies. Alternatively, the 
Laplacian equations may be solved by digital computer  using either  the 

 finite-element or the finite-differenée metheds (Kealy and Busch, 1971, . 
Sharp, 1970). 



Flow nets produced by sketching methods are economically and 
easily obtained and, for many problems of seepage analysis, they give 
sufficiently accurate results. When estimating the rate of seepage 
through the embankment, even a crudely drawn flow net will yield rea-
sonably accurate results. When the flow net is used to predict the 
piezometric head at any point within the embankment, accurately drawn 
flow nets are required. Several examples of flow nets are illustrated 
on Figures 5-5 and 5-6; general rules for their construction, using 
graphical procedures,are given on Figure 5-7. A more detailed treat-
ment of flow net construction by sketching methods has been given by 
A. Casagrande (1937). Experience is required to draw accurate flow 
nets. 

3. 	Underdrains 

The position of the phreatic surface (water table) within an 
embankment has a marked influence on its stability. For example, a 
slope composed of cohesionless sand having a total unit weight of 120 
pounds per cubic foot and an angle of internal friction of 35 degrees 
will remain stable at a slope angle of 35 degrees. (1.43 horizontal 
to 1 vertical) regardless of the height of the slope, providing the 
phreatic surface is below the elevation of the toe to the slope. If the 
phreatic surface is raised to the surface of the slope, the steepest 
stable slope angle is reduced to 18-1/2 degrees (3 horizontal to 1 
vertical), less than one-half the angle for the drained case. 

Economic considerations dictate that the main bulk of a tail-
ings embankment be constructed using the most readily available fill 
materials commensurate with adequate stability of the structure. If 
the permeability of the bulk of the embankment fill is of the same 
order of magnitude or is less than the tailings adjacent to the embank-
ment, drains should be provided beneath the downstream shell of the 
embankment to lower the phreatic surface. The drainage system may con-
sist of granular blankets, strip drains, or of drainage pipes installed 
prior to placement of the embankment fill. An underdrainage system has 
the following advantages: 

the phreatic surface will be located below the downstream 
face of the embankment, thereby avoiding the problem of 
erosion and sloughing at the point where seepage might 
otherwise exit; where the downstream slope of an embank-
ment is composed of fine-grained materials, water should 
not be allowed to flow out of thiS slope; 

lowering the phreatic surface increases the stability of 
the embankment section, thereby permitting the use of 
steeper downstream slopes and a reduction in the quantity 
of fill required'for construction of the embankment; 
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frost penetration belew the doWnstream face Will not impede 
drainage; • ainde the phreàtic SurfaCe - within the embankMént 
will be located below the zone of frost penetration, the 
void spaces between sell particles will not become blOcked 
by ice; 

• . 	. 

the formation of icê lenses,  and surfacé sloughing With 
subsequent thawing, is . leSs likely Éllice the'.Watéi' will . 
not bé available for the formatiàn of ice lenSés as the 
soils oh the downstream slope freeze; . 

Figures 5,5 and 5 -6 illuStrate the effectiveness Of - Under - • 
draihS and perVious fouhdatiénà in lOWéring thé phreatic 
surface. . 

• 4. 	Design of UnderdrainS  
• 

The choide between drainage blankets,-strip,drains..ànd pipe drains 
depends  on the aVailability of suitable drainage Materials, thé drainage 
capacity required, the cost of Construction, and the foUndation conditicinS. 
The permeability  of the drain material shôuld be at leaSt 100 tiffies greater 
than the permeability  of the "iMpervious Zone, and . its gradation Must 
satisfy the reeireMénts for filterS. 

If the foundation beneath the.tailingS embankment is  compressible, 
and significant differential settleMents are anticipated, the  use of pipe 
drains should be avoided. 'The lateral:strains assodiatéd with differential 
settlements may result in opening of pipe joints, loSs of material into the 
pipes and development of internal erosion that May bé virtually  impossible 
to control. " 

Where pipe drainage systems are used, the pipes should be designed • 
to withstand the maximum  anticipated loads, -  including those imposed by 
settléMent of thé overlyinifill. .If perforated drainage pipes are used, 
they should be inStalled'with the_Perforations down, and theAiameter 
of the perforations should not be larger than One-half of the  185 per cent 
size of the drainage . material surroUnding the pipe 	Pipe drains Can 
seldom be repaired.  In  view  of th  serious consequencesthat may ensue 
as a result of the collapse of pipe  sections,  or opening of pipe joints, 
pipe drainage systems should be avoided; strip drains and blanket drains 
are preferable. 

Strip drains  consist of strips of •pervious drainage,matèrial placed" 
on the foundation (in some cases at.higher levels also)-prior to placement' 
of overlying embankment fill. The arrangement and alignment'of strip drains 
will . be governed by the contours of the.foundation surface •The drains 
should be provided with adequate fall to eutlets located beyond -the down-
stream toe of the embankment. 
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Use a flow net to estimate the rate of seepage per unit length 
of embankment. The estimated rate of seepage through the embankment 
will depend on the value selected for the coefficient of permeability 
of the impervious material through which the seepage must pass before 
entering.the drain. To ensure that the drain design is adequate, the 
upper limit of the probable range of coefficients of permeability 
should be used in these calculations. 

Determine the thickness of the drainage blanket, or the 
dimensions of strip drains, to ensure that their capacity is not less 
than the calculated rate of seepage through the embankment. The lower 
limit of the probable range of coefficients of permeability of the 
drain materials should be used in these calculations. Where the 
foundation strata are relatively permeable and the natural groundwater 
table is high, the design capacity of the drainage system should take 
into account any seepage that may enter the drainage system from the 
foundation strata. Where the natural groundwater table is at an 
appreciable depth, some of the seepage through the embankment may 
drain into the foundation strata, thereby reducing the required capacity 
of the drainage system. If the foundation strata contain layers or 
laminations of relatively impervious material, loss of seepage into the 
foundation may be severely restricted, in which case an impermeable 
foundation should be assumed. The dimensions of the drains should be as 
generous as practicable commensurate with the quality and cost of the 
materials available, the need to construct the drains without constric-
tions, gaps, or segregation of materials, and the extent to which the 
construction will be supervised. The thickness of blanket drains and 
of strip drains should be at least 12 inches and the width of the 
drain should not be less than  10 per  cent of the difference in elevation 
between the pond surface and the drain. 

Blanket drains and strip drains should be designed to be 
capable of passing full design flow when the phreatic surface within 
the drain is at or below the upper surface of the drainage material. 



The 85% Siz&of the prOtécted Soil 
should be 
less than 5. 

Rule 1: The 15% size of the filter 

Rule 2: The 50% size of . the filter 
The 50% size of the protected -SOU 

Rule 3: The filter material should be smoothly.graded; 
gap graded materials should be avoided. 

. should be 
less than 25. 
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Granular materials incorporated ih underdrainage systems should be 
compatible with the properties of the seepage water they are designed to 
carry. Drainage materials composed of carbonate rocks are unsuitable if 
the seepage collected by the systeffi is acidic. 

5. 	Transitions and Filters  

Where the embankment cross section is constructed of zones of 
materials having significantly different gradation, Or where the gradation 
of foundation materials is significantly different than the gradation of , 
materials used in the construction of the embankMent, these zones of signifi-
cantly different gradation should be separated by transition and filter zones 
to prevent piping and Subsurface erosion. 

Filters are required to separate zones where the seepage wuter passes 
from finely-graded to'coarsely-graded materials. To be effective, the filter 
must serve two functions; it must be more permeable than the adjacent finer 
soil, so that it will act as a drain and freely conduct water away from the 
interface between the protected zone and the filter, and it must have a grad-
ation such that its voids are sufficiently small to prevent the passage of 
soil particles from the protected soil. The gradation of the filter material 
should be such that segregation of particle sizes does not occur during handl-
ing and placement of the materials. 

To ensure that the above . Criteria are satisfié& the fellOwin.grulea 
should be applied in Selecting suitable filter matérials..Rules 	"2 and 4 
are illustrated on Figure:5-8 .  

Rule 4: The 15% size of the filter 	 should be 
The 15% size of the protected soil 	 greater than 5. 

Rule 5: The filter shOuld not contain.mcire that.5 per.cent of particles, 
by weight, finer than the No. 200 sieve', and.the fines,should be 
cohesionless. 

Rule 6: The coefficient of uniformity of the filter should be equal to or 
less than 20. 
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Rules 1, 2 and 3 assure that the particles of the protected soil
do not pass through the filter. Rules 4 and 5 assure that the coefficient
of permeability of the filter will be sufficiently high to freely conduct
the seepage that emerges from the downstream boundary of the protected
soil. Rule 6 makes the filter material less susceptible to particle
segregation during placement.

As illustrated on Figure 5-8, Rules 1 and 2 should be applied to
the fine side of the grain size envelop for the protected soil. However,
where the material to be protected contains an appreciable percentage of
gravel, or larger sized particles, the rule should be applied to the
grain size envelop representing the tAinus 10-mm. (3/8-inch) frac-
tion of the soil to be protected.

To ensure that the filter will be appreciably more permeable than
the coarsest zones of the soil to be protected, Rule 4 is applied to the
coarse limit of the protected soil and the fine limit of the filter.

To provide a suitable filter between fine grained soil and very
coarse fill (for example a coarse rock fill), or where it is necessary
to limit the hydraulic gradient within a drain to a small amount and
only a limited cross-sectional area is available for discharge of seep-
age, it may be necessary to use two filter layers. Each filter layer
should be progressively coarser in the direction of seepage flow and
should satisfy the filter rules with respect to the adjacent finer
material.

The design thickness of filter zones will be dependent on the
inclination of the zone and the method_of placement. Where machine
placement is used to construct steeply inclined filter zones within an
embankment section, the width of the zone should be sufficiently wide
to permit efficient operation of the construction equipment. Filter
zones placed on relatively horizontal surfaces using machine placement
should generally have a thickness of not less than 2 feet. Filter zones
placed by-hand methods in confined spaces should have a minimum thickness
of 6 inches,

6. Relief Wells

Where embankment foundations are subject to artesian pressures,
stability requirements may necessitate the use of relief wells to con-
trol pore water pressures beneath the embankment. Water from the relief
wells should be discharged in suitably constructed ditches or pipe drain-
age systems located downstream of the toe of the embankment.

The required spacing between relief wells will depend on the hydro-
geology of the foundation; publications describing their design are listed
in the bibliography. (U.S. Army Corps of Engineers). However, since unknown
variations in the stratigraphy and the permeability of the foundation soils
may have an appreciable effect on the drawdown surface produced by the
wells, the adequacy of an installation should be checked by piezometers.
The capacity of a relief well system can be readily expanded if the pie-
zometric data shows that the initial installation is nbt àdequatè to
produce the required degree of control.
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Attention should be given tri the desigh details of relief wells 
to :ensure theit permanence, and to allow>for  inspection and  maintenante 
Chemical analyses of the groundwater shônid be perfornied to •etérline 
the disSolved ions Carried by the grouhdWater sô that the design.  Can 
incorporate sPecial features that.may be required-to àuard aginSt côr- . 
rosion of any part of the relief WeIl.systet.  Changes In  groundWater,  
chemistry that may develop after startup of the milling operation's -
shodid also be considered. The internal:diameter of perforated piping 
or well screens idli.be governed by the flows anticipated; but should 
nt  be less than inéhéS.  Th  aSSUre free flow beWater ihtà the Well ' 
casing, screens Should bé surrOnnded witWdrainage materials , C.cmfOrming 
to the gradation'reqUireMents:fot filters, Monitoring épÉ relief Wells 
by pie±oMeterS and flow . meaSurements are eSSential to'dèteCt . deterior-
ation and to indicate  timing  Of necesSary Maintenance. 

7. 	Rate of Seepage  

The rate of  seepage through  the  tailings embankment and itS 
foUndation is controlied by the difference:in piezoMetric elevation: 
between the pond  and the  downstreaM toeofthe embankment,.thehYdrati-
lic gradient,  and the  coefficients of perffieability of the.materials, 	_ 
through which seepage must.passtd escape.frOM.the tailings  pond The  
rate of seepage may be teduCed by Increasing the length Of the SeePage • 
path (reducing the hydraulic gradient) 6r -by constructing an "impérViouS" 
(meaning "low-permeability!) barrier acroSS the path that the .eep'age 
Must folloW in passing thretigh and béneath . the structhre: ' 	" - • 

The mathematical'expression'fot'the rate of seepagets 
•nf 

' 

= the rate of seepàge per  unit length per-
pendicular to the plane of the flow net, 

, 

the coefficient of permeability of the 
soil, 

nf = the number of flow paths '(deterMined 
from the flow net), 	- 

• nd = the nuMber of equipotential drops 	, 
. 	(determined from the flow-net); 

h = the-difference.in piezometric head ,betWeen 
the point of seepage entry  and  tiWpoint.Of 
seepage exit. 

. An approXimaté value of 'the coefficient of permeability can be 
determined ftom the tesults of field and laboratory tests as descrfbed 
in 'Section 4. The Prediction of the  applicable average coefficients 
of permeability requires considerable judgment', particularly for found-
ation materials. 
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8. 	Cores, Blankets and Membranes  

Where the most economically available materials for embankment 
construction are pervious, or where the tailings disposal area is under-
lain by pervious foundation soils, pollution requirements and/or limited 
supplies of mill make-up water, may necessitate the use of impervious 
cores, blankets, or membranes to reduce the rate of seepage from the pond. 

Seepage through a pervious embankment can be controlled by incor-
porating a vertical or inclined zone of impervious material within the 
embankment section. Where a pervious foundation is underlain at shallow 
depths by impervious deposits, a trench may be excavated to permit exten-
sion of the core through the pervious foundation soil. The portion of 
the core extending below ground surface is referred to as the core trench 
(or cutoff trench). In general, a core or cutoff trench should be located 
within the upstream portion of the embankment so that drained conditions 
will be maintained within as much of the embankment cross-section as 
practicable. A core trench is illustrated schematically on Figure 5-3. 

As an alternative to the cutoff trench, blankets or membranes 
may be used to extend the impervious zone upstream of the embankment. 
The main purpose of the blanket or membrane is to increase the length 
of the seepagP path through the pervious foundation, thereby reducing 
seepage losses from the pond as well as the hydrostatic pressures with-
in the foundation beneath the embankment. The thickness of the imper-
vious core within the embankment and the thickness and areal extent of 
upstream blankets and membranes, will be governed by the tolerable rate 
of seepage and the coefficient of permeability of the material incorpor-
ated within the impervious zones, The dimensions of the impervious zones 
should be such that the'estimated leakage does not exceed the maximum 
allowable rate when the upper limit of the probable range of the coeffici-
ent of permeability is applied. 

As an alternative  to methods designed to reduce seepage, and 
depending on site conditions, it may be possible to operate a closed 
systeM whereby the seepage that emerges on the downstream side of the 
embankment is collected.and either treated, returned to the pond or to 
the milling operations. 

9. Hydraulic Barriers  

Where the tailings dam is constructed on a thick pervious found-
ation, and pollution control requirements preclude the escape of water 
froM the tailings pond, seepage losses may  be  Controlled by development 
of a hydraulic barrier downstream of the tailings dam. 

The hydraulic carrier (illustrated on Figure 5-3) can be produced 
by a line of pueping wells and a line of injection wells downstreaffi of 
the .  embankment, the injection wells being located downstream of the pumping . 

 wells. Freshwater is supplied to the injection wells, while groundwater 
is extracted from the pumiDing.wells. Providing the piezometric waier 
levels along the line of the injection wells are maintained at elevations 
higher than the piezometric water levels along the line of the pumping 
wells, a hydraulic barrier will be formed that will prevent  the  flow of 
seepage from the tailings pond past the line of pumping wells. This 
should be checked in the field by piezometric measurements. 
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Surface Runoff Control  

Tailings - embankments having a Substantial drainage area May require 
some means of centrelling the runoff into the pond.. Methods Of eStimating 
the magnitude of the runoff  have  been .deseribe&in Sectidn .  4; - :Generally; 
reqUired water-reclaim-systelicapacities  are ,proportional to -ihe Capacity 
of the ore processing plant. Éven for à large -plant Of 25 000  tons per rday 
capacity, reclaim ,requirements .:are not likely .  te ; eXceed:20cUbic -feet iper 
second. :›With drainage areas eXéeedineeVen orié,,half square  mile, the niaxi- 
mum  rate of .runoff ç,may exceedsevera.1 ;hundred cubic - feet per second,  greatly 
in excess ,of the reclaiM capacity -réqiiired by  the plant lit,Order to handie 

. such peak flows, decant .or other»reciaim systeMs may ,bave te.be_designed 
specifically to pass theta, or i'other measures mti.st be _taken , . Such Othe -àihea-
sures could inclilde:- 

storing'thé Who-ié VoinMe" of floôd ›TnnOff_in the pond; 'in 
this Cas e . sufficient freeboard,woUld alWays havé to  be 
available :ffirring  flood Seasons to prOvide tWhecessar 	• 

: sterage capacity.  ,without eVertepping Of the :embankment 
_ 

intercepting .a >portion of the-runoff before it reacheS. • . 
the pond and diverting .it aroUnd the >eMbankmentmeasures 
wOuld still be required to centrol the :rthoff -fremtfie 
catchment area lticat'éci_downstréaic of the diversion ,channO1, 

' intake and; ,possibly, : an  UhOff floWs in ,excesË Of -the 
diversion channel capacity; 	 ' 	• 

• 
proViding spillways at various teMporary 'crest levelS to 

:convey 'runoff water safely ,past -the ,,émbankment parti- - 
 cularly,,  such spillways may  be reqùired :Ialu.eneporiods 

when „mining has .been suspended . and at -,the final embank-
ment crest 

:Determination' ef-ïtbe freéboard' required at any tiffié to ,store flood 
runoff .wi 1 1 involve Calculating the Pond st orage rversus  e leVatien • cùrVe 
from topographic :maps !rhe embankMent  construction SchoduU Wouldythen 
have to .ensure that this -required freeboard wasaiways ;available dtiring 
seasons when .floods could OC• CUT . The miost •critidalyperied ,Wili -41ways 
be during the ,early years of waste :disposal, When the- storage,capacity 
of the .pond is small. 

Methods • for the design ,of diversion channels  and  spillways:are 
described in readily aVailable -hydraulics ,handbooks. Several of these are 
listed in the references. -Usually; the most critical . peint .in  their  design 
is the avoidance of erosion affeCting the safety of the embankment. 'FOT 
this reason, • the gradientsHof diversion :and spillwaY channels should be 
kept sufficiently flat that erosive velocities ,Will net .,occur ; near tO the 
embankments. Alternatively; channels ,may Wprotected against ,erosion 
with various kinds of lining or with stone paving. Tables and graphs 
showing  the magnitude of permiSsible flow velocities -for various classes 
of natural soils and the .sizes of paving stones reqUired-to .prevent :erosion, 
are given on Figures 5-9, 5-10:and 5-11. To be  effective in  preventing 
erosion of underlying fine soils, paving stones Should be based-on a layer 
of fi 1 ter grave 1 graded as. des cribe d previous ly . 
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Embankment Freeboard and Wave Protection  

In addition to freeboard required for the storage of runoff water, 
a minimum freeboard should be provided on tailings embankments to prevent 
overtopping of the embankment crest by waves generated by winds. The 
height of- wave depends on the wind velocity, the duration of the wind, the 
fetch (the distance over which the wind can act on the water) and the depth 
of water. For most tailings ponds, the maximum wave height is governed by 
the fetch distance. 

If a broad, flat beach is maintained on the upstream side of an 
embankment, waves will break and their energy will be dissipated on the 
beach, thereby providing a measure of protection against overtopping by 
breaking waves. On steep upstream slopes, riprap will limit the uprush 
of the waves to approximately 1.5 times the height of the waves and will 
prevent erosion of the face by the wave action. Riprap could be necessary 
on tailings embankments constructed across the bays of natural lakes, or 
on completed embankments which are left impounding a substantial pond of 
water. Tables of approximate wave heights for various values of wind 
velocity and fetch, and the necessary freeboard and riprap gradation for 
3:1 riprapped slopes, are given on Figure 5-12. For 2:1 slopes, the nom-
inal thickness should be increased by 6 inches. With fine embankment 
materials, a layer of filter gravel should be provided beneath the riprap. 

The freeboard should be measured from the maximum flood water level 
to the crest of the embankment. The maximum flood level usually will be 
a function of the type and capacity of the spillway provided to pass 
runoff flows. 

Minimum Embankment  Crest Width  

The most suitable crest width for a tailings embankment will depend 
on the allowable percolation distance through the embankment at full pond 
level, the height of the structure and the practicability of construction. 
For equipment operation, the width of the crest should be not less than 12 
feet. For embankments under about 100 feet in height, a suitable minimum 
Crest width is given by the equation: 

W = z t 10, 

where W = crest width in feet, 

z = height of the crest above the foundation . 
at  its lowest point. 

Tailings dams over 100 feet in height should have crests not less 
than 30 feet in width. 
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To zli)l't'cr i.se any proposed waste' dispôsâl area, the designer must
I<iiow Hic app-r•ox i utate tota.l volume of the :waste materi.als that will com=
prise the waste pile. Haps or plans. showing the topography within thé
area proposed for waste disposal should be. availablé, and the streingth
parameters oF both the waste and the foundatiôn materials should be
known.

Si.r;ce the stability of both the wâ.ste and the foundation materials
is influenced by pore water pressûres, the construction of wasté piles
across major drainage courses sh+jüld be avoided or, alternatively, provi-
sioil should be made for unimpeded passage of the flows bcneâtli the. basé of
the piles. To minimize ponding and entirÿ of surface runoff ws.té-r into
the base of the pile, ditcties.shôuld be constructed along thé 'uphi7l
s ide of the waste disp6al area to intercept àrid di.ircrt surface rûiiôkf
water, and to conduct it beyond the lateral7imits.of.the prap.ôsed...
disposal area.

The area]. extent of the waste pile will, be. governed-by the volume
of waste, the height of the pile, and the permissible s.lopes at its peri-
meter. The stability of the waste.pile, will be governed by one or inore of
the following factors: the sheâ.r strength characteristics of the mâtëriâ.ls
comprising the waste pile; the.sheâr strength characteristics-of the In situ
foundation materials on.which the waste pile is constructed; the pore water
pressures within the waste pile and its foundation; the slope of the ground
surface on which the wast'é materials are pld.ced; 'th.e height of the. wasté
pile; and the slopes,at.the perimeter of the pile..

The height of the pile and the slopés surrotixiding ifs perime.ter
are interdependent; both are governed by the shear strength of the mâ.t-
er:i:als comp:rising•the pile and/or the shear strength of. the foundatioris,
In general, the height of tlie waste pilé can be increased if the' slope is
flattened and, conversely, the slope can be steepenëd-if the héighf;,of
the pile is reduced. : .

If the shear strength characteristics of the fôundation are,app.reci-
ably higher than the shear strength charactéristics of.ttie material-s com=
prising the waste pile, themaximum.height of the pile, and thé--maximum.
pex.-mi.ssibleA slope will be governedby the shear strength of the waste mat-
ci^ials. Where the shear strength of the foundatiôn is appre.ciâblylower
than the shear strength of the waste materials,, themaximiini permissible
pile héight and slope will be:governed by the shear strength of .thé
foundation.

The strength of the waste matéri.als is .governed by the type of
mat.erials, thei:r density and the pore 'watér pressures within the wâ,sté
1) iié. The densit.y.andthe-pore wâter pressures are gover-ned,to a degree,
by the methods used 'to place the waste materials within the pile.

With the exception of thé case where free-draining cohesionless
wast.c: materials are placed on a competent foundation, the maximum permi=

ssi.hle height and slope of, the waste pile must be determined by stability
ana7yscs.
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Classification of Foundations 

Foundations for waste piles may be classified according to the 
strength characteristics of the in situ subsurface materials and according 
to the topography of the ground surface. As used here, the term "competent 
foundation" refers to foundation materials which exhibit shear strength 
characteristics that are higher than those of the waste materials; the 
term "weak foundation" refers to foundation materials that exhibit lower 
shear strength characteristics than the waste. The terms "competent 
foundation" and "weak foundation" are therefore dependent on the strength 
characteristics of waste materials comprising the waste pile. 

"Level foundation" refers to areas where the slope of the surface 
of the waste pile foundation is less than 10 degrees. Where the slope of 
the foundation surface within the waste disposal area is steeper than 10 
degrees, the term "sloping foundation" is used. 

A waste pile on a level foundation will generally be safe against 
mass sliding along its base. Where a waste pile is to be constructed on 
a sloping foundation, an analysis should be made to check the stability 
of the pile with respect to mass displacement as a result of shearing along 
its base. The slope of the ground surface within some areas may be so 
steep as to be unsuitable for disposal of waste materials. 

Where the slope of the ground surface is relatively uniform, the 
analysis should consider plane down-slope sliding of the pile along its 
base. Providing the base of the waste pile is drained so that excess 
hydrostatic pressures cannot develop, the steepest permissible foundation 
slope can be determined from the equation: 

tan i =  tan.  

where: i 	= slope of the foundation, 

6 	= friction angle between the base 
of the pile and its foundation, 

= factor of safety, 

In some instances, the slope of the ground surface within the 
prospective  waste' disposai  area may be non-uniform, slope angles at lower 
elevations being flatter than i, while those at higher elevations are 
steeper than i. Foi- these foundation slope conditions, the stability 
against shearing along the base of the pile should be checked by the 
wedge method of stability analysis described later. (See Figure 5-19). 
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If tho stability analysis indicates that thé factor of safety fôt 
the completed waste pile will be unacceptably low, the steeper sloping 
portions of. the prospective area.will bé unsuitable.for dispoSal of WaSte 
material's. If the wedge method of anaiySis indicateS that thé CoMpléted 
waste pile will have an acceptable factOr of safety against sliding along 
its base, it will be necessary to place waSte•MaterialS On the flatter  
portions oflthe slope, prior to pladéMent.over the steep uriper slope, to 
support the upper portion of the waste pile: 

-If a waste pile - constrüCted• on a.,sloping foundation has  an 
 adequate factor of safety against sliding along its base, the maxiMum 

height of the waSte pile, and the MaxiMm perMisSible slope,  dan  be 
determined by thé Same methods of analySiS uSed for waSte piles 
level foundations. 

Thé factor of safety of a Waste pile will Most likely be lOwest, 
and failure most likely to OCcur, f011Owing a period of prolonged rain-
fall. After prolonged rainfall, the hear-surfate . sOils surrounding 
the waste pile may also bé saturated  If  failure were theh to Occiit'along 
the downslope side of the waste pilé, the unstable Mass . ofwaSioieterial 
could move over the saturated soiiS Siirroàdihg ; the.pile. ThéSeSbilS,.if 
relatively impervioàs, May be able tô offer'litile More than their Uhdrained 
shear strength to resist the moVerilent and May be "inadequate té, resist the 
shearing stresses imPosed by the :unstable mass of waste material. Under: 
these cirdumstandes, the Moving'pile may adcelerate rapidly and travel - 
considerable distance downslope. An unstable . waste pilé on asloping 
foundation iS•potentiallY very dangerous. .For thiS•reaSon, the factors  
of safety used in the design of waSte piles on slôping fouhdations'shbuld 
be higher than those for waste  piles  ônlevel fôundations. • 	' 

Classification Of Waste Materials 	 • 

Waste materials may be divided into.three broad:classifiçations - 
frictional, cohesive and degrading. .Frictional materials include permeable 
sand, sand-gravel mixtures and broken rock àf any gradation and partitlé 
size, providing the mineralogical composition  of the  rock is such that thé 
material does not suffer significant . loss'in 'sttength,,or reduction in per-
meability, during long-terM storage in:the waste-pile. 

Cohesive wastes include clays, silts cohesive glacial tiil and 
other materials which exhibit both frictional and cOhesive properties  and  
which do not suffer signifiCant reduCtion in their shear strength para-
meters:or thelr permeability, -  during long-term storage ln thè waste pile. 

Degrading wastes are those whiChlreak'down by methanicai or chemical 
processes when exposed to air and/or free môiSture and which may suffer signi-
ficant reduction in shear strength and permeability following placement in 
the pile. 
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Piles of Permeable, Frictional Wastes  

When the waste materials are frictional, ànd consist of blasted 
rock or of permeable sand-gravel mixtures, the initial layer of waste 
material in contact with the foundation may be placed in the pile by 
casting, end dumping, or by bulldozing over a face. Segregation of 
coarse particle sizes will occur as the materials cascade down the face, 
so that a concentration of the coarest fraction of the materials will be 
deposited at the base of the lift. As the leading edge of the fill is 
advanced, the coarse sorted fraction will be covered, thereby forming 
an underdrain at the base of the pile. This layer of coarse segregated 
material will generally preclude the development of hydrostatic pressures 
at the base of the pile. 

If the waste materials consist of sand, segregation of particle 
sizes on the advancing face of the fill may not be significant, so that 
the permeability of the materials as the base of the waste pile may not 

. be significantly higher.than the average permeability of the materials 
comprising the bulk of the pile. Drainage from within the pile may 
result in minor sloughing at the toe. If the waste materials must be 
confined within stringent boundaries, it may be advisable to provide a 
toe drain at the perimeter of the waste pile. The gradation of the 
materials used to construct the toe drain should conform to the grad-
ation requirements for filters. 

Where pervious, frictional waste materials are placed on a 
competent foundation, the maximum possible slope at the perimeter of 
the pile will be equal to the angle of repose of the waste materials. 
The angle of repose represents the lower limit of the angle of internal 
friction for the waste material and will normally vary between 30 and 
40 degrees. Where the foundations within the proposed waste disposal 
area are level and competent, and where drained conditions are maintained 
within the pile, frictional waste materials can be placed to practically 
unlimited height at their angle of repose. 

Where frictional waste is placed on a "weak foundation", the 
maximum permissible height of the waste pile and the average perimeter 
slopes will be governed by the shear strength characteristics of the 
foundation. The pile heights, and the perimeter slopes, should be 
determined by stability analyses, 

.The various approaches in determining the permissible heights and 
slopes of piles of frictional wastes are illustrated on Figure  5-13. 
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Piles of Cohesive Wastes  

The permissible heights and perimeter slopes for waste piles -  con-
taining cOhesive .  materials shouid be determined  .b. 	analyses-, 
Approaches in determining the permissible combinationé  of height end slope . 
for  any required factor of safety.are illustrated on Figures 5-14 and 513. 

Where the cohesive materials are placed on a competent foundation, 
the height of the pile and the perimeter slope will be governed by the 
strength of the materials comprising the pile. Where the cohesive materials 
are Placed on a weak foundation, the strength of the foundation will govern. 

Both the friction angle and the cohesion of the materials in a waste 
pile can be increased if the Materials are compacted. The maximum  shearing 
stresses within the pile occur beneath the perimeter slopes. Compaction of 
the materials beneath these slopes will permit the use of higher fills and 
steeper slopes if the pile is based on a competent foundation. This higher 
strength perimeter zone will provide lateral support for weaker uncompacted 
materials placed within the central portions of the pile. Effective 11A:flits 
of compacted perimeter zones are indicated on Figure 5-16. In sOme cases, 
itmay pay to use compaction equipment and methods develoPed for highwaY 
and earth dam embankments. Stability studies for special cases may 
indicate that the boundaries of the cemPacted zones maY be Phifted outward 
slightly from those shown on the figure. 

As compaction Will,also reduçe perffieability, it:may also - be.adVant7 
ageouS to place a : drainage  layer  on the foundation beneath the:periMeter of 
the Pile. The drainage layerwill tend to . lower the phreatic water  surface  
beneath the slope thereby increasing the stability_of the pile. • 

When hàuling equipment is.used.to  place Waste materials within à 
pile, the traffic  of the  hauling eqüipment may  produce _zones of lOwer than 
average permeability within the pile. These zones Will he roughly horizontal 
and will tend to imPede downward drainage within-the Pile, pôssibiy cOntri-
buting to the development  of pore  pressures and redpçirig peresSible heights 
and slopes. 

Where the waste disposal  area  is limited, it May be necesSary to 
incorporate  horizontal drainage  layers within the pile.  during construction, 
and/or to provide inclined drainage ,zones at the perime • er of the pile as 
indicated on Figure 5-16. The drainage zones will serve to control pore 
water pressures within the pile. 

To retard entry of  surface  water into '14aste piles ,d-urng peribds 
of rainfall and snow melt, exposed  surfaces  should bp adequately drained 
as described in Section 7. 
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Degrading Wastes  

One of the most difficult problems in the design of piles for the 
storage of wastes which degrade by weathering, softening or chemical 
change is the determination of the shear strength parameters to be used 
in stability analyses. The shear strength parameters used in the design 
should be the lowest to which the materials may be reduced as a result of 
long-term storage in the waste pile. Methods for investigating the design 
shear strength parameters of degrading materials are described in Section 4. 
In other respects, design procedure for piles containing degrading wastes 
are similar to those described for piles of cohesive wastes. 

Usually, the degree to which degrading waste materials lose strength 
can be reduced by sealing the surface of the pile, to reduce entry of sur-
face water and air circulation. 

STABILITY ANALYSES 

General 

Soil and rock materials fail in shear if the applied shearing 
stresses on ady surface exceed the shear strength of the materials along 
that surface. Stability analyses involve comparing the shearing stresses 
along potential failure surfaces with the available shearing resistance 
along those surfaces. The factor of safety (F) is defined as that factor 
by which the shear strength parameters must be divided (c'/F and O'/F) to 
bring the potential sliding mass into a state of limiting equilibrium. The 
stress-Strain characteristics of most soils are such that relatively large 
plastic strains may occur as the applied'shearing stresses approach the 
shear strength of the material. In the. design of a slope or embankment, 
the factor of safety must be greater than unity so that'the strains will 
not exceeed tolerable limits, and to allow for differences between the pore 
water pressures and Shear strength parameters assumed in design and those 
that may actually exist.within the slope. 

Stability analysis is a procedure of successive trials. A potential 
failure surface is chosen and the factor of safey against sliding along that. 
surface is determined. Different potential failure surfaces are selected 
and the analysis is repeatèd until the potential failure surface having the 
lowest factor of safety is found. This failure surface is known as the 
critical failure surface. The factor of safety against sliding along the 
critical failure surface is the indicated factor of safety for the slope. 

'The  critical failure surface may be located completely within an 
embankment; it may lie totally outside of the embankment if it passes 
through retained materials and/or the foundation soils, or it may be 
locatedat any position between these two limits. 
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.With the exception of a feWspeCial cases -, all . stability èál 
culations to deterMine  factors  Of - Safety should be based on effective . 
stress analyses. The determination Of the effective  stresses requireS 
a knowledge. of thé position of the Phreatie SUrfacé Within the eMbank- - 
ment. For a fullY Compressed fill sübjected to:steady seepage,  the  
effective stress  can be deterMined from not./ net. Whenthe fill.andior 
the foundation are cOmPressing Under theyeight Of overlying material ;  the 
pore water pressures must beestiMated using consolidation theory. Where 
the location of the phreatid  surface  iS likeiY tà.be critiCal tà Stability, 
piezometers shold bé inatalled within an o embankkent to déterbine the 
actual - location of the Phreatic water surface. Piezometers are.described 
in Section 6. If the actual water  pressures,  are-fetind to lie Significantly' 
higher than those aSsumed in'desigh, the stabilitY'should be recheeked. 
Some Modificationto the design  section MaY-be required te maintain  the 

 desired factor of safety. 

In the:design - of atailings embankment, - thé stability Of thé 
downstream slope is usually of principal concern. HoweVer, the'siability 
of the  upstream slOpe Should also be .checked, particUlarly if it iS raiSed 
a considerable height above the surface of the pend..-If  the  Upstream  face  
of the embankment ,  is. relatively steep and water. level fluctuations over a. 
considerable range are expected,  the  analysis should take into acCoUnt the 
pore water Pressures that May bé prochiCed by .draWdoWn.conditionS,'(see 
Figure 5-5). Drawdown may be a facter . also if tailings are to be recovered. 
Érom the pond, or the embankment is breached to drain  the pond. 	• 

Failure Surfaces 

The most commonly assumed failure surface liSed in StabilitY 'anal-
yses  is the cylindrical surface; the a.Xis'of'whiCh iS oriented parallel 
to the strike of the sloPe. 'On the two-diMenSienal 'Cross -Section,used 
for convenience in moSt stability . analyses, the cylindrical surface is 
represented by a circular arc. Observations of  full -scale slope failures 
in the field; show that some - failure  surfaces are nearly circular. HoWever, 
many carefully documented examples . are available which show that the Shape 
of the rupture surface is clearly non-circulati•When a slope.failure océurs, 
differential shearing takes place along that slirface on which the facter of 
safety is lowest. Although the calculations are made simpler if thé fail-
ure surface is assumed . to  be circular; stability:analyses based . solely  on 

 assumed circular failure surfaces may'Significantly.over-estimate the 
factor of safety. 

The true surface of sliding will deviate from the commonly assumed 
circular surface if the potential failure surface passes through zones 
having different shear strength characteristics or different pore water 
pressure conditions. Methods of stability analyses applicable to non-
circular failure surfaces are included in the descriptions given below. 
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Methods of Analyses  

1. Methods of Slices 

With the exception of a few special cases, the methods used to 
calculate the factor of safety for any trial failure surface should 
account for changes in the shear strength parameters and varying water 
pressure conditions along the potential failure surface. Changes in the 
strength parameters and pore water pressure conditions can be taken into 
account by the general procedure known as the method of slices. In the 
method of slices, a trial failure surface is chosen and the potential 
sliding mass is divided into a number of vertical slices. Each slice is 
acted upon by its own weight, by shearing and normal forces on its vertical 
boundaries and by shearing and normal forces along its base. 

2. Method of Infinite Slices 

In the method of infinite slices, a circular trial failure sur-
face is selected, and the stability of the potential sliding mass is 
considered as a whole, rather than the stability of each individual 
slice. Since the forces acting on the vertical boundaries of the slices 
produce zero net moment about the centre of rotation of the potentially 
unstable mass, the side forces are neglected. The shearing stresses 
and the normal stresses on the base of each slice are assumed to depend 
only on the weight of the slice and on the pore water pressures at its 
base. If the potential failure mass is divided into slices of unit width, 
the forces on the base of each slice will be numerically equal to the 
stresses on the base of the slice. This procedure is illustrated on 
Figure 5-17. 

Factors of safety determined using the method of infinite slices 
will be in error on the conservative side, since the method completely 
neglects the side forces on the individual slices. 

3. Simplified Bishop Method  

Stability analysis using the "Simplified Bishop Method" is a 
variation of the method of slices and is limited to the analysis of 
circular arc failure surfaces. The potential circular failure surface 
is selected; the potential failure massis divided into a number of 
vertical slices, and the stability of each slice is considered in turn 
using the assumption that the factor of safety for each slice .  is equal 
to the factor of safety. for eaCh of the other slices. Each slice is 
acted upon by its weight, and by shearing forces and normal forces on its 
vertical boundaries. 
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The shearing and normal forces acting on the vertical boundaries dépend.
on the stress-deformation characteristics of the materid.ls comprising
the slide mass and cannot be ev4l:uated rigdroüsly. Hdwdver;*the sûm-
mation of the forces acting on the Vertical boundaries of the.slices is
zero, and these forces may be neglected without sériôus reduction"-in
accuracy. Neglectingthé forces acting on the sides of the slicës,'the
factor of safety is expressed by the.éqûâ.tion:

Where Wo = the weight of matéris.l within the slice,

c' = thé effèctiv.ë cohesion for the sâil ^

fA_

c'b sec ^a + N' tan, ¢'

^ ii10 sih

the widtli*of the slfce;

the angle of inclination at the centre ôf ,
the basé of the slice.>

= effective normal forcé on the-base of the
slice,

the effective angle of internal friction

the factor of safety.

For the Simplified Bishop Method, N' is determined by,the suin
of the fo'rces in the vertical direction according to the equation:

c'
Wo - b sec c;c (u cos oc + F sin

tan ' sin cc
cos « + F

where u= the pore pressure.. Therefore,

(c'b + (Wo -ub) tan b' ) sec oc
tan f ' tance

1 + F

F =
£ WO s in
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Since F appears on both sides, the equation must be solved by 
successive approximations. The procedure for calculating the stability 
for a single trial failure surface is indicated on Figure 5-18. 

Using a more rigorous form of Bishop's analysis, the shearing 
forces and the normal forces acting on the vertical boundaries between 
adjacent slices may be taken into account. However, if the surface of 
sliding is circular, the improvement in accuracy is not likely to exceed 
10 to 15 per cent. 

4. Morgenstern-Price Method 	 • 

Where the potential failure surface deviates significantly from the 
circular configuration, methods of analysis that neglect the effect of the 
shearing and normal forces on the lateral boundaries of the slice may lead 
to significant error. Morgenstern and Price (1965) have presented a method 
for calculating the factor of safety for non-circular surfaces of sliding. 
This method takes into account the shearing forces and normal forces acting 
on the lateral boundaries of the slices and satisfies the conditions for 
horizontal, vertical and moment equilibrium for each slice. Owing to the 
number of iterative steps required to obtain solutions using the Morgenstern-
Price analysis, calculations using electronic computers are virtually mand-' 
atory. Each solution indicates the factor of safety for a single trial 
failure surface. Additional trial failure surfaces must be selected and 
the factor of safety computed for each until the critical failure surface 
has been located. 

It is emphasized that, regardless of the sophistication of the method 
of analysis and the capacity of the computing facilities available for stabi-
lity analyses, the reliability of the calculated factors of safety is governed 
primarily by the degree to which input parameters are representative of the • 
actual conditions within the embankment and its foundation. 

5. Wedge Analyses  

If computing facilities and appropriate programmes are not available 
to the designer, a reasonably accurate assessment of the factor of safety 
can be made for non-circular surfaces of sliding by manual computation. 
Where the potential surface of sliding does not differ greatly from a 
circular arc, the method of analysis illustrated on Figure 5-18 may be used. 
Where the configuration of the trial failure surface conforms approximately 
to two or more intersecting tangents, the factor of safety may be determined 
by using the wedge analysis illustrated on Figure 5-19. 
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6. 	Horizontal Translation  

Where a soft foundation stratum is located beneath the embankment, 
the factor of safety against horizontal translation should be checked. In 
checking the stability against horizontal translation, a trial failure 
surface is chosen that passes through the Soft foundation layer, and the 
components of ail of the for 	acting on the potential failure mass are 
determined. The degree of safety is presented by the sum of the horizontal 
components of all forces tending to resist horizontal translation diVided 
by the sum of the horizontal components of all forces tending to produce 
horizontal translation. An example showing the method of analysis is 
ahown on Figure 5-20. 

Effects of Earthquake  

1. Embankment Distortions  

Where an embankment or a slope .is stibjected to a éeismic distur-
bance, accelerations that . atcompany the ground . motions produte stress fluc-
tuations So that the dynamic shearing stresses are alternatively highér and 
lower than the static shearing Stresses. 

The general distribution of 100-year return period earthquake accel-
erations for eastern and western Canada is shown on Figure 5-21. Risk from 
this factor can be reduced by either increasing the freeboard, increasing 
the width of the crest or decreasing the slope angle. In the latter case, 
a reasonable basis for design is to ensure that the factor of safety 
indicated by an equivalent static analysis is greater than unity when the 
100-year acceleration forces are included. ' 

Strains whith may occur during intervals of higher-than-static 
stress may result in distortion of the embankment  as  shown on Fiere 2-9. 
Procedures for estimating the Magnitude of these strains have been propoSed 
by Newmark, (1965) and by Goodman and Seed, (1965). However, these 
analyses are very complex Provision to limit-excessive diatortion of 
eMbankments by earthquake shocks can be Made by including additional 
horizontal acceleration forces in an equivalent . statit.stability analyais. 
The value of the acceleration forces Used in the analyses should be 
selected on the basis of the probability of earthquakes'of various Mag-
nitudes occurring in the region of the embankment. Sitch information can 
be obtained from the Seismology Division, Earth Physics Branch; Department 
of Energy, Mines and Resources, Victoria and Ottawa. 

2. Liquefaction  

In addition to the increased shearing stresses produced by a seismic 
disturbance certain types of materials may also suffer a significant re-
duction in their shearing strength. Loose, saturated-fine-to-mediun sands 
may liquefy. 
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The gradation and the mode of deposition of most mine tailings makes 
them susceptible to liquefaction, and failures of tailings embankments re-
sulting from liquefaction are by no means uncommon. In 1929, liquefaction 
resulted in failure of the Barahona tailings dam in Chile, permitting 4 
million tons of liquefied tailings to flow into a valley below the dam and 
killing 54'people. The Chilean earthquake of March 28, 1965, resulted in 
the failure of at least 11 tailings damslocated in the area north of Santiago. 
Of these, the most catastrophic was the failure of the El Cobre tailings dam, 
which released approximately 2 million tons of liquefied tailings from the 
impoundment area. These tailings flowed a distance of approximately 7-1/2 
miles down the valley below the dam, destroying part of the town of El 
Cobre and killing more than 200 people. 

In Canada and the United States, several failures of tailings embank-
ments have occurred under static conditions. Some of these failures were 
caused by lateral yielding of the retaining embankments, which permitted 
lateral straining of the loose and saturated tailings impounded in the ponds. 
Increases in pore water pressure that accompanied these strains reduced the 
shearing strength of the tailings which then exerted increased lateral pres-
sures against the embankments. Being already in a state of incipient fail-
ure, sections of the embankments collapsed and large volumes of impounded 
materials flowed out of the ponds. 

Most tailings deposited by sluicing or spigotting remain loose and, 
if saturated, are particularly susceptible to liquefaction. When the up-
stream method is used for construction of a tailings embankment, the critical 
failure surface is located at progressively increasing distances from the 
downstream slope of the embankment as its height increases. For a high 
embankment, a large proportion of the critical failure surface may be loc-
ated within the sedimented tailings. Under these circumstances, the stabi-
lity of the retaining embankment is almost entirely dependent upon the shear 
strength of the sedimented tailings. Thus, in areas subject to seismic 
activity, high tailings embankments constructed by the upstream method are 
particularly susceptible to failure by liquefaction. 

For any given saturated sand, the danager of liquefaction as a 
result of cyclic loading (or of progressive unidirectional shearing strains) 
is governed by: 

the density of the sand; the lower the density, 
the more easily liquefaction will occur; 

the confining pressure acting on the sand; the lower 
the confining pressure, the more easily liquefaction 
will develop; 

the magnitude of the cyclic stress or strains; the 
larger the stress or strain, the lower number of 
cycles required to induce liquefaction. 
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•the number of stress cycles te Which the Sand iS subjected; 
the gteater the nUmber of stress cycles,-the greater the 
probability that liquefaction will eecur; 

in the case of unidirectional strain, the larger the rate 
and magnitude of the strain, the greater'is the likelihoOd • 
of liquefaction. 

Of these factors, the embankment design cannot influence the -magni-
tuàe of the 'cyclic Stresses, nor the number of cyclesto whicih the Structure 
may be subjected. However, by incerporating drainage facilities ;  by main- - 

 taining the pond surface as  far  as praeticable.from tho eàbankment'and/er 
by compacting the fill ffiatetials dùritg censtructien ;  thé déhsity, satur-
ation and confining pressures can be ›controlled.So.  as  to redUce the 	, 
likelihood of failure of the éffibankment às â résilit or liquéfaction. 

If the tailings embankment is conStrueted of fine sandS, coMPaCtien - 
of these sands will-increase. their denSity end,reduce . theit susceptibility 
to liquefaction. Compaction to in situ relative dehSitieS uf .60 per cent 
or greater provides reasonable  protection  against liquefaction. 

Non-saturated sands do not liquefy. Hence, if the phteatic Surface 
can be maintained at a position well below the surface of the embankMént, 
those materials located above the phreatic surface will not be Subject to 
liquefaction. Lowering the watet leVels within thé embankment also inereases 
the effective weight of thOnaterials located abeve the.phreatic surface; 
thereby increasing the confining pressures acting on the Saturated Material's 
below the phreatic surface and reducing their suSceptibility to liquefaction. 
.Effective undérdrainage systems which - substantiallY reduce the level ef . the 
phreatic surfacé increase and'embankMents resistance te failure bylique-
faction. 

In summary, providing the materials comprising the embankment have 
a relative density of 60 per  cent'or greater, ,and/or.providing the.phreatic . 
surface is maintained . at  a position Well below,  the surface of the ombank-
ment, the embankment itself will have :à reasonable degree of.safety against 
failure by liquefaetion. Liquefaction or the impounded tailings  adjacent  
to the upstream face of the embankment may nevertheless occur. The mass 
of the embankment should be sufficient to provide the required factor of 

 safety against horizontal displacement along its base, when the assumption 
is made that the Shear strength Of tho tailings adjacent to the Upstream 
face is reduced to zero. The methods of providing protection against 
failure by lieefaction are illustrated on Figure 5.-22.. 
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Factors of Safety  

The use of a factor of safety in stability analyses makes two import-
ant provisions - it allows for the margin of error between the parameters 
used in design and those that may actually exist in the field and it limits 
strains. Many soils undergo relatively large plastic strains as the magni-
tude of the applied shearing stresses approaches the shear strength of 
the soil. Thus if the ultimate strength of the soil is used in design, a 
factor of afety greater than unity is required to maintain strains within 
tolerable limits. 

In choosing the factor of safety, the possible consequences of a 
failure and the degree of confidence that can be placed in knowledge of the 
shear strength characteristics of the embankment and the foundation mat-
erials, the groundwater conditions and the drainage conditions within the 
embankment should be considered. As a general rule, it is desirable to 
introduce into the stability analyses more adverse, but possible, values 
for some of the factors pertinent to stability, so that their significance 
can be assessed. 

Where failure presents,a potential danger to life and property, the 
field and laboratory investigations should be carried out in sufficient 
scope and detail to determine the average and lower limits of the shear 
strength parameters for the materials. Sufficient control should be pro-
vided during construction to ensure that materials placed within the embank-
ment conform to the standards assumed in design. Instrumentation should be 
installed to monitor pore pressures within the embankment and the foundation, 
if these . are significant in determining the stability of the embankment. 
Pore pressures significantly higher than those assumed in design may nec-
essitate a modification of the design section. 

Listed following are suggested minimum design factors of safety. 
The values presuppose that the stability analysis has been sufficient to 
locate the critical failure surface and that the parameters used in the 
analysits are known, with reasonable certainty, to be representative of 
actual conditions which will exist in the embankment: 

design based on peak shear 
strength parameters 

design based on residual 
shear strength parameters 

analyses that include the pre-
dicted 100-year return period 
accelerations applied to the 
potential failure mass 

for horizontal sliding on base 
of embankments retaining 
tailings in seismic areas 
assuming shear strength of 
tailings reduced to zero 

Case I* 	Case II** 

	

1.5 	1.3 

	

1.3 	1.2 

1.2 	1.1 

1.3 	1.3 

Case I 	- where it is anticipated that persons or property would 
be endangered by a failure. 

Case II - Where it is anticipated that persons or property 
would not be endangered by a failure. 
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Where the.ratio of residual to peak shear strengths is.0.9 Or 
greater, the embankment design can be based on the peak strehgth  values 
using the appropriate  factors of safety listed. 

Where thé number of field and laboratory-test results'on bither 
the ,  embankment fill  or the  foundations is small; or where thé scatter bf 
test results within individual strata ôr zones is large, conSerVatiVO 
valties of strength and pore waterpressices should be . Seléctéd  for  the . 
design, or, alternatively, an increaSed factor of safèty Should be Used. 

Where a waste pile -1S censtructed on a steeply Slôping feundation; 
the suggested - minimum factors of safetY:Shouldbe increase'd by 1() per cent. 

SETTLEMENT ANALYSES  

If the foundatiens beneath ah embankMent consist Of denSe glacial . 
till, dense sand and gravel Or of rock, vertiCal-deformations under the 

 weight of the eMbankMent will - be largely elastic. The Settlements will 
°emir as the loads are applied and iheir . magnitude will be.suffidiently 
small that their.effect will.not be significant With_respect to the per-
formance of the embankment. . 

• 
If the foundations beneath the embankment contain layers or Strata 

of normally consolidated fine grained.Sediments, such as :SiltS and clays, 
significant vertical deflection of the foundatien maY occlir under the' 
weight of the embankment fill  as the fine - grained sediffients consolidate. 
The magnitude of the-foadation settleMent Wiil dlepend on the  height of 
the embankment, the depth and thickness of  the compressible strata within 
the foundation and iheir compression indices. .The rate at which the 
foundation,settlements occur will-depend On: the Magnitude Of the change 
in vertical Stress (the rate of fill construction) . ; the permeability of 
the compressible material; and the drainage characteristics of the 
foundation.. 

The magnitude of the anticipated s:ettiàlent can be estimated using 
the compression indices obtained from the resultS Of laberatory consolidation . 
tests on samples recovered from the.compressible strata. Compression indices 

• determined from field settlement records at other sites underlain by'com-
pressible strata having similar water contents and index properties are 
useful in assessing the probable range. The rate Of settlement is much 
more difficult to predict. Computations based on laboratory consolidation 
test data can be very much in error since in many instances the raté at 

- which foundation settlements occur . is controlled by minute geologiCal. 
details, which may not be detected even by carefully conducted foundation 
investigation programmes. 
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Estimates of the magnitude and the rate of settlement should be 
made to the extent possible with the best available data. However, these 
predictions should be checked by instrumenting the initial stage of the 
embankment and measuring the rate and magnitude of the settlement that 
actually occurs. These field settlement data may then provide a more 
reliable basis for a revised prediction of the magnitude of the total 
and differential settlements to which the ultimate structure will be 
subjected. 

Differential foundation settlements may produce cracking of an 
embankment which could lead to subsurface erosion. Differential settle-
ments may also cause damage to pipe drains and decant lines installed 
within or beneath the structure. In assessing the effects that found-
ation settlements may have, it should be assumed that localized areas 
will be subjected to differential settlements of at least twice those 
indicated by the contours of prpdicted settlements. 

Installation of pipes within or beneath an embankment should be 
avoided at locations where significant foundation settlements are expected 
to occur, and decant pipes through a tailings embankment should be located 
as far as possible away from the areas of maximum anticipated settlement. 
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Filter layer(s) 

Dam constructed of waste rock or 
other pervious fill where large 

seepage losses not tolerable. 
Filter layers required to 

protect impervious zone. 
Finely graded portions o 

pervious fill 

placed adjacent to filter; 
coarsest within downstream 
portions of section. Cotangent 
usually greater than 1.5. Slopes 
between berms at angle of repose. 

FIGURE 5-2 

Transition zone 

Impervious 

Filter( 
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TYPES OF TAILINGS DAMS  

ON IMPERVIOUS FOUNDATIONS  
Filter  layer 	  
	 --5?1  

Drainage layer 

(a) 

Homogeneous dam constructed of 
compacted materials borrowed 

from nearby source. Filter 
and drainage layers may 

or may not be required 
depending on 

relative grain size and perme-
ability of tailings, dam f1!1, 
ad fouridation. 

Q5:Cyclone 
Dam constructed of cycloned tailings 
using the downstream method of con-
struction. Requirements for filtered 

underdrain depend on relative perme-, 
abilities of slimes and cycloned 

tailings. Cotangent (i 
usually greater than 2.0. 

Starter dyke Filtered drainage 
layer or strip drain 

(h) 

4 	d. 

\Y7A\V/X\Y/X 

Rock 
;7-- fill 

411 

Dam constructed of waste rock from 
mining operation. Suitable where 
relatively large seepage losses are 
tolerable. Filter layers required to 

prevent piping and internal erosion. 
Finely graded portions of rock 

fill placed adjacent to filter; 
coarsest  rock placed within 
://"Y7  downstream portions o 

section. Cotangent f3 usually 
greater than 1.5. Slopes between 
berms at angle of repose. 

(c ) 
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• TAILINGS IAiUANKMENTS ON PIŒVIOUÉ AM4sIDATI0NS 	- 

tOiATi1OL.Oe  SEE?AGE LOSSES 	' . " 
, 	. 

seepage . returned 

 	....... 	_Li  ir ,...... .._....„ 
‘L.----Pervious..foundation---- 	. . 	,, 11 .„-' 

"*".----- ImperviOU 13 ------•". (a) 7-Siaépagge •Collecter 
. 	. 	 • 	. 	. 	PIP! : 
. 	

. 
C31■ Otied Syatem. Suitahle Where lower bOundary ofperVious 
foundation withIn'praCtidable depth fôr inatallation -of 
seepage Colleetor pipe. 	 . 

•A 

ImperVioUS zone 

..4?ii.ter zone 

Pervioué 	. 

: 'Fouudatioà--,, 

'-Cor e trench through 	pervious foundation 	. 
Suitable where'pervious foundatiOn eXtenda to 
shallow depth. ' 	 • 

luipervione core 

'7 eeeed 

••1111... 

4 Us 

Tailings 

d k-Pervious 

(b) 
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(c) 	
Upstream,blanketor membrane 	Pervious foundation- a 

...4 
reduces leakage by increa 	 • 
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o sing • 

'length of seepaàe 'path. 	 . 	 Ell 0 	 LJ 
0 . 	 0 M 

tee.  

	

Hydraulic barrier .  formed by injection 	 a w 4J -• m 
and pumping wells preeludes migration of 7----, .  
pond seepage past 14pne of •pumping  e wll, s . 	,...  

''' 	44 ••■ ri Là 0 
• ek. 	0  

0•0 a 

• 

; 	 • 

, 	LDeep Pervioua'foundation--- 
Phreatic surface-0° (d) 
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TAILINGS DAMS CONSTRUCTED IN WATER 

\--Sand Tailings 
(Grain size decreases with 
increasing distance from 
.dyke) 

Flow 

Spigot or cyclone 

Determine e by stability analysis - 
must not be t greater than angle of repose 
for tailings. 

r--Filter - Placed by dumping through 
water 

Lake surface 
a e • 

Rock fill 
- Placed by end 
dumping into 
water-,k, 

Angle .of repose 

Lake  bottom 

Tailings Dam Constructed in Water 

- Upstream Method  

Cycloned sand dyke. Fill placed 
above water. 
,,-Filter - placed above 

water. 

Lake surface 

Filter - Placed by 
44mping into voter 

Tailinge . Dam,Constructed in Water  

- Downstream Method  

(Ouf.tahle where large quantities of rock fill 
readily available) 

nOURE 5-4 
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FLOW NETS FOR.EMBANKMENTS  

Phreatic .Lurfate 

Mote: Seepage eMerging éti down- 
. stream face  Mf embankment -tiiiimes 

aloughingand ay lead té 
piping and internal erosién 

HomegeneoueSection  • 

Note •lowered plii.e4ic 
sitrface 

Filtered téë' 

de  

Homogeneous  Section  with ToË  brsim 

Phreatic •niiChIt4i2 

Blanket,drain 
ee,e'r" 

Homogeneous Section  with Blanket Toe Drain  

I 1 	I 

1 -1-----f---t--_#_1 '- 

I 
I 	E 

Flow Net for RaPid Drawdown  FIGURE 5- 



\--Pervious Foundation--.., 

Flow Net for Tailings Embankment and Pond 
Underlain by  Pervious Foundation 

I 	1 	1 

I 	I 
771(er77 ,e1).X4:7e. 

Permeabil 
embankmen 

permeab 
fowl 

ity of 
t 
ility of 
dation 
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EXAMPLES OF FLOW NETS  

Upetream blan 
membran 

>Mee,  

Impervious Core • 	v / 
- 

\ 

x. 
IMIIIIIIRIIIIIIII I II 
MUM 	' 
BUM .. _, 7Ceer,  

Flow  Net for Seepage through Perviona Foundation 
—Upstream Blanket or Membrane'used 
	 Increase  Length of  Seepage Path  

ApprcmImmtel Flow neK for 
Sectue_A&Iroue_Inervious  Core  FIGURE 5-6 



Trilinfer ConditidhS 
Between Strata 

Stratum 
FérMeatiiiity. 

/ 

Stratum 

(e) 

gt  interface 

Permeability k2 
kiimtanf3 
kt tanci 

If aquares  are  
drawn  in  

ratio L in (.?.) 	ki 
. B 	 kl 

new 

EquipateUtial: 
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---Phreatic aurface 

(a) 

(h) Flow, net for true .  section  wheekhk. h 

(c) Fl ow net for section (b) abeve if: k h. 	v 
Horizontal  dimensions of section reduced by 

• 	k 

(d) Flow net ( 

5-T  
) above tranéposed to true: section  
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MIMI! 

Rules for Flow Net Construction  

1. When materials are isotropic with respect to permeability, 
the pattern of flow lines and equal potential lines inter-
sect at right angles. Draw a pattern in which the flow 
lines and equal potential lines form "square" figures. 

2. Usually it is expedient to start with an integral number 
of equal potential drops, by dividing total head by a 
whole number, and drawing flow lines to conform to these 
equal potentials. In the general case, the outer flow 
path may form distorted square figures. The shape of 
these distorted squares (the ratio B/L) must be constant. 

3. The upper boundary of a flow net which is at atmosphere 
pressure is the "phreatic surface". Integral numbers of 
equal potentials intersect the phreatic surface at points 
spaced at equal vertical intervals. 

4. A discharge face through which seepage passes is an equal 
potential line if the discharge is submerged, or a free 
water surface if the discharge is not submerged. 	If it is 
a free water surface, the flow net figures adjoining the 
discharge face will not be squares. 

5. In a stratified soil profile where the ratio of permeability 
of the layers exceeds 10, the flow in the more permeable 
layer controls. That is, the flow net may be drawn for the 
more permeable layer assuming the less permeable layer is 
impervious. The head on the interface thus obtained is 
imposed on the less pervious.layer for construction of the 
flow net within that layer. 

6. In a stratgied soil profile where the ratio of permeability 
of the layers is less than 10, the flow net is deflected 
at the base in accordance with the diagram (e) at left. 

7. When materials are anisotropic with respect to permeability, 
the cross section should be transformed by changing the 
scale as indicated by (c) at left. The flow net is then 
drawn as for isotropic materials. In computing the quantity 

of seepage, the differential head is not altered for the 
transformation. 

8. Where only the quantity of seepage is to be determined, an 
approximate flow net suffices, Where pore pressures are to 

be - determined, the flow net must be accurate. 

FLOW NET 
CONSTRUCTION 

FIGURE 5-7 
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2.00 

2.25 
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2.50 ... 
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3.00 
Stiff clay, 
very colloidal 3.75 ... .5.00 .... 

5.00 

3.00 
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Original material 
excavated 

Water 
Clear water 	transporting 
no detritus 	colloidal silts 

(f.p.s.) 	 (f.p.a.) 

Water 
transporting. 
non-colloidal 
silts, sands, 
gravel or rock 

fragments 
(f.p.s.) 

Fine sand, 
non-colloidal 

Sand loam, 
non-colloidal 

Silt loam, 
non-colloidal 

Alluvial silts, 
non-colloidal 

Ordinary firm loam 

Volcanic ash 

Fine gravel 

Graded, loam to 
cobbles, non-
colloidal 

Alluvial silts, 
colloidal 

Graded, silt to 
cobbles, colloidal 

Coarse gravel, 
non-colloidal. 

Cobbles and shingles 

Shales and 
hardpans 

•  Note: These velocities are applicable to waterways on mild slopes 
and with long tangente. (King and Brater) 

MAXIMUM PERMISSIBLE VELOCITIES 
IN UNLINED WATERWAYS 

FIGURE 5-9 
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02" 	 04 	 OM 

Average Veloçity Against Stone-FPS  « vs 
 • Average Velocity'in Channel -FPS . -vc  

NOTES: 

Equations apply to two -dimensiOnal flaw 

08 I 0 

Ve  

vc 	au 

D 

Average velocity against stone - FPS 
Average velocity in Channel - FPS 
Total depth of flow - FT 
Stone diameter - FT 

Equation.. developed fram velocity. 	, 
distribution ovei rough boUndary 
given in Engineering. Hydraulics, 
edited by.Rouse, 1950, Wiley and 
Sons; (U.S. Army Corps of Engineers) STONE PAVING 

AVERAGE VELOCITY AGAINST 
STONE ON CHANNEL BOTTOM 
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3 	4 5  6  .7 6 9 FO 	 20 	30 40 SO 60 

VELOCITY AGAINST STONE - FPS (V ) 

NOTE 

Sp•cific weight of rock 

u 165 lb. / Cu.  ft. 

(U.S. Army Corps of Engineers) 

STONE PAVI N G 
VELOCITY VS. STONE WEIGHT 

FIGURE 5-11 
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 3.0 
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 3.6 

3.9 
3.7 
4 ,3 
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4.5 
5.4 
6.1 

Less than 1 	4 
1 	5 
2.5 	6 

5 	8 
10 	  - 10 

3 
4 
5 
6 
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Reservoir:fetch, 
miles 

Nominal  
thick-
ness:, 
inches, 

Maki- 25 percent 
Mui, 	greater . 
Size 	than 

45 to 75 
percent . 2 5 .  percent 
from-to 	less than 1 

weights (pounds) 

1 and less. 	18 
2.5 	24 

30 
10 	  

1,500 

5,000 

300 
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1,000 
2,000 

10- 300 
30.- 600 

. 50-1,000 
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30 
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1;lind veldecity, 	Wakré 
Milez Per hciiir 	height; feet Fe#cil._2_ Miles 
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•00' 

APPROXIMATE WAVE HEIGHTS  

Normal 
freehéard 

Fetch, miles 	. 	.feet • 

Minimum. 
freeboad 

feet 

- FREEBOARD REQUIRED  FOR  • WAVE ACTION 

Oradation, percentage of stOnes of various 

Sand and rock  duet less, than 5- percent. 

.RIPRAP REQUIRED ON 3:1 SLOPES ' 
FO&PROTECTION .  AGAINST WAVES  

Bureau of Reclamation) 

EMBANKMENT FREEBOARD 
AND WAVE PROTECTION 

FIGURE 5-12 
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PILES OF FREE DRAINING, FRICTIONAL WASTES  

Coarse 	Frictional 	Waste 
on Competent Foundation  

Pile can be constructed to 
any height providing 
B < angle of repose. 

Frictional 	Waste on Shallow  
Weak Foundation  

h and e governed by strength of 
weak stratum. Probable mode of 
failure is horizontal translation. 
Determine permissible combinations 

of h and  8  by stability analysis. 

°--weak stratum 
\---Competent foundation --‘ 

Weak Stratum at Shallow Depth  

h and 0. governed by depth and strength 
of weak stratum. Probable mode of 
failure is horizontal translation. 
Determine permissible combinations of h 

and e by stability analysis. 

WAN .Y/A\ Y■ei 	WANXie-,« 
Competent found\tion---x  

stra 

k---Competent foundetiqn----1‘  

Weak Foundation Extending to  
Considerable Depth 

h and 8  governed by strength of founda-
tion. Mode of failure may be horizontal 
translation or deep seated shear failure 
on composite surface of sliding. 
Determine permissible combinations of 

h and 8  by stability analysis. 
... -? 

comc 	 / 	/ . f 
	

\\ 
	 DETERMINATION OF 

ex. f 	N ■ 	_, ....- •'' 	/
/ 

PERMISSIBLE HEIGHTS 
Woak foundation \----- -- 	 1 

, extending to 	 AND SLOPES 
.,.. 	 ' .,, 	 .--' Vopth---, 	 --.-------- 	 F7  1 G ti R EE 	5-13  

d 
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• • 	 • 

h 	\ .-ew  
c-cv 

k-Competent Foundation 

.11""efAl l'eseeiree 
41'.--Competent foundation 

Shallow Weak Foundation 
h and  8  governed by Strength  Of'  weak 
stratum. .Probable mode of failure is 
horizontal  translation (spreeding)4 
Determine permiasible combinations of 

h and 3 by stabilitY,enalysis. 

LAmiae/ddeer 
••■•■•■■• 	 ■■•■• •••■■• 	 ■•■■•••• 

Wemk  Stratus  

COHÉ SIVE OR MEGRADING WASiE PILES 

.• 

c-c 
• v 

Colipmteht foundatidn 	 . 

h end e governed by strength of waite 
material. Probable mode of failure is 
mlong circular or honcirctilar, surface , 

 within: waste material. Determine  per-  , : 
.missible,.combinations Of h and (3 by , 

27 	Stàbility analYsi,si  

N, 

e-. 
 

\ h . 
ca.c 

......- 
\---Competeni Foundation 	stability analysis. 

• . 	

-.1 Weak Stratum at Shallow Dei)th  
h and e goveraed by strength of waste 
material or by strength of wenk stratum. 
Critical failure  surface  May be circular dr 
aoncircular tbrough.waste,.or'may be:com- 

a 

posite  surface  Pasaing,thrdugh,Weak' 
' sttatui. -  Determine permissible'coe-

,--77.-- billet/ohs of h and fi by 

Apr .0 
Competent foundation----‘  

Weak Foundation Extendin FL  to  

. 	
Considerable Dept41 

\ 	\ 	 h and e governed by strength of founds.- 
ion: Mode . of. failUre may be horizontal 

h 	
\ \ 

\\ \ 	
translation ., or deep seated shear 

, 	\\ \ 	
failure on composite surface of 

sliding., Determine permissibl 
combinations of h and 

lk__ 	 ■. 	 , m  Weak foundation 	■,. --, 	 ....--/ 
	 8 by stability 
,/ 

Y1  
fl extending to depth 	',.. -- -- ----- .../ 	 analysis. 

1 	DETERMINATION OF PERMISSIBLE . „ 

HEIGHTS AND SLOPES , 	 FIGURE 5-14 

\ 
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Slope angle 

Slope angle 8  

5-15 
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DESIGN OF WASTE FILES 

1. If the waste pile is to be construCted on à siciici. ing 
foundation, check the stabilitY,of—the .pile With respect to 
shearing along the base .of .  the 	 • 

. 	 . , 	. 
2. Choose e trial height 'h' for thé waSte pilé and a trial . 

slope angle 8. CalcUlate thé factor 6f Safety F. , using ' 
stability analysia. 

3. Keeping h constant, choose new values for the slope angle 
(3, and recalculate the factor of safety foi.. each trial 
value of (3. 	 • 

4. Repeat steps 2'and 3' abbve for . differett Valtiea of hi 

5. Plot the results of the calculatiOns bbtained froM• stepà 
3, and , 4 'above . in the form:of a graph.  of F. .irs. 8. 	This 'plot 
is illustrated on (h) at left. 

6. Select the desired factor of safety, F.S., for the waste pile. 

7. From the graph of F vs.  13, (Fig. b), select values of h and 
13 corresponding to the desired factor of safety F.S. Plot 
these data in the form of a graph of h vs. fi, (corresponding 
to the required factor of safety, F.S., Fig. c). 

If the maximum volume of available storage within the 
available area is required, proceed with step 8. 

8. Calculate the volume of available storage using combinations 
of h and 13  selected from the graph (c). By the process of 
bracketing, the optimum combination of h and 8 can be found 
that provides for maximum storage within the area available, 
and provides the required factor of safety. (d) 

DESIGN PROCEDURE 

FOR WASTE PILES 

FIGURE  5-15  
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PERIMETER ZONES FOR WASTE PILES  

/". 

," 

--/e  Uncompacted  
bie,--waste ,/--Compacted 

/e 	
waste-- 

Granular 
nderdrain 

h 

Compacted perimeter zone serves as a dyke to retain 
lower  • trength, uncompacted material in the central 

portions of the waste pile 

Granular drainage zones maintain drained conditions 
within the perimeter of the pile. Perimeter zone 
mots ao z dyke to retain lower strength materials 

within central portions of the waste pile. 

FIGURE 5-16 



5-48 

( a) 

0 
( C ) C.) 

•)-4 	 ' 

V) 
0 

to Shear Stress Distribution  
Curve  

U)  
o  

tt) 
V) 

)-I 
w4.11 

CY) 

4•J 

cJ 

44 1.4 
44 o 
43 Z 

Normal  Stress Distribution Curve  

.(a) 

(d) 

(1), The . total effective normal force : dn . :the trial failure 
surface.  

(2),= The: aVailabie shear resïàtanCé: dne. 

The available shear resistance  due  tO cohe'sion, 

,The " tntal Shearing force on the'trial failure surface. 
ES 	'(2) + (3)  

- 17 



PROCEDURE

1. Select trial failure surface.

2. Draw a number of approximately equally spaced vertical lines
extending from trial failure surface to ground surface.

3. At each vertical line, determine the vertical stress at the
failure surface due to the weight of the column of soil and
water above surface.

4. Resolve the vertical stress into components normal and tangent-
ial to the trial failure surface.

5. Plot the tangential stress components as ordinates, and join
plotted points to obtain the shear stress distribution curve.
The area under the curve equals the total of the shearing
forces along the trial failure surface.

6. Plo.t the normal stress components as ordinates, and join
plotted points to form the t.otal normal stress distribution
curve.

7. Draw flow net to estimate neutral stress u, (water pressure)
along trial failure surface. Determine values of u. A
graphical method of determining u is cosi
indicated by Fig. (c). cosi

8. Plot values of p below the total normal stress curve. The

area of the hacfi°réd portion of the normal stresses distribution
curve equals the total effective normal force on the trial
failure surface.

9. The factor of safety can be determined graphically as indicated
on (d).

STABILITY ANALYSIS

BY METHOD OF
INFINITE SLICES

FIGURE 5 - 17

D
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PROCEDURE  

i. 	 Select a trial circular arc failure surface. 

Divide the mass above the trial failure surface into 
approximately 10 vertical slices. 

Determine the weight (W
o

) of each slice. 

iv. Determine ct, the angle of inclination of the trial 
failure surface at the base of each slice. 

v. Compute W o  Sin a, the overturning element (1 on the table). 

vi. From the width of the slice b, and the average cohesion 
c' along the base of the slice, compute the cohesive 
element (2 on the table). 

vii. Calculate the pore pressure and the neutral force at the 
base of each slice. The pore pressure 	the weight .of 
water times the average piezometric head above the base 
of the slice (p - h y ), and the neutral force 	the 
pore pressure dmes ehe width of the slice (bp s

) •  

viii. Compute the frictional element (W - bp ) tan (1) 1  where (1)' 
is the effective angle of internaÎ  friction  along the 
base of the slice. 

ix. Assume a factor of safety F, and determine m for each 
slice using the - graph. Calculate a new factgr of safeny 
(5) 	(2) 	(3). 	The first approximation of the factor 

m
a 

of safety then equals E(5). 
E(1) 

Using the factor of safety determined by step (ix) above, 
repeat step (ix) to obtain the second approximation of 
the factor of safety. 

xi. 	Repeat (x) until a factor of safety F is obtained which 
is equal to the value of F used to determine m

a
. 

F.S. = 	1 	[1:c 1 1) 4- ( .1- 0 - bp s ) Tan 0 1 ]= E(5)  
E(W

o
Sina 	 ma 	

E(1) 

STABILITY ANALYSIS 
BY SIMPLIFIED 
BISHOP METHOD 

FIGURE  5-18  

X.  



5-52 

W1,142 Weight of a  wed-ge 
1.31,U2 Resultant . water,press . ure along the.,base of the wedge 
N1',112'Mfe .ctive :normal force  onYbaS-e.of-wedge. 
tlillear force along  base of  médge' 
L1,L2 Lellgth of base of wedge- 

Oi• .(12,Inclination  of the base to › ,tlie ho.riZ:ohtal 
P keSultant hydrostatic fOice at int'érfWc.é.-  - 	• 

W1'2 
PI2 	Effective force at the interface 

d 	-inclination of TI2to the horizontal 	». 
4).1,,(1)2ffeCtive friction  angle on. base of, Medge . •. «  
cl ,c2 Effective  cOhesion on base  of-Wedge: 	 H 
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PROCEDURE  

1. Choose a trial failure surface consisting of two or more 
intersecting tangents. 

2. Separate the sliding mass into  segments  bounded by 
vertical lines which pass through the points of inter-
section of the base tangents. 

3. Assume that the effective stresses across the vertical 
boundaries between adjacent wedges are inclined at an 
assumed angle d to the horizontal. Note that the 
neutral (water pressure) forces across the boundaries 
between adjacent wedges act horizontally. 

4. Choose a trial factor of safety (F). 

5. Construct the force polygon for the first wedge. This 
gives a value for the force PI2 which satisfies equili-
brium conditions for the first wedge. 

6. Using the value of P12 as determined in step 5 above, 
construct the force polygon for the second wedge. 	If 
this force polygon does not close, proceed with step 7. 

7. Choose different values of F and repeat steps 5 and 6 
above until a value of F is found such that the total 
force polygon does close. 

If d is assumed to be zero, the shearing stresses on the 
vertical boundaries between adjacent wedges will also be 
zero, and the factor of safety will be underestimated. 
The maximum possible value of d is equal to the angle of 
internal friction for the material through which the 
vertical boundary passes. Assumptions that d=q) leads to 
an overestimation of the factor of safety. The assumption 
that 6=4 usually leads to reasonable results. 

3 

STABILITY ANALYSIS 
FOR WEDGE FAILURE 

FIGURE 5-19 
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ONE HUNDRED YEAR RETURN PERIOD ACCELERATIONS AS A 

PER CENT OF g 	(Milne and Davenport, 1969). 
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up®tream face. of émbârikmenf".
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Design Features to Guard Agaiiist 'Pailuré by Liquefaction

1. Provide filtered underdrain to lower phreatic surface
in the embankment.

2. Maintain pool surface as far as practicable from the

upstream face of".the embankment to maintain low

phrea,tic surface..

3. Compact embankment fill to achieve in situ relative

density of 60 per cent or greâter.

4. Mass of embankment should be large enough to provide

required factor of safety against horizontal alidfng
along its base in' the event that '. tlié sheArittg otirdrigth
of the tailings ia.reducad to zero..
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SECTION 6 

CONSTRUCTION AND OPERATION' 

TAILINGS EMBANKMENTS 

Basic Construction Methods 

Where a tailings embankment is constructed predominantly of sand 
recovered from the tailings slurry, one of three basic construction methods 
can be used. These three methods have been illustrated on Figure 5-1. 
They are commonly called: 

the upstream method, 

the downstream method, 

the centreline method. 

In the upstream method the crest of the embankment is raised by 
placing tailings sand in successive dykes located on the upstream side of 
an initial starter dyke. The initial starter dyke forms the downstream 
toe of the ultimate dam. Materials used in construction of the initial 
starter dyke should be pervious, relative to the tailings, and the grad-
ation of the materials should conform to the requirements for filters 
with respect to the materials placed on the upstream side of the starter 
dyke. 

In the downstream method, tailings sand is placed on the downstream 
side of the initial starter dyke. This dyke forms the upstream toe of the 
ultimate dam and should be impervious relative to the tailings sand. 

In the centreline method, the crest of the embankment is main-
tailed in approximately the same horizontal position as the embankment 
is raised to its final height. The elevation of the crest of the dam is 
raised by placing successive layers of material on the crest and on the 
upstream and downstream fill slopes. 

Influences on Design  

The three basic construction methods described above lead to 
substantially different embankment cross-sections and produce different 
embankment material characteristics. Çonsequently, the embankment stabi-
lity conditions are radically affected. 
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In the upstream method  of  construction, the Stability of the 
fin;] embankment is dependent, te a large degree, on the shear strength 
characteristics of the tailine dePosited upstreaM or the Êmhankment. The 
shear strength of the sediMented tailings IS.gevernéd, in part, by the 
gradation ,and density of the sends, the consistency ofthésltirry and 
the distribution of the pore water pressures within the deposit after 
sedimentation. When initially deposited, the tailine have  Very low' . 
shear strength.  The  strength increases with time aS drainage and Con-
solidation takes place under the Weight Of overlying Materials. ghbar 
strength tests on repreSéntative saffinleS of thé tailings will giVe an 
indication Of their effective angle of internal .friétion.' However, the 
shear strength of thé tailings alsodependS on the distriblition Of the 
pore water pressurés within . the déPosit. 'Owing to large variations in 
permeability within the tailings,  an  accurate .  predictienOf the distri-
bution of pore water pressures cannot be • made  in advance of tenstrüction. 
Hence, the design or embankments tonstructed Using thé upstream Method 
should be based on conServative aSSumptionS regarding the :rate of pore ' 
pressure dissipation  within the tailing's. instrumentatien is usually 
required to  check  that thé,porejiressures are not significantly higher 
than the pressures assumed during design. 

For a given height and à given . downStream fill slope,:a tailings. 
embankment constrlicted tising . the upstréaiù melted Will genetally.havé a 
lower factor of safety•than atailingseffibanicment conStructed using 
either the downstream or the centreline Methods. If the stability of 
the structure is dependent on- theShear strength oftailings that  
remain loose and saturated, the embankMentMay bé subject to failure . 
by liquefaction. 'Under these conditions, the method is generally Unsuit-
able for the . construction of tailings ,embankments located inareas sub-
ject to seismic activity, For  high :embankments (in the order of 100 feet 
or more in height), the method is generally unSuitable'even in non-spisMic 
areas. 

In the downstream method, all of -the embankment section lies 
outside the boundaries of thesedimented tailings. Materials incorpor-
ated in subsequent stages of the  embankments May consist of the cearse 
fraction of thetailings separated by cycloning,  or bY.gravity,separ-
ation on the beach, - coarse ,mine tliscurd,  or of rock or  soil ebtained 
from nearby -borrow pits.. The :downstream method or construction permits 
controllecUplacement'and-compaction to aChieve high shear.strengthohar- • 
acteristics, and permits the incorporation of drainage facilities-to • 
control the position of the phreaticmater•surfacewithin the embankment.- 
It is, therefore,:inherently safer than the upstream method. . 

Sand Separation Methods  

1. 	General 

As shown in Section 3, raw tailings solids from ore processing 
can contain percentages of fines (-200 mesh) varying between 10  and 
90  per cent by weight. Generally, it will not be practicable to con-
struct a tailings embankment of these raw tailings by the downstream or 
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centreline methods when they are on the fine side of this range. Even 
with the upstream method of construction, the possibilities of embank-
ment instability will be greatly accentuated with such fine tailings. 
Usually it will be necessary to separate the coarser sand fractions 
from.the raw tailings for placement in the embankment. 

2. Sidigots  

Sand separation can be accomplished by several methods. With 
the upstream method of construction,-  raw tailings are often discharged 
into the pond through closely spaced spigots, from a header pipe instal-
led on the embankment crest. The coarser sand fractions settle out on 
the beach formed just upstream of the crest. This method is illustrated 
on Figure 6-1. Successive embankment crests are raised by scraping sand 
from the beach by bulldozer or dragline. 

3. Cyclones  

Spigotting is unlikely to be practicable with the downstream 
and centreline methods of construction even when the raw tailings are 
very coarse. Usually, it will be more practicable with these methods 
to separate the coarser sand by passing the raw slurry through cyclones, 
or through open-channel or pipe sluices. The cyclones are usually 
mounted on the crest of the embankment, as shown on Figure 6-2, but 
they can also be mounted on an abutment at one side of the embankment. 
From the cyclones, the fine overflow containing the "slimes" is piped 
to the tailings pond; the underflow containing the coarser sands drops, 
or is discharged through pipes or launders, onto the embankment. 

4, 	Sluices 

Sluices can be formed by dyking the edges of the embankment 
crest, as shown on Figure 6-3, to form a channel sloping gently down-
wards. Raw tailings are discharged into the upper end of this channel, 
the coarser fractions settling  in the channel while the finer fractions 
are carried in suspension to openings discharging through the dykes into 
the pond. The coarse sands are periodically.  removed from the channel by 
bulldozers or draglines, to be spread and compacted on the shoulders of 
the embankment. A variation of the channel sluicing method would be to 
use pipe sluices, consisting of half-pipe sections incorporating baffles 
and openings in the bottom of the pipe. Coarser sands are retained by 
the baffles and drop through the pipe openings onto the embankment; the 
finer "slimes" flow on to the pond. 

The sluicing method of construction requires flat fill slopes 
for operation of the spreading and compacting equipment. Slopes are 
normally required te be 4:1 or flatter. Because of the relatively large 
volumes of Sand required in the resulting embankment cross-sections, 
they are usually suitable only when the raw tailings contain high per-
centages of medium to coarse sand particles. 
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Sand Charadteristies 

The nature ôf thé sand interporated in thé embankment  cross-
section  is one of thé màst Critical. factOrs inflUencing -the design,' 
and the construction, of those eMbànkments which ütiliïé 
sand as the prime eMbankment Construction Material. 

Whatever the method of Sand Separation,  if the  sands deposited 
on the embankment have to be spread and -Compacted, they lutist bé rel7  
atively free-draining. As depOsitéd, they will generallY have Water 	. 
contents considerably higher than the. optimum for compaction. The 
underflow slurry from Cyclones, for exaMple, can have a 'maxi- mini ton-
centration of solids of 70-75per Cent by meight. The equivalent soil 
water content, expresSed  as  â Éercentàgé bfwatét to solids weight, 
is 43-33per cent. In comparison, thé optiem Watét  content for  côM- 
paction iS usually ih the range  of  10-20 percent.

f the sands deposited >611 the embankment have a relatiVély high 
content of clay-like "Si-iffiest!, they will not billy be site in draining ' 
to optimum water tontent,:blit.they will-be difficult to handle. Coming 
from the cyclones  with a high water content :and a high slime$ content, 
they will flow on very,flat slepes, eveh to thé eXtent of spreading 
beyond the design boundaries of the éMbankMent.  In  eontraet; . if the 
slimes content is iow, watermill drain rapidly from the:sands, limiting 
the distance théy flow on theeMbankment and aliôWing spreading - and - ode-
paction by - mechanical equipment a short time after their depo'sition. 	' 

Thé  most suitable  fines  dontent . for- sandS to be tbMpaCted in the 
embankment will'depend, to some extent, on the Mineralogical nature of 
the slimes. The reduction in fines -Content of  -the raW tailings that can 
be accomplished On the eMbankment will•depend On the methed Of sand separ-
ation used and on  the gradation ethe •aw-tailings.. Fôr exaMple, with 
raw:tailings solids Containing  70 :80Per . 'béntby- weight  of fines  (-2(10 
mesh); eVen two-stage tycloning-may hot reduce thé fines content to less 
than  10-15 per cent. As indicated by Figure 3-12,:this could still result 
in a * cyclone ünderflOw  of  relatively lbw permeability, particularly  if  
the slimes contain tlay'minerals. Lower eines 'contents would,improve 
the drainage and tOnsequentjlandling characteristics  of  thé sandâ on 
the embankment. HoweveÉ, they wbUld also increase the permeability, 
which would inC'ease the seepage tates through the:eàoankmént, if the 
sand zone formed the 'Main -water 'barrier. 	, 

Variations  in sand bharacteristits •Will bëcür  on  the .ehbankment 
even with cyclone séparation. nuCtuations in the concentration of the 
raw tailings, and in feed flow rates and pressiireS, will affect'the grad-
ation and 'water Content Of the Sand in 'the Cylone'undetfloW' billy.  a 
limited amoUnt of cycione adjustment is 'possible tb tounter these fluct-
uations. For this reason, gravity 'feed to the 'cyclones iS preferable to 
pumped feed. 
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In general, the most suitable gradation for embankment sand 
should be studied, during the design phase, by making laboratory tests 
on samples of tailings. If necessary, trial batches of raw tailings 
should be produced for this purpose. Practicable methods of producing 
a suitable sand at the site can then be developed. Discussions with 
manufacturers will usually be . necessary to decide on the types and 
number of cyclone stages required to provide a suitable underflow. A 
knowledge of the probable range of permeability of the sand from lab-
oratory tests will enable suitable seepage control provisions to be 
included in the design. 

Because of the variations which can occur in actual sand char-
acteristics on the embankment, these should be checked by sampling and 
testing during the early stages of embankment construction. The sand 
separation and placement procedures should be supervised continuously. 

Sand Yield 

A second critical factor affecting the design and construction • 
of embankments built Of tailings sand is the yield of suitable sand 
obtained in separating the coarser fractions from the raw tailings. 
Variations in Sand yield have a dual effect - a decrease in yield will 
slow the rate of.rise of the embankment crest and increase the rate of 
rise of the tailings in the pond. Particularly with finely ground tail-
ings, the yield may be too low to fill the complete embankment section 
with sand at a rate sufficiently high to keep the crest above the pond 
surface. This may require replacement of some of the sand in the section 
with borrow or dry waste materials as shown on Figure 5-1. 

The sand yield from cyclones can be computed from information on 
the gradation of the raw tailings and the characteristics of the cyclones. 
For  sand separated by sluicing methods, actual field tests may be the only 
Means of estimating' what the yield may be. 

Estimates of the long-term rate of embankment construction (in 
particular the rate of rise of the embankment crest) should make adequate 
allowance for losses in .s.and production time. Significant losses can 
include time during which the mill is shut down, winter periods when it 
is not practicable to operate spigots, cyclones or sluices, time spent 
in replacing tailings disposal pipelines and cyclones (and moving them 
fTom one crest level to another) and, sometimes, time during which tail-
ings must be dumped into the pond at points other than  on  the embankment 
to ensure full Utilization of the pond capacity for tailings storage, 
These losses can substantially reduce the long-term sand production rate. 
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Starter Dams 

Construction of a "starter dam" will Usually be thé first step 
in building a tailine embankment. the primary purpose Of thiS dain iS 
to provide a pond of suffiéient SiZe to enSure  effective  water 'clarifi-
cation.  when tailings diSposal begins, This  requireMent Will establiSh 
the minimum permisSible crest elevation. Notes on pond size have been 
included in Section 5. 

There may be advantages in cOnstructing the starter slain tO a 
higher elevation than that required siâply to create a pond sufficient 
for reclaim clarification. For an einbankMént cOnstructed of  tailings 
sand by the downstreaM method, â relatively large VOlume of sand uSus. - 
ally has to be placed doWnstream Of a starter  dam  befOre  the  crest tan 
be raised. Meanwhile, tailings and Water are rising  in the pond at à . 
relatively rapid rate, becatise the storage capacity of the pond at-10w 
levels is small. A higher starter dam Can prOVide More time for the 
placement Of sands in thé embankment befdre the pond reathes thetrest 
of the starter dam. It may thus eliminate . à need fer the plaCeMéntof 
other borrow material's in the base .of the eMbankment, It.May alsO, 
eliminate a neeçUfor.ateMporary•Spillway.Over theStarter.dani; by -Ptà-
viding more storage fer runoff:water._ Détermination Of th e. in6st  suit-
able starter starter dai crest elevation; therefore, Sheuld consider these .three 
principal factors  - water clarification, the most  economical overall': 
embankment  cross -section, and rilhoff.control. 

The importance of providing a relatiVely impermeable Starter 
dam when it is loçatedat the upstream toe Of the main embankment, and 
a relatively .perMeable dam at'the.downstreaM-toe,las beenstresSed 
previously. 	 . 	 • 

Construction. Stages 	• • 	 • 

Usually, tailings embankmentS are raised in stages' asrequired 
tc; keep the crest above thé pond  surface.  the - most practicable method . 
of staging will depend-on the methods .:Of .:sand production and distribu-
tion used and on  the volumes ofsand réqUired in the enbankment gross-
section. Metheds of laying tailings -Tipelines along berms on the . eMbank-
ment, the pipelines  being,MovedsduttesSivelyfrOm'ene bermto another, 
are shown on Figures  6-1  and 6-2.  ParticularlY•with the downstream 	. 
method of construction, it may benecessaryto Mount tailings lines 
and/or cyclones on trestles or towers for  .construction of Successive 
stages of the embankment. This may be required to keep the lines>abeve 
the pond surfacé, orto provide temporary storage for cycloneunderflow 
sand prior to it being spread:and compacted. *these trestles andtowers 
are often left embedded in the embankment, 



6-7 

Alternatively, an embankment cross-section and construction stages 
may be established so that tailings lines can be laid on successive berms, 
with cyclones mounted on raised, movable platforms for construction of the 
next stage. Such an arrangement is illustrated on Figure 6-4, which shows 
an embankment constructed by the downstream method and incorporating a zone 
of rockfill in its base. The embankment construction schedule, as illust-
rated on Figure 6-5, is related to the rate-of-rise of the pond. The elev- 
ation of the crest of the starter dam, the volume of rock fill in the embank-
ment and the stage boundaries are established so that successive berms are 
ready for the tailings pipelines before the tailings rise to the level of 
the berm on which they are operating. 

Foundation Treatment 

For dans designed to retain water, the treatment of the foundation 
surfaces under the dam can be critical to its stability. Where starter 
dams must retain considerable depths of water unassisted by any blanketting 
of the foundation by tailings, this becomes an important consideration. 

Foundation defects such as open fissures in the bedrock, or coarse 
pervious foundation soils, can be particularly dangerous. Each significant 
defect should have custom treatment, which could include: 

excavation of pockets and zones of weak and pervious soil 
and shattered bedrock, 

sealing with slush concrete those fissures that are exposed 
under.  the upstream shoulder of the embankment and providing 
drains and filter material over those fissures exposed under 
the downstream shoulder, 

consolidation grouting and/or a grout curtain (usually for 
high dams or Unusually difficult foundations only), 

ecarifying and compacting soil foundation surfaces, 

special compaction of the initial layers of fill placed 
over the foundation. 

Foundation treatment to prevent 4igh seepage and piping becomes 
less important at greater distances from the core of the dam and where 
foundations are blanketted by low-permeability tailings. Final decisions 
on foundation treatment depend upon actual conditions exposed during con- 
strùction and, therefore, actual treatment is often determined in the field. 
Minor geological details can be important in determining the nature and 
extent of the treatment. For stability against sliding failures, the nec-
essary extent of removal of weak foundation materials should always be 
considered. 
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Fil!  CompaCtion .  

Compaction of a soil is Usilàlly accoMpliShed by spreading the seil* 
in layers and compacting it With a MéchaniCal ceMpaCter, COmpaction May 
be specified by procédure (type of ceMpactor, layer thickness,:number  of  
coverages and placement water Content to be Used) Or by end predlict 
(minimum in-place density required) - .The purpeSe ofcompaction may be 
to increase the fill shear strength or to-décreasê the fill . permeability. . 

Variables affeeting CoMpaction  are 	: • 

the type of ceMpactor  (non -Vibratory pheumatié,'.Steel, 
wheel, shéép i s  foot and  grid roliere; vibratory steel ,--wheel, 
'rollers,' plate coMPacters and track-type tractor 

the weight and energy of the compaetori 

the thickness of layers, 

the  placement water:Content 	
• 

. 	 .- 	 . . 	 , , 	. 
The types of cempaCtors.arid laYer. thieknesseS Stilt -able  for the  . 

compaction of variouS  classes of  sells to 95-100 pêï,  cent of  Standard 
Proctor Maximum DenSity are - indicated on Figures 6-6  and 6-7  Fer Co-
hesionless tailings Sands, coMpaction by tracktyPe tracter is nerMally 
adequate and efficient. Contrel of  placement  water content is usually 
unnecessary as high water:centents are . not detrimental when the slimes 
content is low. The tracter weight is limited.tc the support dapaCity 
of the wet sand. 	' 	 • 

For'CohesionleSS borrew and waste materials suCh  as  rockfills, 
gravels and clean sands, compaction by track-type.tractor and haulage 
units can be adéquate, if properly , controlled. *Heavy, vibratory steel-
wheel compactors are very efficient in compacting theSe Materials, where 
additional compaction'is required. Water content control may increase 
the efficiency of compaction, but is not essential for such cohesienless 
materials, in•many cases. -  For stony materials, the maximum stone size 
permitted should be twe thirds of the specified comPaction layer thickness. 
Layer thicknesses up to 24 inches:can be used, under favoutable.cenditions, 
with heavY, vibratory steel-wheel compactors. 

Cohesive soils are most efficiently compacted by heavy pnémilâtic 
or sheepsfoot rollers. Control of the platement water content is important 
to the efficiency of compaction. Where the clay Centent  of the fill mat-
erial is significant, compaction by pneumatic tyred or steel.drum rollers 
results in smooth surfaces at the top of  each layer. These smooth sur-
faces should be scarified prior to placement of the overlying layer. 
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Additional poins to consider when specifying spreading and 
compacting procedures are: 

a particular type of compactor has its own optimum water 
content; this may not be the same as that determined by 
standard laboratory tests; it can be determined, most 
accurately, by full-scale field tests with the compactor; 
isually, however, laboratory tests give optimum water con-
tents within a few percentage points of those applicable 
to most compactors; generally, the heavier the compactor 
(of a particular type), the lower will be the optimum 
moisture content; 

in tailings embankment starter dams, or impervious cores, 
low fill permeability may be an equally important consider-
ation to shear strength; with very stony soils, such as 
some glacial tills, compaction at water contents higher 
than the optimum will usually produce a more homogenous 
fill, with consequently reduced permeability; 

because of the high water contents generally existing in 
tailings sands, tractor compaction will often be the most 
practicable method for the sand zones of tailings embank-
ments; 

use of compaction layers which are too thick for a parti-
cular roller will result in under-compaction at the base 
of the layers, with consequent increases in horizontal 
permeability of the zone. 

Water Reclaim Systems  

1. 	Types  

One of three basic systems is generally used for reclaiming or 
discharging clarified water from a tailings pond. A common system in the 
past has U.Sed "decant" culverts through the eMbankment. In this system, 
water near the surface of the pond flows through openings spaced over the 
height of a tower, or riser pipe, constructed at some location in the pond. 
Each  of  these openings, in itS turn, is plugged as the tailings in the 
pond reaches its leVel. Collected water flows down the tower and through 
a culvert constructed under the eMbankment. Downstream of the eàbankment 
the water can be allowed to drain away (if permitted by pollution control 
requirements) or it can be collected and pubped back to  the ore  processing 
plant. Some types of decant and other reclaim systems are illustrated 
on Figure 6-8. 

A second water reclaim system now commonly used is to mount 
pumps on a floating barge .or in a pmphouse capable of being moved up a 
ramp. These pumps draw water at shallow depths and discharge it into 
pipelines for.return to the mill. 

A third system uses siphon pipes installed over the crest of 
the embankment to draw water from the pond and discharge it to the down-
stream toe of the embankment as shown on Figure 6-9. 
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2. 	Comparison of Reclaim Systems  

In relation to barge-pump reclaiM systeins, the decant SySteM 
can have the following adVantages! 

mechanical or electrical failureS do not interrupt the - 
discharge. of Water froM the Pond,. 	. 

if installed to cover the Whole  rangé of pond surface  levels 
• (from empty te full), the: Only recurring opération reepired 
to.keep . them in service is te successiVely plùg.the•water 
intake openings as the tailings riSe, 

if they have sufficient  flow  capacity, thèy can  serve as 	: 
permanent drains to handle runoff  and  keep the pend empty 
after the tailings  opération haS been abandoned. 

They have thé folloWing diSadvantageS: . 	 • 

where.pend , Watér.is reclaiMed froM a point.doWnstreaM of  
the embankment, rather than froM the pen& the average • 	 • 

pumping head to the Mill iS greater (assuàing the pOnd.iS . 	. 
beleW the elevation  of the plant),' 

high decant towers are Particularly susceptible to damage 
by movements of the tailings solids by which they:are' ' • 
surroundéd;  destructive MoveMents can be caused bySluMping 
Of the tailingS, particularly when they are.deposited"to 
substantially highèr elevaticifiS along the edges of thé pond 
than at.points near the dedant tower; 	 • 

the actual pressures to which decant cùlverts  are subjeCted 
by overlying tailings are uncertain; in design, the conser-
vative assumpticin, therefore, should be adopted that they 
are subjected to thé full hYdrostatic pressuré of the satur-
ated tailings.above them; .  

foundation settlements are very likely to crack and/or open 
joints in decant culverts, often leading to serious piping 
of tailings solids into and through the culvert pipes; 

even if large enough te permit à man's'entrance, Collapsed 
sections of.culVerts located beneath an embankment are very 
difficult to repair s  and piping oecurring info theM is practi-
cally  impossible  to Ontrol. 

The principal diSadvantage of barge-puMp - reclaim systems - is the 
necessity to move thé barge (Or pumphouse) . periedically t-IÉ the pond water 
surface rises. In order to keep these moves to a minimum thé tailings 
disposal-reclaim system should be considered as à whole. Tailings sloping 
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down from the disposal points should force the free water towards the
barge-pump location. Where possible, the barge-pump should be located
adjacent to a relatively steep portion of the pond perimeter so that
long pontoon-supported flexible pipes and access ways can be avoided.
Preferably, the barge should.be moved away from the main embankment as
the pond surface rises and expands in-area. If practicable, this will
permit the pond surface to be kept smaller, and farther from the embank-
ment,.for the same depth of water at the barge.

If used, decant culverts should be conservatively designed. Suit-
able design methods are described in the references.. In general, they
should be avoided where foundation settlements are expected. Barge-pump
reclaim systems are better, in principle, from the point of view of
embankment safety.

Siphon reclaim systems have been used on some tailings embank-
ments. The main advantage of the siphon is its ability to pass full-
capacity discharges with narrow limits of water surface rise in the pond.
Constructed over the crest of the embankment, it is subject to cracking by
settlement of the embankment. Other disadvantages are:

its inability to pass,ice and debris;

the possiblity of water freezing in the inlet legs
and air vents before the pond rises sufficiently to
prime the siphon;

the occurrence of surges and stoppages as a result of
erratic make-and-break action of the siphon;

the siphon pipes are subject to cavitation and low
absolute pressures; for this reason, they are usually
limited to a total drop of 20, feet maximum on earth dams.

WASTE PILES

General

The necessary control procedures for the placement of "dry" mine
wastes will depend upon the: '

location of the waste pile in relation to the mine
and the ore processing plant,

topography of the waste pile area,

nature of the waste materials,

type of haulage method used.
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Simple dumping from conveyors or haulage.units will usually be 
the preferred method. HoWever;  placement  methods, including'spreading 
and compaction, should be selectee witn reSpPdt to the cjaste materials 
as weil as costs. Important factors to be Ob -seirved during cOnstriiction 
are tnat: • 

weak foundatiOn materials are remoVed; 

surface drainage is adequate to prevent Undesirable 
:wetting of thé fill  and the,foundatiOn by surface 
rtinoff. (drainage ditches shoilid be maintàined); 

• 
drainage material is suitable and is prôperly 
(Pipes shôtild be prOtected to'prevent breakage) 

'the ontlets of drainage layers ate.not sealed by fill 
dumped oVer theM; 

in  waSte piles on Steepslopes, MaterialS are placed in 
horizontal layers', starting at . thé lOweSt point.  in thé 
area. 

Trial Embankments 

In the design of mine waste: .piles, the shear strength and other . 
characteristics of the waste's are often not.known, to  à sufficiently 
reliable degree, prior to actual prodUction of the Wastes:,Where nec-
essary, therefore, for adequate asseSsment of the stability of the pile, 
trial sections of the pile should be constructed in the field, 'sainpled 
and tests made in the  laboratory tà determine their characteristiCs. 
Improvements in shear strength produced:by compaction Can àiSo be  •nvesti-. 
gated on trial embankments': 

• 
Suitable methods of field and laboratory testing have been des - • 

cribed in Section 4. 

CONSTRUCTION PORE PRESSURES  

The development of high excess pore water pressures in foun-
dations or embankments Consisting-  of fine-grained soilS may nééessitate 
limitations on the rate Of rise of the fill, in Order to prevent:instabil-
ity. The rate of pore water pressure dissipation  is  related to the Soil 
permeability. Measures that may be used to control fill.and foundation 
pressures include: 

drainage layers within the embankment and sand drains in 
the foundations, 

control of the rate of filling based,  on monitored obser-
vations of pore Wàter preSsUrés and eMbankment'déformations, 



EMBANKMENT INSTRUMENTATION 

Types  

Many factors affecting the stability of mine waste embankments 
can change during the active life of the embankment. This is further 
discussed in Section 7. Where changes may be critical to stability, instru-
mentation should be installed in the embankment and/or its foundation to 
monitor those changes actually occurring. 

Instruments can be installed to measure: 

piezometric levels (water levels), 

seepage flows, 

• embankment movements, 

total pressures. 

Piezometers 

A simple and effective piezometer is the Casagrande type illus-
trated on Figure 6-10. It is installed in a hole drilled into the embank-
ment or its foundation and water levels are measured by a probe lowered 
down the hole. In large diameter holes, several piezometer tips can be 
installed in the one hole, provided effective seals  are  placed to isolate 
each pervious tip from the other. 

The Casagrande type piezometer is non-metallic and is designed 
to reflect piezometric  changes  with a minimum of water volume change. 
Similar, slower reacting types can be installed using perforated steel 
casing, or steel casing and well points. Alternatively, hydraulic or 
electrical piezometers are available which can be installed horizontally 
at various 'levels in the eMbankment. These are described in the references. 
Generally, they avoid the necessity for drill holes but their operation Is 
more complicated  and  their reliability over long periods requires great 
care in fabrication and installation. 

6-13 
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ScepaAc! Flow Measurement  

itecords of seepage flôws tan indicate significant changes °centring 
in an embankment or it8 foundatidt. The seepage wàtet emerging downstreaM 
of the embankment is collected in drains, set às low  as  practicable , . which 
lead to a measuring weir or flume. Such weirs and fluMeS are - described in  

. the references. The measurement of turbidity and .chemical content at thi s . 
point could provide useful  information.  Since runoff oftenenters thé 
seepage collection drains, à record shotild bé kept of  •précipitation 	, 
affecting the flow meabutements. 

Movement Indicators 

Various ,  devices can be installed to measure eMbanktentMOveménts. 	- 
Markers can be installed on the Surface for Periodic surVeys; aligning these 
in a straight line-of-sight periilitS rapid detettiOn of horizontal fficiveffients.. 
Levelling of temporary bench marks provides meaShrement - of surfate settle-
ments. .Successive meaSureMents between twe Pegs spaced . on either Side  of'  
cracks will show if these  cracks  are widening and if the opening rate is . 
accelerating. 

The United States Bureau of ReclaMation haS uSed telescoPing 
settlement rods (with cross-arffis' mounted .at . intervaiS . on  the  rods)' for: 
many years. These deVices are detailed, in the references. qiier  are ihStal-
ledvertically  in the embankment as  its  surface rises; Measurements are 
made with a latching device loWered inside the rods. 	. 

• 
' 	Another devite for Measuring both vertical and horizontal move- 

ments is the "slopeLindicator".  For  this device, telescoping cylindrical 
casing is installed in the embankment as it rises. The instruffient is 
lowered down grooves'inside this casing and meastires the Slope of the casing  
in two directions at right angles, and the'vertical settleffient. Froà the - 
measured slopes, the horizontal moVemehts occurring oVer the height of the 

 casing can be calculated. These,  instriments - can be supplied  by  various •  
companies. 

Pressure Cells 

Various types of devicéS are available for measuring the combined 
pressure of soil and water against plane surfaces.. They . could be useful in 
checking actual pressures on decant or othér'culverts inStalled under embank-
ments. 

Records 

Measurements made at instruments installed in an•embankMent or 
its foundation should bé recorded. The frequency of the measurements 
should be consistent with experienced variations of  the  quantities measured. 
initially, measurements of piezometric . levels, seepage flows and preCipi-
tation should be madedaily.. Records shohld also be . kept of any  changes in
construction and waste placement ptocedures, and of Waste material charactér-
istics, which may change the distribution and properties of the materials in 
the embankment. The data obtained should be presented in graphical form, so 
that variations and trends can be readily noticed. Regardless of the quan-
tity and quality of observational data obtained, it is of little value 
unless reviewed on some regular basis by Someone qualified to assess its 
meaning. Normally, this review should be done by the designer of the 
embankment 
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STAGE ? 

Notes on Basis of Design  

1. Raw tailings fines content (-200 mesh by weight)• 	• 70% 
2. Sand fines content after two stage cycloning 	- 'm 11% 	- 
3. Sand yield as percentage of raw tailingt solids 	• 34% 
4. Sand dry density in eibankment 	 • 100 lbs./cueft. 
5. Slimes dry density in pond 	 ...I 85 lbs./cu.ft. average 
6. Impervious fill and filter material obtained from borrow pits ;  

rock Waste obtained from ore processing plant. 
7. Volume of rock west* in eabankment, starter dam crest elevation and sane 

stage boundaries established to permit completion of stages before tailings 
line operating  berme  OvertaPPed  by sumos - see figure 6-5. 

8. Cyclones operate 60Z of time following plant start. 

6 - 4 
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STAGE I 

STAGE 1 

TAILINGS EMBANKMENT 

CONSTRUCTION STAGES 

FIGURE 6-4 
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Requirements for Compaction of 95 to 100 Percent Standard Proctor 
Maximum Density 

Equipment 

Type 
Applicability Compacted 

Lift 
Thickness, 

in. 

Passes or 
Coverages 

Possible Variations in Equipment 

Dimensions and Weight of Equipment 

For fine-grained soils or dirty 
coarse-grained soils with more 
than 20 percent passing the No. 
200 sieve.  Nor  suitable for clean 
coarse-grained soils. Particularly 
appropriate for compaction of ire» 
pervious zone for earth dam or 
linings where bonding of lifts is 
important. 

For clean, coarse-grained soils with 
4 to 8 percent passing the No. 
200 sieve. 

For fine-grained soils or well-
graded, dirty coarse-grained soils 
with more than 8 percent passing 
the No. 200 sieve. 

Appropriate for subgrade or base 
course compaction of well-graded 
sand- gravel mixtures. 

May be used for fine-grained soils 
other than in earth dams. Not 
suitable for clean well-graded 
sands or silty uniform sands. 

Foot 	Foot 
Contact 	Contact 

Area 	Pressures 
sq. in. 	p.s.i. 

Fine -grained 	5  ro  12 250 to 500 
soil PI> 30 

Fine-grained 	7 to 14 200 to 400 
soil PI <30 

Coarse-grained 	10  ro  14 150  to 250 
soil 

E.ffecient compaction of soils wet of op-
timum requires less contact pressures 
than the same soils at lower moisture 
contents. 

Tire inflation pressures of 60 to 80 p.s.i. 
for clean granular material or base 
course and subgrade compaction. 
Wheel load 18,000 to 25,000  lb- 

Tire inflation pressures in excess of 65 
p.s.i. for fine-grained soils of high 
plasticity. For uniforrn clean sands or 
silty fine sands, use large size tires 
with pressures of 40  ro  50 p.s.i.  

Tandem type rollers for base course or 
subgrade compaction, 10 to 15 ton 
weight, 300  ro  500 lb. per lineal in. of 
width of rear roller. 

3-wheel roller for compaction of fine-
grained soil; weights from 5 to 6 tons 
for materials of low plasticity to 10 
cons for materials of high plasticity. 

For earth dam, highway and airfield 
work, drum of 60 in. dia., loaded  ro  
1.5 to 3 tons per lineal ft. of drum 
generally is utilized. For smaller 
projects 40 in. dia. drum, loaded to 
0.75 to 1.75 tons per lineal ft. of 
drum is used. Foot contact pressure 
should be regulated so as to avoid 
shearing the soil on the third or 
fourth pass. 

Wide variety of rubber tire compaction 
equipment is available. For cohe-
sive soils, light-wheel loads, such 
as provided by wobble-wheel equip-
ment, may be substituted for heavy-
wheel load if lift thidcness is de-
creased. For cohesionless 
large-size tires are desirable  ro 

 avoid shear and rutting. 
3-wheel rollers obtainable in wide 

range of sizes. 2-wheel tandem roll-
ers are available in the range of 1  ro  
20 ton weight. 3 -azle tandem rollers 
are generally ùsed in the range of 10 
to 20 ton weight. Very heavy rollers 
are used for proof rolling ci sub-

grade or base course. 

6 

Soil Type 

10 

6 to 8 

8 to 12 

6  ro  8 

4 to 6 passes 
for 

fine-grained 
soil. 

6 to 8 p 	 
for 

coarse-grained 

3 to 5 
coverages. 

4 to 6 
coverages. 

4 coverages. 

6 coverages. 

Sheepsfoot 

Rubber Tire 
Rollers. 

Smooth 
Wheel 
Rollers. 

Do.  

Compaction Equipment and Methods 
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Compaction -Equipment and Methods 

_ 

	

' 	Requirements for Compaction of 95 to 100 Percent Standard Proctor 	. 
Maximum Density 

Equipment .: 	 ; 
;ApPlicability 	 Compacted 	 -Possible Variadons la Evalpment 

TYPe 	- 	 Lift 	Passesor 

	

Thi cimei, 	Coverages 	•Diniensions and Weight of Equipment 

Vibrating 	- 	For coarse- grained soil/ with less. 	,8 to le 	3 coverages. 	Siogle pads or,plates should -weigh no 	Vibmitiog pads or plates are available, 
Baseplate 	•thaarab out I2 perceat.passing No. 	 less than 200 ll../tlay be used ia tan- 	hand-propelled or self-propelled, 
Compactors. 	200 sieve. Best suited  for  mate- 	 den  where working space is available, 	single or in gangs,with width of 	; 

	

-rials -wit h 4 to8  percent passing 	 For clean coarse7grained soil, vibra- 	coverage f rim; 1 14 to -I5,ft. 	Various 
No. 200, ,pla ced .thoroughly -wet. 	' 	 tion frequency should be no less than . 	types of vibrating-drum equipment 

1,600 cycles per minute: 	 should be .considered for compaction r 
in large area2. 

Crawler 	, -Best suited for:coarse-grained soils 	10 to 12 	3 to 4 	No smeller than D8 tractor with blade, 	Tractor ereishee up to 60,000 lb. 
Tracto r. 	, 	with.less .than 4:to :8 ,percent pass- 	 -coverages. 	34,5001b.  weight, for high compaction.; 	 _ 	_ 

' 	ing 'No. 200 sieve,.placed thor- 	, 
: 	,oughly.wet. 

Power 	: 	For  difficult access, trr-nch back- 	4.to 6 in. 	2 coverages. 	30-lb. minimum weight. 	Considerable. 	'eihtn up to 250 Ib., foot diameter 
Tamper or 	fill. -Suitable:for all 4norganic 	for silt or 	 range is tractable, depending on mare- 	4 to 10 in. 
:Rammer. 	. 	soils. 	 clay, 6 in. 	 rial 3 and conditions. 

, 
for coarse- 

grained 	. 

	

, 	bona. 

-(AE:ter. Ilvarslavi , 1949), 
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SECTION 7 

MAINTENANCE AND RECLAMATION 

MAINTENANCE PROGRAMMES 

The formation of mine waste piles and tailings embankments very 
often proceeds over a period of many years and many conditions can develop 
during these long periods to affect the stability of the  embankment. In 
this respect, mine tailings embankments differ substantially from normal 
water retaining dams, the latter usually being constructed over a relatively 
short period with tight control over the quality of the construction 
materials and methods. 

The characteristics of the materials and methods used on mine 
waste embankments may change substantially over the years for many reasons. 
Such changes can drastically alter the conditions governing the stability 
of an embankment, from those provided for in the original design to others 
which may produce instability. In essence, different conditions usually 
develop year-by-year throughou: .: the whole active life of the embankment. 
There are different crest levels, nifferent water levels, different embank-
ment slopes and cross-sections, different seepage conditions - and there 
can be different material characteristics. Therefore, there is a require-
ment for some continuous programme of inspection and maintenance of the 
embankment, beginning with the start of waste disposal and, sometimes, 
continuing after abandonment of the completed embankment. The main ob-
jectives of such a programme should be to asCertain: 

whether the embankment and its foundation are behaving in the 
manner anticipated in the design; are they moving, settling, 
cracking, eroding, sloughing, or leaking more than anticipated? 

. whether the waste and borrow materials being placed in the 
embankment have the characteristics assumed in the design; 
are they changing and, if so, how will these changes affect 
the embankment stability? 

whether the distribution of materials in the embankment and 
tailings pond is similar to that assumed in the design; are 
changed waste disposal procedures affecting material distri-
butioh and characteristics? 

whether tailings pond levels are rising in the manner antici-
pated; are the slimes or liquids in the pond threatening to 
overtop the crest of the embankment; is the rate of embank-
ment construction sufficiently rapid to keep the crest above 
the rising pond; are actual runoff and evaporation rates of 
the order forecast? 
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whether embankment drainage is adequate; is the capacity of 
culverts adequate to pass experienced and anticipated runoff 
and seepaAe; have culverts collapsed  or  become blocked; is 
embankmenÉ material becoming saturated by seepage or runoff; 

• is piping or subsurface erosion occurring in tailings embank-
ments or into decant culverts passing through them ? 

• the water table levels within the embankment; how do they 
vaty with pond levels and precipitationi have there been 

. increases in level, or seepage flow, that cannot be explained 
by increases in pond level or precipitation; if so what caused 
them ? 

The answers to these questions can be significant in detecting 
incipient or'develogng inatability in the embankment. 

INSPECTIONS  

Besides:daily examination of certain areaS, such  as  decant lines:, 
and special inspectioni after heavy rains, detailed inspections of hIgh 
embankments, and of thOse Whose failure would entail serious consequences, 
should be made at least twice each year during the waste disposai Period. 
Such inspections should inclUde  flot  only on-site inspections of the em-
bankment itself but also revieWs  of  the records of inAtruMentàtion 
installed in or near the embankment. - 

Particulat  points  tb bé checked during'inspéctions are: 

the'presence of  longitudinal and transverse cracks on the 
.crest:ôr slOpés of the embankment; 

the extent and rate of horizontal and vertical movements 
indicated by surface reference markers, settlement rods and 
slope indicators; (are the movements acceleration?); 

any signs of heaving of the foundation near the toes of thé 
embankMent slopes; 

variationain piezometric water levels and in seepage floWs; 
.the development  of  any springs or wet areas on the embankMent 
and fohridaticin surfacés; 

conditions at seepage exit  points and  at culvert or decant 
pipé outlets; i8 there sloughing at these points; is water 
floWing alông the outaide  surfaces  Of thé pipes; is the 
seepage water clear or does it contain sediments; are 
thete any signs of sink-holes appearing On the upstream  faces  
of tailings embankments; thé latter two  points  cOuld indicate 
the occurrence of sub-Surface  erosion; 

the nature of the materials being placed in waste retaining 
embankments (and of the wastes themselves), particularly of 
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spigotted and cycloned sands being placed in tailings embank-
ments; the most important characteristics will be their basic 
mineralogical character, (siliceous or clay minerals), their 
gradation and their moisture content; 

- the geometry of the embankment; is it being filled to the 
heights, widths and slopes specified in the design: have 
any unanticipated excavations been made in the embankment 
foundations, abutments or slopes that could threaten its 
stability? 

- spillway and diversion structures; are they in good repair 
and capable of performing as required by the design? 

- the extent of any erosion occurring on the embankment and 
abutment slopes and in the channels of stream diversions or 
spillways. 

Careful attention to these points can often provide forewarning 
of developing instability. 

REMEDIAL MEASURES 

General 

The extent and nature of remedial measures required to maintain 
or improve the stability of mine waste embankments will vary with circum-
stances. Some developments may require extensive work addition to that 
anticipated in design. For others, minor repairs may be adequate. Des-
criptions of the principal types of measures effective in improving 
stability and in combating erosion follow. 

Slope Flattening  

This is illustrated on Figure 7-1. By removing the weight of 
material near the crest of the slope, the driving force tending to produce 
a slide is reduced. If the material removed from the crest is dumped over 
the toe of the slope, measures should be taken to ensure that it does not 
impede drainage from the embankment. (A drain could be required if the 
material has a permeability low in comparison to that of the material in 
the base of the embankment.) 

Berms  

This is a special case of slope flattening. It is also illustrated 
on Figure 7-1. Generally, a berm can improve foundation stability but 
may not be very effective in increasing the factor of safety against slope 
failure unless it is at least one third to one half the height of the 
embankment. Its effectiveness will also depend on the shear strength of 
the material in the berm. Compaction may be necessary. 

If the embankment is to be raised, it may be necessary, for adequate 
stability, to flatten the overall slope by stepping the slope forward, thus 
forming a berm at the original crest level. 
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• Height Reduction. ' 

This could be in the form of excavation to form a berM, as shown 
on Figure 7-2, thus flattening the overall slope 

Seepage•  Control  

Inverted filters can be used to prevent erosion and sloughing 
caused by seepage from embankment or foundation surfaces, as shown on Figure 
7-2. Such filters can prevent the development of piping. However, if piping 
has developed to the point, where sink-hoies are forMing on the  upstream face 
of the embankment, it may be necessary teblanket this upstream  .face with 

 impervious fill or to seal the leaks by groilting. Where sub-surface erosion 
is occurring into culverts or pipes buried Under the embankment,. these-methods 
may be thé only ones possible also'. 

, 	IRelief  wells can sometimes be usedto lower the watet table.under 
embankment slopes, as shown' on FigUre 7-2. Such ,  systems can - be-expanded as 
the heed arises. Generally, they are not Very effective where the holes-
are located outside  of the  embankment fiil. Inciinedholes can be drilled 
under the embankffient; however, drilling at angles more than about 30 °  off 
vertical usually involves additional costs. Relief well systems are most 
effective when installed under the embankment before the start of waste 
disposal. 

Surface Drainage 

Generally, less erosion of waste  pile'  slopes. will oécur when the 
upper Surface of the embankment is graded down towards the . hiliside or 
towards the centre,. as shown'on Figure  7-3,. and. the runoff led away.through 
drainage ditches er'pipes. A drainage  system of this•type is Preferable to 
one where drains are.locate& close te the top of the slope, as seepage from 
such drains can affect the stability  of the slope. Erosion of long slopes 
can be' reduced by breaking the. length- of the slope by berms and leading - 
the drainage Water to drop pipes. Broken rock, coarse -  gravel:er grass  (if 
it will grow on the slope) can also be useà tolimit slope erosion. 

Maintenance of embankment. drainage, ystems should , be directed' to 
preventing unnecessary entry of water'inta the embankments - . The drainage 
system should be: inspected. at invervais, particularly after heavy rain, • 
with a. veiv to keeping the' system,  free of obstruction'. Arrangements should 
be made for any work required to be. carried  out  such' as: - 

clearance of vegetation, sediments and,  refuse ftom trash 
Sereens- and'  drainage' ditches„ 

rodding . of pipe drains to Clear sediments or salt deposits; 
cleaning of silt traPs,. 

attention to  the. outlets of any dtainage zones, OT other seepage 
out lets.  
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repairs as required, 

the diversion of any flow or accumulation of water into the 
permanent drainage system, 

‘attention to filters. 

Tailings settlement ponds may require adjustment of inlet and 
decant arrangements, the clearance of any blockages, and rectification of 
any undercutting of the embankment slopes brought about by wave action. 

For completed tailings embankments it may be necessary to main-
tain the decant or overflow systems to prevent the accumulation of rain-
water or to control surface run-off; the clearance of silt from these 
systems is likely to be necessary from time to time. Breaching a tailings 
embankment is not generally an acceptable means of preventing an accumula-
tion of water; this  method should only be used if erosion caused by the 
outflow will not endanger the embankment, block the drainage system or 
cause nuisance in other way=. 

Toe Embankments 

Where waste piles are located on relatively steep hillsides they 
may start to move downhill, particularly if the materials are fine and 
become saturated, or they are affected by weathering. Such movement can 
sometimes be stopped by constructing an embankment of compacted material 
at the toe of the pile. 

PREVENTION AND CONTROL OF COAL WASTE FIRES 

Factors Influencing Spontaneous Combustion  

1. 	Temperature  

Spontaneous combustion of carbonaceous materials is an oxidation 
process in which the material combines with oxygen from the air, with the 
evolution of heat. Oxidation usually proceeds very slowly at ambient temp-
eratures but increases rapidly and progressively as the temperature rises. 
Neither oxidation, spontaneous combustion, nor burning, will occur in the 
absence of air. For burning to occur with visible flame it is normally 
necessary for the material to be combustible, to reach its specific ignition 
temperature, and for sufficient oxygen to be supplied from the air. 

The combination of atmospheric oxygen with carbonaceous material 
releases heat. If the heat generated is not dissipated, the oxidizing and 
heating effects become cumulative and the temperature rises more rapidly, 
thus increasing the rate of oxidation still further. Coal and carbonaceous 
materials may oxidize in the presence of air at ordinary temperatures, far 
below their ignition point. Materials containing cellulose, such as wood, 
straw, jute, paper and cardboard do not react appreciably with oxygen until 
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approaching their ignition temperatures, within the range of about 2600/ 
 300° C. However, at ambient temperature and in the presence of moisture, 

these materials are liable to spontaneOus heating .by the action of certain 
micro-organisms.. 

2. COal Rank  
• 

lh general, lower rank:coals  are  more reactive and hence more 
suSceptible to self heating than higher rank coals. 	. 

3. Presence-of Pyrite 

, 	. Iron pyrite (FeS2) is oXidized at normal temperatures by moist 
air to form ferrous sulphate and sulphuric acid, and this reaction also is 
strongly exothermic. 

Pyrite s  if present in sufficient proportion, and particularly 
when finely divided and aSsociated with carbonaceouS, matter ;  increases the ' 
tendency towards spontaneous combustion in waste piles. Where heating 
occurs, the_oxidationefpyrite and organic sulphur in the coal wili forffi 
sulphur dioxide ., and Where there is insufficient air for coffiplete oxidatiOn, 
hydrogen sulphide will be given off. The characteristic smell of these 
gases sometimes provides a means of detecting heating. 

4. Moisture 

At relatively low temperatures ah increase in free moisture in-
creases the rate of spontaneous heating. High inherent moisture, a feature 
of low rank coals, is indicative of a tendency to spontaneous heating. The 
presence of .  free moisture'is essential for the-okidation of pyrite and, in 
the presence of pyrite, moisture accelerates oxidation and . contributes to 
heating. 

5. Void  . Ratio and Specific Surface  

- The ease - with which air passes . through waste containing Carbon-
adeous material determines  the  rate at which heat generated by oxidation 
is carried away. With large-size material and large air voids, the Move- 
ment of air  is -Usually sufficient . to  carry away any heat generated by oxida-
tion and to cool the Material. With Well graded or fine material having 
small air voids the air remains stagnant and the heat generated is retained 
in the mass but when the available oxygen is consumed the heating stops. 
With intermediate gradings and voids• the conditions for spontaneous heating 
are ideal, and the heated parts may form hot spots and eventually break into 
flame. Another important factor in the oxidàtion process is the specific 
surface of the carbonacedus materials exposed to air. . The rate. of oxidation 
genetally,increases  as  the specific Surface increases, that is as the size 
of 'particles decreaSes. 

Prevention 

There is no inekpensiVe method available for preventing spontan-
eous combustion of existing coal waste piles which are inclined to catch- 
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fire. Removal of all carbonaceous material and extinguishing of burning
ground, quenching and rebanking in compacted layers are almost the
only ways of guaranteeing that fires are eliminated. However, the fire
risk can be reduced by close attention to the following points:

removing all vegetation in front of an extending pile;

compacting the waste material and streamlining the outside
surfaces of the pile;

prohibiting the placing of flammable materials on the pile

(coal, wood, sawdust, sacking, cardboard, paper, waste

oil, oily rags, and containers for oil, grease, paint, etc.);

ensuring that boiler ashes are properly quenched before

deposition on the pile and prohibiting or controlling fires
on the pile;

backfilling and z.,:--ling all excavations and boreholes,

inspecting the pile regularly to detect fumes, etc. from
hot spots.

Control

1. Methods

The method of controlling a fire on a waste pile will depend upon
the size and nature of the pile, the local conditions and circumstances,
including the location, extent, and progress of the fire and the availabil-
ity of suitable extinguishing materials. Experience has shown that the
following methods can be used: excavation; trenching; blanketing with
inert material; or injection of a slurry of incombustible matter and
water.

Water sprays should not be used, except in special circumstances,
because of the danger of explosions.

2. Excavation

If the fire is in the initial stage the burning material may be
excavated, removed and spread out to cool. This has the disadvantage,
however, of disturbing the pile and exposing fresh surfaces to the air
and may increase the concentration of fumes. After the burning material
has been excavated, the area should be regraded, compacted, covered with
inert material and compacted again.

3. Trenching

A trench may be dug into the waste pile to isolate and retard the
progress of the fire. The trench may be left open and inspections made to
ensure that caving does not occur thereby allowing conduction of heat across



7-8 	'j  

the trench. Alternatively, a slurry of limestone dust.and water can be 
pumped into the trench. Even for small fires,.the trench should be at 
least 6 feet wide and 6 feet deep. Other inert materials such as water-
softener sludge, or spent lime may also be used.. Sand should not be used 
to fill the trench as it will admit air. 

4. 	Blanketing  
, 

Côvering the burning area with inert material such as liMestone 
dust, clay, .fine sand, or finely-ground shale, is often effective -  if the 
blanket is sufficiently thick, completelY covers the affected area (particu-
laily the - lower parts of the surrounding slopes) and is maintained airtight. 
Constant inspection and maintenance  are  required in order to ensure à contin-
uous seal: 

Injection 
• • . 	. 

• Injection of water alone into a burning pile is' rarelyéffective 
in extingilishing the fire permanently and may lead to  explosion,  but slurries 
of incombustible material have been used successfully to control waste pile 
fires. Clay, shale Aar,limestone dust may be uSed: however, limestone dust 
is preferred as on heating it proeuces carbon dioxide, which does not support 
combustion.. This effect, together with the-water in the ,slurry, may so 
reduce the temperattire that heat is dissipated faster than it is generated. 
This method has been comMonly used in cases yhere temperatures have been 
less than'100 °C.. It has also been.used successfully for fires at red heat, 
but there maY be some risk of explosion in such.cases. 

6. 	Water Sprays 

Water sprays applied continuously to a fire area can be effective 
as a temporary expedient  for  damping down waste pile fires, and may thus 
enable other work to proceed. Spraying may be effective in extinguishing 
very shallow fires but is not likely to be suitable for deep-seated fires. 
The use ofa jet of water is usually less effective than a spray, and is 
more likely to ' cause formation of water-gas Yith danger Of explosion. 

Some of the disadvantages -of using water  sprays are: 

the steam forffied is inert and therefôre is only useful in 
that it temporarily displaces air; steam has a high latent 
heat which is released on condensation, bringing the adjacent 
cooler material to a temperature of about 100 ° C and produding 
a condition suitable for the start of further active heating; 
the condenSed water may also be absorbed into the surfaces 
of neighbouring carbonaceous waste, and the heat of absorption 
may thus increase the temperature of the waste; 

• 
any explosion of water-gàs and air may aggravate the problem 
by opening the waste pile to air and causing the fire to spread; 
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if the sprays are stopped for any reason, or moved to a new
position, air may be drawn into the pile as the water drains
away;

the products formed by the oxidation of pyrite may be leached
out by water, exposing new surfaces of pyrite;

the use of large quantities of water may adversely affect the
stability of the pile; It may also produce a large volume of
acidic drainage.

EXISTING EMBANKMENTS

Mine waste embankments may become a threat to lives or property
at some time after their abandonment, or during periods when mines are
inactive. This may be because of progressive deterioration of the embank-
ment under the actions of water and weather, or because of further urban
or industrial development close to the embankments.

Generally, embankments st,,)uld be put into such a condition before
their abandonment that only occasional maintenance will be required to
prevent their deterioration to the point where instability can develop.
This will usually place emphasis on:

Providing reliable drainage systems, capable of functioning
adequately for many years with little maintenance;

protecting embankment slopes against surface erosion and
weathering;

preventing spontaneous combustion of coal waste piles.

If adequate provisions are made: to prevent saturation, softening,
weathering and chemical change of the materials in the waste embankment;
to limit surface erosion; and to prevent the rise of water tables within
the embankment; there will be no reason why its stability should decrease
below that existing at the time of its completion. Such provisions should
be included in the design of the embankments, as already described.

The most appropriate remedial measures to be taken with an exist-
ing embankment that is showing signs of instability, or which has become a
threat because of adjacent new development, will depend on an evaluation of
its existing stability condition and of the cause of the developing insta-
bility, if any. Such evaluations require, for both the embankment and its
foundation: determination of the existing geometry, both surface and internal;
assessment of the existing characteristics of the various materials; and
determination of water levels. Surveys can readily determine the surface
geometry of the embankment and its foundation. If adequate records have
been kept during the waste disposal period, it should be possible to
determine from these records., at least the approximate distribution of the
various classes of waste or borrow materials within the embankment, and so
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reconstruct its internal' geometry. If,such records have not been kept, 
it may be necessary to drill, sample.and test the embankment and itS 
foundation as described in Section 4; to determine material properties 
and water levels. With sufficient information obtained, the most pro-
bable cause of instability can usually be deduced and suitable analyses 
made to confirm the existing stability condition of the embankment. The 
most appropriate remedial measures necessary to improve its stabilitY 
can then be decided: 

RECLAMATION 

Landscaping  

Reclamation of completed .  mine waste embankments may berequired 
to obtain an acceptable  aesthetic relationship between them and their surround., 
ings.  This usually.involves landscaping of the embankment. Reclamation-
may .  provide additional benefits, such as: 

allowing wasted land to be used for agridultural, forestry 
or other purposes, 

more effective control of erosion and the rapid establishment 
of equilibrium of the embankment surface ,. 

reducing the risk of combustion of coal waste pile materials, 

improving stability above minimum requirements, 

facilitating maintenance. 

The requirements• for reclamation should be taken into account in 
the design of waste embankments. 

To ensure the effectiveness of any landscape treatment given to 
either new or existing waste embankments, their levels,  profiles and surface 
treatment should be such.that they blend unobtruSively with their surround-
ings or become acceptable elements in the Scenery. 

In develôping sdheffies for the reclamation of waste embankments, 
the following points should be considered:: 

the reclamation of existing embankments to allow their use - 
for agriculture or forestry, or to provide land for building 
or  industry, may be economically advantageous in the long 
term; 

reclamation, in the long term, reduces river pollution problems; 
however, during the shaping of an existing embankment as part 
of a landscaping scheme, pollution by run-off water from 
the embankment may temporarily increase; 
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the removal of material from the side slopes of an embankment 
may result in a reduction in stability in some circumstances; 
this should be investigated before the design of any reclama-
tion scheme involving major earthworks in finalized; 

minor re-shaping such as the removal of sharp edges, shoulders 
and corners, and the smoothing of irregular lines, features and 
surfaces, can considerably reduce obtrusiveness; low embank- 
ments with shallow slopes are less obtrusive than high em-
bankments with steep slopes; this is particularly so where the 
natural topography is flat or gently undulating; curved 
embankment surfaces are less obtrusive than plane surfaces; 

embankment surfaces on which there is a substantial growth 
of vegetation are already at or near equilibrium; the dis- 
turbance of such surfaces should be avoided wherever possible; 
and test plots are important to determine the limiting 
factors of growti. n  specific embankments. 

Surface Preparation  

Mines are located in areas having widely different climatic 
conditions and waste embankments are composed of materials of widely 
different chemical and physical composition. Surface treatments will 
thus vary considerably and, to ensure success of any proposed reclamation 
scheme, expert advice should be sought on local soils, vegetation and 
growing conditions. 

Preparation of the surface will depend on whether any agriculture 
or forestry is intended or possible, If so, it will be necessary to 
achieve a surface which is loose enough to sustain plant life. Where it 
is intended to sow grass or plant trees on a waste embankment, the surface 
layer should be given only minimum compaction; loosening can then be done with a 
cultivator when and if necessary. If considerable time May elapse between 
completion of the embankment and sowing or planting; it may he necessary 
to compact the surface and subsequently scarify it to a depth of about 18 
inches, in two directions at tight angles, with a heavy rooter immediately 
prior to planting. An alternative treatment for tree planting is to ridge 
and furrow the surface at about 6-foot intervals. It has been found in 
practice that scarified surfaces soon lose their propnty of absorption 
after grass seed has been sown, although the sub-surface structure remains 
loose. Furthermore, the indications are that after the establishment of 
a sward the increase in permeability of the surface is only marginal. 

Slopes for reforestation should neither be steeper than 35 per cent 
(the maximum slope convenient for men planting forestry transplants) nor 
flatter than 3 per cent. If trees are to be planted on extensive flat areas 
where reshaping is impracticable, waste should be tipped over the area with 
dump trucks. Individual loads should le tipped close together, avoiding 
compaction, so that the trees have a'sufficiently loose material in which 
to grow and so that there is no standing water. Terraces for tree planting 
do not encourage satisfactory growth due to'lack of drainage aA the ten-
dency for their surfaces to become heavily compacted. 
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Grass can be grown successfully on some  waste materials. Conven-
tional agricultural methods of sowing grass can only be reasonably and econ-
omically used on slopes flatter than 15 per cent. Hydraulic seeding, however, 
allows the grassing of much steeper slopes, although ,in practice, more 
satisfactory results are likely to be attained on slopes flatter than 35 
per cent. The hydraulic seeding methods permit seeding at a distance above 
the level of the equipment vehicles and, in order to accommodate these, it 
is advisable that berms should be included in the profile at intervals to 
provide slopes not exceeding about 300 feet in length. This is also a 
convenient length for erosion control on steep slopes. Hydraulic seeding 
is more expensive than sowing by conventional methods butit has the , 

 advantages of speed in places of difficult access and of rapid growth; the 
various methods may also incorporate protection against erosion. 

Soil development occurs primarily from decaying plants in the 
presence of microbial activity. Seeding on the waste material of any 
plants that will grow, even if they do not last, will start thin» process. 
Topsoil or other suitable soil-making, material  cari  be spread On  waste 
embankments prior to seeding if experience shows it to be necessary. 
Alternatively, in some cases, embankments can be fertilized to achieve 
desired results. Costs and benefits should influence the selection of the 
approach to be used. 

With high sulphide tailings, a large quantity of neutralizing 
chemicals are required, to counteract acidity produced hy sulphide oki-
dation, before plant life can be sustained.. Plant nutrients also'will be 
required, as they are with siliceous tailings. 

Prior to any cultivation of the surface by agricultural machinery, 
any stones capable of turning a plough should be removed. 

Additional drainage - measues for erosion control will be required 
on slopes before grass has become' established or before sufficient growth 
has taken place on forestry areas; this can be effected by temporary minor 
drainage ditches cut with a 'plough, or b- 	and spaced' as found necessary, 
as well as possibly with tile drains. 

- Cultivating,,Tértiiizingand_Seéding-, 

Éresh  cal WasteSare ncirMally , nettrel or'slightly alkalinebut .  
as weatheringproCeedS theyMaybecObe ittreasinglY 	dépénditigupon- 

thé proportions of' pYrIte that are'expoSed . to atMospheriC- oXidation- ane 

the .  amount  of'  alkaline' minerals that  are aVailable tO neutralize.  the' free  

High'adidity,•and'high .  local ccincéntrations' of salts -  of' Manganese, 

iron and partieillarly althinuM, MaY inCrease thetoxicïty of the surface' 

of the weathered' material  and effectively' inhibit or prevent  the  • growth of 

vegetation. 

The process of transforming coal wastes into fertile soil involves: 

neutralizing .  acidity by liming.; 

deVéloping .  a crumb structure inthe' top - layérby soWing grasa 

or possibly legumes, and building' up thé htiMua' content and 
encouraging microbiological life; 
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maintaining good drainage;

encouraging growth by watching for signs of lime and nutriment

deficiency; trace elements should be added if the soils or
leaf analysis shows this to be necessary.

The chemical composition of the coal and other waste materials
will influence the choice of fertilizer and grass to be used, and advice

on these items should be sought from local sources. Experimentation should

be carried out, well in advance of the completion of an embankment, to find
the most suitable seed for a particular locality. Test plots of typical

materials should be fenced off and seeded with recommended strains and

fertilized over a period to ascertain the after treatment required. An

unseeded and unfertilized control plot should be maintained for comparison.

The pH value and the chamical composition of waste materials on
which seeding is to take place should be determined and account taken of
the effect of atmospheric pollution (if any) and the exposure to which the
site is subjected.

SeedinR times vary throughout the country and the use of hvdraulic.
as opposed to conventional, methods permits successful seeding later in the
season.

Protection and Maintenance

Protection and aftercare of newly sown waste embankments are
important. Attention may be required for 5 to 10 years to ensure the
development of a self-sustaining vegetation cover. Wherever necessary,
fencing should be erected on the boundaries of seeded areas, even if only
for a limited number of years.

Aftercare and treatment of areas restored to agriculture should
not only include further fertilizing, if necessary, but should also

include careful management of the land to prevent overgrazing and distur-
bance of the surface.
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APPENDIX A 

ESTIMATING EVAPORATION 

PAN EVAPORATION 

The evaporation from Class A pans can be reliably estimated using 
data on solar radiation, air temperature, dew point and wind movement at 
the pan site. The basic equations, and graphs and data for their solution, 
are shown on Figures A-1 and A-5. Winter pan evaporation values missing 
because of ice cover, and snowfall, can be estimated by this method. . 
Although checks on the reliability of the method have been based principally 
on daily evaporation data, experience has shown that only minor errors 
result where monthly evaporation (mean daily value for the month) is computed 
from monthly averages of the daily values of the parameters. Theoretically, 
air pressure variations may cause a bias in computed evaporation where the 
method is applied through a wide range of elevation; however, limited data 
indicate that it can be 1:ed, without appreciable error, for elevations up 
to 5,000 feet. 

LAKE EVAPORATION 

The method described above for estimating pan evaporation assumes 
that the air temperature.and the temperature of the water in the pan are 
the same. However, observations demonstrate that the sensible heat transfer 
across the pan walls can be appreciable for the Class A pan and that it may 
flow in either direction, depending on the pan and air temperatures. Since 
heat transfer through the bottom of a reservoir is essentially zero, the 
pan data require adjustment. Similarly, the pan does not account for 
advection (the net heat energy content of inflowing and outflowing water) 
to, and energy.storage in, the reservoir. Such advection could be an 
important factor in the evaporation from a tailings pond storing water at 
temperatures above the ambient .air temperatures. 

Not all energy advected into a pan or lake is dissipated through 
increased evaporation. Since the increased energy results in higher water 
surface temperatures, radiation loss and sensible-heat exchange are also 
affected. Approximate relationships based on water temperature, elevation 
and wind movement have been established to determine the portion of the 
advected energy utilized in the evaporation process. Using these relation-
ships, allowances can be made for pan and lake advection and the correspond-
ing pan and lake evaporation values estimated. Equations, graphs and data 
necessary for the calculations are shown on Figures A-2 to A-5. The 
procedure involves estimating pond evaporation, making allowance for 
pan advection (if necessary) and assuming a pan coefficient of 0.7, and 
then adding the evaporation due to net advection in the pond. This added 
evaporation must be computed from approximate water and energy budgets, 
considering flows into and out of the pond (including seepage) and the 
temperatures of the respective water volumes. 
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E = 

Where: 

(C;th 	+ Ea 2.) / (P+7- 

(es - ea)  0 	(0.37 + 0.0041V ) 

1 tangley 1,! 1 caiurie'isq,cm. 

Ea  

E = Dagy pan evaporation - inches' . 	_ 

assumi:hE .= .Dally pan evaporation, 
Ts  = Ta 	inChea. 

= 	Slope:of saturation .  . 
vapour pressure 
vs  teperature curve  4,t' air  
temperature' Ta. 

= dem/dTa (See Figure A-5). 

= Net radiant-energy exchange 

= Coefficient depending on air. 
• prepa,ure, taken here, = 0.925  

es  = Saturation .  vapour pressure 
e water tenperature Tg 

= Vapour pressure of air at 
temperature Ta,. 

= gelative humiditY X sat- 
urtio#.  liepour pressure 

V 	Wn,d, meygmenr-ree per day 
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Qv - Qe 

Where: 

A-5 

WATER BUDGET EQUATION  

S2 - S1 = 

Where: 

I +P- 0 - 0 -E 

■ Lake storage volumes 
= Surface inflow volume 

0 	= Surface outflow volume 
= Sub-surface seepage volume Og  
= Precipitation volume 
= Lake evaporation volume 

ENERGY BUDGET EQUATION  

(IT1 + PTp  -  0T0  - OgTg  - BTe  + S1T1 - S2T2) /A 

Qv 	= Net energy advected into the water - calories per sq.cm . 

Qe 	= Increase in energy stored in the water - calories per sq.cm . 
A 	= Lake surface area - sq.cm . 
T1,T2, 
etc. 	= Temperatures - °C. 

Tp 	= Wet-bulb temperature 
Tg 	■ Water temperature at bottom of lake 
Te 	= Lake-surface water temperature 

EVAPORATION DUE TO ADVECTION  

°  ø.  (Qv - Qe ) / H 

Where: 

E e 	= Lake evaporation - cm . 
cc • .= Portion of advected energy utilized for evaporation 
H 	= Latent heat of vaporlgition 

= 	585 cal ./gm. approx. 

LAKE EVAPORATION 
DUE TO ADVECTION 

INTO LAKE 

FIGURE A-4 

Ee 



VARIATION OF DEWPOINT WITH TEMPERATURE AND WET-BULB DEPRESSION AND OF 
SATURATION VAPOR PRESSURE WITH  TEMPERATURE • 

,(PRESSURE 	30 in.) 

Saturation 	., 	 . . 	
. 	. 	., 

vapor 	. 	 • 	 • 	 . 	. 

Air 	. pressure 	. 	 . 	 Wet-bulb depression, °F 
„ 

'-temP. 	Min 	
. 

i-- 	
. 
	.. 	 . 	 . 

°F. 	bars 	In.Sg 	i' ' 23.4 • 	6 	8 ,  ' 10 	12 	14' 	16 	18 	20 	25 	30 ,., 	. 	_._ 	. 	... 

1.29 	0.038 	-7 	-20 

	

5 	1.66 	0.049 -1 - 9 	-24 

	

10 	2.13 0.063 	5 - 2 	-10 -27 

	

15 	2.74 	0.081 	11 	6 	0 	- 9 

	

20 	3.49 0.103 16 	12 	8 	2 -21 

	

25 	4.40 	0.130 	22 	19 	15 	10 	-3  -15 

	

30 	5.55 	0.164 	27 	25 	21 	18 	8 - 7 

	

35 	6.87 	0.203 	33 	30 	28 	25 	17 	7 	-11 

	

40 	8.36 	0.247 	38 	35 	33 	30 	25 	18 	7 -14 

	

45 	10.09 	0.298 	43 	41 	38 	36 	31 	25 	18 	7 	-14 

	

50 	12.19 0.360 	48 	46 	44 	42 	37 	32 	26 	18 	8 -13 

	

55 	14.63 0.432 	53 	51 	50 	48 	43 	38 	33 	27 	20 	9 -12 

	

60 	17.51 0.517 58 	57 	55 	53 	49 	45 	40 	35 	29 	21 	11 - 8 

	

65 	20.86 	0.616 	63 	62 	60 	59 	55 	51 	47 	42 	37 	31 	24 	14 

	

70 	24.79 	0.732 	69 	67 	65 	64 	61 	57 	53 	49 	44 	39 	33 	26 	-11 

«Ti 	75 	29.32 	0.866 	74 	72 	71 	69 	66 	6 3 	59 	55 	51 	47 	42 	36 	15 

e„7 	80 	34.61 1.022 79 	77 	76 	74 	72 	68 	65 	62 	58 	54 	50 	44 	28 - 7 
w 	85 	40.67 	1.201 84 	82 	81 	80 	77 	74 	71 	68 	64 	61 	57 	52 	39 	19 
2, 	90 	47.68 	1.408 89 	87 	86 	85 	82 	79 	76 	73 	70 	67 	63 	59 	48 	32 

55.71 	1.645 	94 	93 	91 	90 	87 	85 	82 	79 	76 	73 	70 	66 	56 	43 
PI  100 	64.88 	1.916 	99 	98 	96 	95 	93 	90 	87 	85 	82 	79 	76 	72 	63 	52 

CA 



VARIATION>OFSELATIVE HUMIDITY (PER CENT) WITErTEMPERATURE AND 
WET-BULB DEPRESSION 

• 	 .(PRESSURE .= 30 in.) 

Wet-bu1b depression, °F. 
temp. 
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67 	33 	1 
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87 	74 	62 	49 	25 	1 
89 	78 	67 	56 	36 	16 
91 	81 	72 	63 	45 	27 	10 
92 	83 	75 	68 	52 	37 	22 	7 
93 	86 	78 	71 	57 	44 	31 	18 	6 
93 	87 	80 	74 	61 	49 	38 	27 	16 	5 
94 	88 	82 	76 	65 	54 	43 	33 	23 	14 	5 
94 	89 	83 	78 	68 	58 	48 	39 	30 	21 	13 	5 
95 	90 	85 	80 	70 	61 	52 	44 	35 	27 	20 	12 
95 	90 	86 	81 	72 	64 	55 	48 	40 	33 	25 	19 	3 
96 	91 	86 	82 	74 	66 	58 	51 	44 	37 	30 	24 	9 
96 	91 	87 	83 	75 	68 	61 	54 	47 	41 	35 	29 	15 	3 
96 	92 	88 	84 	76 	70 	63 	56 	50 	44 	38 	32 	20 	8 
96 	92 	89 	85 	78 	71 	65 	58 	52 	47 	41 	36 	24 	13 
96 	93 	89 	86 	79 	72 	66 	60 	54 	49 	44 	38 	27 	17 
96 	93 	89 	86 	80 	73 	68 	62 	56 	51 	46 	41 	30 	21 
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APPENDIX B  

ESTIMATING RUNOFF  

ANNUAL AND SEASONAL RUNOFF VOLUMES 

Seasonal or annual forecasts of runoff volumes are feasible 
where snow accumulates during the winter and is followed by a characteris-
tic spring thaw. These conditions exist in many parts of Canada and 
methods for estimating runoff from snow melt are included in this Appendix. 
It is feasible also, to estimate the probable return period of high annual 
or seasonal precipitation values which could occur, by statistical frequency 
analysis, where long-term precipitation records are available. Methods of 
making such frequency  •analyses are described in the references. 

A simple plotting of annual precipitation versus annual runoff 
will often display a high degree of correlation, particularly in areas 
where the major portion of ):-:1 precipitation falls in the winter months. 
In order to be reliable such b. Èr..-cipitation runoff relationship would 
have to be determined for a catchment basin having characteristics similar 
to that considered, or a correlation would have to be established between 
short-term records in the catchment and long-term records available in an 
adjacent catchment. 

Snow surveys in the catchment basin are sometimes used for fore-
casting the seasonal runoff from snowmelt. Although a good correlation 
can be obtained.between snow-survey data and seasonal runoff, on large 
catchments it has been found that because of drifting, variations in winter 
melt from point to point and variations in ground water storage and preci-
pitation during the runoff period, snow cover is usually less dependable 
than precipitation in providing an index to seasonal runoff. 

FLOOD RUNOFF FROM RAINFALL  

Maximum Rainfall  

The quantity of runoff produced by a stream depends on the 
moisture deficiency of the basin at the onset of rai  and on the storm 
characteristics, such as rainfall amount, intensity and duration. For 
small catchment areas of a few square miles, the areal distribution of 
storm rainfall can be assumed to be uniform, without appreciable error. 
Often, the intensity of storm rainfall to be expected over the catchment 
area can be obtained from precipitation records in catchments in the same 
general area. Climatic maps have been published, also, showing recorded 
maximum 24-hour precipitation values across Canada. Where records of 
annual maximum rainfall amounts for a specified duration (nay 24 hours) 
are available, the probable maximum rainfall can be estimated by statistical 
analysis of the records, being approximately equal to the mean of the 
series plus fifteen times the standard deviation. This method has been 
found to yield reliable values in Canada. 
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- Initial  Losses 

' 	Studies have indicated that a fairly definite quantity of water 
loss by infiltration is required to satisfy initial field mo•sture defici-
ehciés before runoff will occur, the amount of loss depending upon antecedent 
rainfall conditions. Allowances for such "initial losses" are ordinarily 
made in estimating runoff volumes. They may range from a minimum value of 
a few tenths of an inch during relatively wet seasons to approximately 2 
inches during dry summer and autumn months. The initial loss for conditions 
usually preceding major floods in humid regions normally ranges from about 
0.2 to 0.5 inch and is relatively small in comparison with the flood runoff 
volume. Consequently,in computing infiltration indices from records of 
major floods, allowances for initial loss may be neglected or estimated 
approximately. 

•Infiltration Indices  
, 

The infiltration  index iS usuallY defined às an average rate of 	. 
res.s such that the volhme of rainfall in ekéess of:that-rate will.equal 
the Volume of direct runoff. Values computed for a number of drainage basins ' 
in the United States and çonsidere&to indicate approximately the minimum 
indices to be expected during  major storms:;  were within the ranges tabulated 
on  Figure B-1.-  . 	 . . 	„ . 	 . 	 . . 	 . . 	 . . 	 . . 	. 
Synthetic Unit,Hydrographs 	. 	. . 	. 	 . . 	. - 	. „ . 	 . 	. 	. 	, 	. „ 

.', 	A unit hydrograph,is.one,representing one?inch.of direct - runeff..' 
froM a rainfall Of.some uni t.  duration-(saY dvéi. '6 , 116urS)-  and speCificaréai 
distribution : The basic  premise:implies that rainfall excess of twe inehes -
'within the Uni t.  of duratien will produce a:runoff hydregraph having Ordinates.: 
tWiee as great as those of thé unit hydrograph: The term "unit-rainfall 	' 
duratiOn" refers to the runoff producing rainfall, or rainfall ekeess, that 	- 
results In à linit-hydrograph. The unit hydrograph resulting from a 6-hour 
unit-rainfall duration is termed a "641our unit hydrograph". , The term "lag" . 

 is the length of time from the midpoint of thé unit rainfall duration.to. 
the 'peak of the unit hydrograph," -For small drainage areas.the value of 
the unit-rainfall duration selected fot determination.of thé unit hydrograph 
should not exceed about one  half -the lag:  

Two basic methods are used for developing unit.hydrographs as, 
follows: 

- Analysis of rainfall-runeff records for isolated Storms 
occuring'over the catchment basin. (This requires rainfall 
and streaffi-flow records for the aCtual catchment basin;) 	- 

- CoMputatien of Synthetic unit hydregraphs from direct analogy 
With-basins of similar Characteristicsor from indirect. H 
analogy with à large number of other basins through thé - 

application of empirical relationshipS.. The empirical 	- 
relations presented by Franklin  F.  Snyder have proven to 
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be particularly useful in the study of runoff character-
istics of drainage areas where stream flow records are not 
available. The basic equations for deriving a synthetic 
unit hydrograph by this method are shown on Figure B-2. 

The general procedure should be to: 

- Analyze such hydrological data as are available for the drain-
age area to determine approximately the peak discharge, lag 
and general shape of unit hydrographs (in many instances, 
fragmentary hydrological data that are not adequate for unit 
hydrograph derivation in the usual manner may be very useful 
in connection with synthetic analyses). 

- If adequate hydrological records are available, evaluate 
the coefficients required for the basic equations and use 
these values in estimating the peak discharge of a synthetic 
unit hydrograph for the given drainage area. Lacking such 
records, adopt values based on records for adjacent streams 
with similar chaxactristics. 

- By a general comparison of the runoff characteristics involved, 
estimate whether the unit hydrograph peak discharge values 
computed for the particular area are consistent with values 
for comparable basins. 

Studies have been made to determine the probable degree of 
accuracy inherent in the use of unit hydrographs derived from records of 
minor floods, in estimating critical rates of runoff from maximum probable 
storms. These studies indicated that unit hydrographs required to reproduce 
the major flood hydrographs had peak discharge ordinates consistently higher 
than those computed from records of minor floods in which the areal distri-
bution of rainfall was approximately uniform. In the majority of basins 
considered, the peak ordinates of unit hydrographs derived from major flood 
hydrographs (representing runoff volumes of water greater than about 5 
inches depth from the drainage area) were 25 to 50per  cent  higher than 
values computed from records of minor floods (runoff 1-2 inches). Particu-
larly for small catchment areas, the computed peak discharge should be 
increased by a percentage of this order, if the unit hydrograph has been 
based on precipitation values that are small in relation to the probable 
maximum rainfall in the area. 

Methods of adjusting the derived unit hydrograph to accommodate 
differences in the peak discharge (using empirical relationships relating 
the widths and heights of the peak of the unit-hydrograph as shown on 
Figure B-3) are given in the references. 
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RUNOFF FROM ' SNOWMELT - 

General 

Unlike rainfall, snowmelt is not a quantity that can be measured 
directly and, therefore, it must be estimated indirectly from meteorological 
parameters. In relation to flood hydrograph analysis, this involves primarily 
the determination of snowmelt rates under various conditions of terrain, 
vegetal cover and weather. Secondly, it involves evaluation of the effect 
of the snowpack OD runoff. Evaluation of the total volume of runoff during 
,the melt season involves determination of the water equivalent of the snow-
pack. 

Snowmelt Wring Rain-Free Periods  

Estimating snowmen on a theoretical basis is a probleffi of heat 
transfer involving radiation, convection and conduction. The relative 
importance of each og these processes is highly variable, depending upon 
conditions of weather and local environment. 

The natural sources of heat in melting snow are: 

- Absorbed solar radiation 

- Net longwave (terrestial) radiation 

- Convection heat transfer from the air 

- Latent heat of vaporization by condensation from the ait 

- Conduction of heat from the ground (usually negligible) 

- Heat content-of tait water. 

Solar (shortwave) radiation is the prime source of all. energy at 
the earth's surface.  The amount of heat transferred to the snew pack by 
solar radiation varies With latitude, season, time.of day, atmospheric 
conditions, forest covet and reflectivity (albedo). of the snoW. By far 
the largest  variations  in the portion Of Solar radiation transmitted by 
the atmosphere are'caused by cloud's, and 'direct measurement of.solar 
radiation principally reflects the effect of depletion by clouds. Since 
such radiation measureMents are available for relatively few•meteorological 
stations in Canada, it is usually necessary to estimate incomibg radiation 
indirectly freffi data en the duration of. sünshine, observations of cloud . 
cover or diurnal ait teffiperature fluctuations. Metheds for making -these 
estimates are described . in the references. A noffiograph for estimating-
incoffiing solar radiation at latitudes below 50 °N is shown on figure B-4. 
Graphs showing the seasonal  and latitildinal variation of Solar radiation 
outside the earth's atmosphere, and the Seasonal Variation of incident . 
radiation on north-soilth facing slopes, are included On Figure 't-5. 
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The albedo, expressed as the 
radiation to that incident on the snow 
the amount of solar energy absorbed by 
than 80per  cent for  new fallen snow to 
late season snow.  

per cent of reflected shortwave 
surface, is important in estimating 
the pack. It may range from more 
as little as 40per'cent for melting 

Generalized equations have been developed for snowmelt during 
rain-free periods, on the basis of various assumptions and requirements 
for varying conditions of forest environment. These equations are tabulated 
on Figure B-6. The melt coefficients represent the actual melt of the 
snowpack, expressed as daily ablation in inches of water equivalent over 
the snow covered area. The coefficients also express melt for a ripe snow-
pack. (Isothermal at 32 ° F and with a 3per cent free water content.) 

Snowmelt During Rain  

For clear-weather, springtime snowmelt, energy exchange by the 
process of turbulent exchange from the atmosphere is of secondary importance 
compared with radiation. Ia winter rain-on-snow conditions, however, 
turbulent exchange is the domina heat exchange process. It involves 
the transfer of sensible heat from warm air advected over the snowfield 
(convection), and also the heat of condensation of water vapour from the 
atmosphere condensed on the snow surfaces (condensation). 

For this reason, solar radiation melt during rainstorms is 
relatively small and the basic equations can be simplified by assuming an 
average rate. The simplified equations for estimating snowmen during 
rain are tabulated on Figure B-7. Values of wind speed and temperature 
used in the equations should representative of average conditions over 
the snow covered area of the basin. (The reductions in wind speed in 
the forested portions of the basin are accounted for in selection of the 
basin convection - condensation melt coefficient.) 

Effect of Snowpack Condition on Runoff 	 • 

Runoff analysis for winter or early spring periods requires con-
sideration of the storage effect of the snowpack. This is determined pri-
marily by the conditions of temperature and liquid water within the pack 
at a given time. Generally, these have to be estimated indirectly from - 
information on changes that have been known to occur. During the natural 
spring snowmelt period, the snowpack is conditioned to produce runoff early 
in the period, and there is generally little storage effect after the 
initial priming has taken place. A "ripe" snowpack is said to be "primed" 
when its liquid-water-holding capacity has been reached. At this point, 
the only storage effect is that of "transitory" storage, resulting in 
temporary delay of liquid water in transit through the pack. There is no 
restriction on the time of year that the snowpack may yield water to the 
underlying ground surface. Mid-winter rainfall or snomelt may .satisfy the 
"cold content" (the heat required to raise the temperature of the snowpack 
to 0 ° C) and liquid-water-holding capacity of the snowpack. After those 
deficiencies have been met, any further input of liquid water at that time 
will pass through the snowpack as drainage by gravitational force. 
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Observations have indi,cated that the liquid-water-holding capacity
of snowpacks generally falls within the range of 2-5:per cent of the total
water equiva:lent.. For an initially cold (sub-freezing) snowpack, the
equivalent cold content (inches of water prod.uced at the surface by'rain or
snowmelt which, upon freezing within the pack, will warm it to.0°C), can, be,
calculated from the eqûation given on Figure: B-7.. This, must be added' to
the liqùid-water-deficiency (capacity minus liquid-water.content) to.obtain
the total water required to conditiôn the snowpack to,.produc& runoff:- Qbser-
vat,ions. have indicated that there is a diurnal variation of. liquid-wâ.ter
content of snowpacks during springtime,, the content after drainage durïng,
the night ranging from 2,to 5.per cent and being, as! much as laper cent dur9:ng..
the day. (Due to melt wâter in transit)..

The time delay to runoff for mountainous, areas, is in-the or.der-
of 3-4 hours for moderately deep..packs. However, where horizontal drainage^
is limited., as on the plains, the delay may be much longer..

Runoff Losses

In snow hydrology,.it is assumed,that.no direct runoff'occurs,
until the soil storage is.filled:toits capacitÿ.. For typicalmountain
soils, the theoretical maximum storage ca:pacity: ranges. fr.om. 4' t6 8> inches,
of water,..for the,zone from whicti, stored water. may be removed, by, transpix-
.ation or evaporâtion. However, for areas of deep-snow-accumulation,: the
soil moisture deficit is-satisfied early..in.the:snowmel`t periôd°and:, in
many cases, it is. satisfied in the autumn fr;oin rairifall or sriowmelt. Also.,
frozeri ground wi11 inhibit infiltratiôn.

Loss of water by evapotranspiration can be es,timate&by.various
empirical formula:e. Generally, evapotrans.piration.losses,,from.snowpacks:
in forested areas during. the spring, me.1t peri-od' can be: taken^ as about 12.
per cent-Of the water equivalent of' the, snowpack..

Loss.by evaporation from the^ snowpack itself is usually smal.l`,
observations in, the ï7ni.ted- Stated- indicating it to average: less- than 0.5
inch of water per month.^,; during, the wint-er and, early spring.. During, .late
spring there, is us.ua>Lly: condensation, on, the, snow, surféce.,

Ground-water recharge,,, the source .of base stroani-flow.,, usually
returns to^ the stream- over a,period:. much- longer,,than: tfiat' of th& direct.
runoff. For typ.ica.-1. mounta`i;nous: aré'a_s=. of' the Westerrit United., S:tates^,. it
accounts for about 30 per c.ent of the snowmel't.

Snowmelt Hydrographs .

Unit hy;drôgraphs for sinowmel.t runoff'can! be d'erïved, by, trial-and-
error techniques through reconstitution: of historical data,,, as déscribed:
in the references. However, as,snowmelt is more or Z'ess:continuous: over a
long period of time, it is impractical' ^,o- derive- unit=hydrographs• by analysis
of isol'ated` short periods of intense^ runoff..
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NUMBER OF VALUES WITHIN VARIOUS RANGES COMPUTED 
FROM HYDROLOGIC RECORDS FOR NATURAL DRAINAGE BASINS  

Range 	Jan. 	March 	May 	July 	Sept. 	Nov. 
Im/hr 	Feb. 	April 	June 	Aug. 	Oct. 	Dec. 

Northeastern U.S.A. Drainage  

	

0 - .02 	 8 

	

.02 - .05 	 10 	1 	 6 	 3 

	

.05 - .10 	 3 	3 	 8 	11 

	

.10 - .15 	 1 	 5 	 7 

	

.15-  .20 	 2 	 4 

	

.20 - .25 	 2 

	

Over .25 	 2 	1 	6 	 6 

Total No. 	 21 	7 	1 	29 . 	31 

North U.S.A. Pacific Drainage  

	

0 - .02 	3 	 3 	 1 

	

.02 - .05 	4 	 4 	1 	 4 

	

.05 - .10 	2 	 1 	2 

Total No. 	9 	 7 	1 	 1 	7 

(U.S. Army Corps of Engineers) 

INFILTRATION 1 NDICF.S 

FIGURE 	BI 
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BASIC :EQUATIONS 

tp = Ct ( LL 	)" 

t r  = tp /5.5 

qp« 640 Cp/tp 

tpR* tp 4. 0.25 (tR —  tr ) 

qpp- 640 Cp 	tpR = qp tp/ tpi• 

Where: 

tP• Lag time Of .tt unit hydrograph hàurs' 

e 	Unit rainfall duration - hours 

iR n 	Unit rainfall duration other than Standard Unit tï. hblita 

l'PR* 	Lag time Of te unit hydrograph hOurs 

cIP e 	Peak discharge rate of the tt lÈiIt hydidgraph 

SR 	Peak discharge rate Of the te Unit ildrOgraph - c.f.A./aq.mile 

c) p 	Peak diacharge rate Of tt Unit 4drOgtaph 

brainage area square Mile',  

Loan 	Stream Mileage frob site tb centre Of gravit of thé  
• 	drainage aea. (tb à point  opposite  the C. Of d.) . 

L 	'Stream  mileage froM site to Unstream 	of  the 
drainage area. 

Ct & 	Coefficien ts  dépending,Upbn unita and 'basin characteriatica.. 
Cp 	tbrieSponding . lialues Of Ct and 640 tp -: 

640 Cp: Range : 200 - 600 -  Average : 460 
èt: lane: e.0 -  0.4  - Alierage: 2:0 

SYNTRÉTIt UNir HYDRUCRAPH 
SNYDERS EtillAtleNS .  - 

FI GUR E  
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June 21. 
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- SEA$ONAL CORRECTION TO  REDUCTION FACTO 

:Percerit of POssible Sunshine  
.Month 0 10  - 20 30  40 50 60 70  

Jan.' +4 +3 +3' +2 +2 '+2- +1 4.1 
'Feb. +3 +3 +2 +2: +2 +1 +1 +1 
Mar. 71 -1 -1:-. 71 -J 0 0 0 
Apr. -2 -2 -1 -1 f-1 	-1 '0 
May 	-4 -3 .-3. -2 -2 -2 -1 -1' 
June -5 -4 -4 	-2 -2 - 2 - 1• 

July -5 -4 —3 	-2 . : -2 -2 -4 
. Aug-. -4 -3 -3 -2 	-2 -1 - 1 -  
Sept. 	-2 -U -1 74 -1 -1 -1 
Oct. 	'0 	0 - 	0 	'0 	0 	0 	0 	0 
Nov, -+2 +2 +1 +1 41 +1. +1 0 
Dec. +4 +3- +3 +2 +2  +2  +1 +1 

SOLAR RADIATION VS. 
LATITUDE AND '$•UNSHINE 

FIGURE  B-4  
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BASIC EQUATIONS

Heavilyforested..areas (>80%)
1

M - 0.074(0.53 Ta+0.47.Td)

Forested area:, (60-80%)
F+I .^ k(0:0084-14 (0.22 Va +'0.78 T^ + 0.029.T'd

Partly.fOres ted ared: . (10-60%)

M- k'(1-F:)(0,004011)( I-d)+k(O:Q084,u)(0:22Ta+0.78Ta )+F(0.029T ' d}

k1

.M

(<10%)

+ ,k CO,OC)$4 v).(0.22T'p+O.iB T^ )

i-o)+(1-•N.)(0.0212,Tô -0.84)+N(0.C729T'C

Diffeirence between air and.snawsuxface temperatures --. OF

. Differencs between dewpôint and surface "températures,.- F

Wind speed.in open areas - mijés/.hour

Sblar radiâtïôn on horizontal s urface (insolation) - langleys

Basin shôrtwave radiation melt factor - (Sée Fig. B-5. It

would be 1.0 for a basin essentially 'horizontal or.whose

north :and sQuth s lnpes,: are 'areally: balanced. It. .usuailÿ

falls within,the. limitsof 0..9 and 1.1 during spring).

Averagebasin forest ccver:, expressed as ' a decimal fraction-.

Dilferencè-between cloud base And show surface

tëmperatu'res OF.,
(Air temps,. drop 3-5.°F/1000 feet elevation. Where cloud

bâseis less than 1000. feet, its,temperatiire can be assumed

equal to surface air,temperature).

Cloud:côver, expressed as,a decimal fractiôn.

Basin convection - condensation.melt factor. (See Fig.B-7).

(U.S. Army Corps,of Engineers)

SN4WMELT DURING
RAI N - FREE PERIObS

'FIGURE B-6
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SNOWMELT EQUATIONS  

Heavily forested areas: 	(>80%) 

= 	(0.074 + 0.007 Pr  ) (Ta  - 32) + 0.05 

Open or partly forested area8:(<60%) 

= 	(0.029 + 0.0084 kv + 0.007 Pr  ) (Ta - 32) + 0.09 

Where: 

Snowmelt rate - inches/day 

Ta 	= Mean temperature of saturated air - °F. 

= Mean wind speee- miles/hour. For partly forested 
areas, wind values should be those representative 
of the open portions of the basin . 

Pr 	= Rate of rainfall - inches/day. 

= Basin convection - condensation melt factor. This allows 
for basin exposure to wind. It would be 1.0 for unforested 
plains, but could be as law as 0.3 for densely forested 
areas . 

COLD CONTENT EQUATION 

Wc. 

 

P 	/160 

Where: 

Wç 	= Cold content equivalent - inches of liquid water. 

7  Snow density - grame/cobic centimetre. 

m Snowpack depth - ioehes. 

.Ts 	e Average snowpack temperature deficit below 0°C. 

SNOWMELT DURING RAIN AND 
SNOWPACK COLD CONTENT 

(U.5. Army Corps of Engineers) 	F1GURÇ 	9-7 
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APPENDIX C  

MEASUREMENT SYSTEM CONVERSIONS 

GENERAL  

Differing systems are used in civil and mining engineering in 
defining the properties of soils and wastes. The civil engineering system 
has been used throughout this Guide since practically all data on soils 
are based on this system. Formulae showing the relationships between various 
common measurements in the two systems are given in this appendix. 

WATER CONTENT  (W) 

Civil: 

Mining:  

Wc per cent =. 100. weight of water/weight of solids 

Win  I'per cent,. 100. weight of water/total weight 

Conversion:  Wc 	 = 100 Wm/(100-Wm) 

VOID RATIO, POROSITY, SATURATION, CONCENTRATION  

Civil: Void Ratio (e) = Vv  /Vs  

Where: 	Vv  . Volume of voids 
Vs  =  Volume of solids 

Porosity (n) 	=Vv  /V 

Where: 	V = Total volume 

Degree of Saturation (S per cent) 
= 100 Vw /Vv 
= Wei('w/rd - 1/G5 ) 

Where: 	Vw = Volume of water 
5.w = Density of water 
yd . Dry density of soil 
Gs  = Specific gravity of solids 

Mining: 	Volume Concentration (C per cent) = 100 Vs/V 

Weight Concentration (Cw per cent) 
= 100. weight of solids/total 
weight 

Conversions:  e = n/(1-n) 	GsWe/S 

c = 100/(14-e) 

Cw = CG s/Gm 

Cm  . (1-C)/(1-Cw) 

Where:  Gin  = specific gravity of mixture. 
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