21913

l National Library  Bibliothdque nationale CANADIAN THESES TNESES CANADIENNES
of Canada du Canada ON MICROFICHE SUR MICROFICHE
!
NAME OF AUTHOR/NOM DE L°AUTEUR HARR] Eg) gs,«/ﬂ/v AL/ TY AL
_TITLE OF THESIS/T/TRE DE LA THESE___ D€ Sfiyw v ,Po*v Wmvm._ 0_,f

UNIVERSITY/UNIVERSITE %yw'/wé - ﬁ}[,ﬁéwi
DEGREE FOR WHICH THESIS WAS PRESENTED/.

GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE /? é ' D .
YEAR THIS DEGREE CONFERRED/ANNEE D°OBTENTION DE CE DEGRE /97 &

G

NAME OF SUPERVISOR/NOM DU DIRECTEUR DE THESE

Permission is hereby granted to the NATIONAL LIBRARY OF
CMDA to microfilm this thesis and to lend or sell ogpi‘gs
of the film. | | R
| The author resorves other publication rigﬁts, and neither the

- thesis nor extensive extracts from it may be printed or other-

wise reproduced without the author’s writte .« rmission.

NR. POy FenS o

L'autorisation est, par la présents, accordée  ls BIBLIOTHE-
QUE NATIONALE DU CANADA de microfilmer cette thdse ot
de préter ou de vendre des exemplaires du film.

‘ L'autcur’ se réserve les outres droits de publication; ni s .

thase nl de fongs extraits de celle-ci ne doivent étre imprimés

ou autrement reproduits sans ['sutorisation dcrite de [auteur.

DATED/DATE . L £ L. d // 7Y SIGNED/SIGNE

PERMANENT ADDRESS/RESIDENCE FIXt

.

NL*8t tV1e78)

v




/\J

c’_,,/”/ THE UNIVERSITY OF ALBERTA

DESIGN AND PERFORMAN: =

OF TAILINGS DAMS

by

@HARI KRISHAN MITTAL

A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES

AND RESEARCH IN PARTIAL FULFILMENT OF THE
REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

DEPARTMENT OF CIVIL ENGINEERING
EDMONTON, ALBERTA

FALL, 1974



THE UNIVERSITY OF ALBERTA v

FACULTY OF GRADUATE STUDIES AND RESEARCH

fi

The undersigned certify that'they have read, and  °
recommend to the Faculty of Graduate Studies and Research

for acceptange, a thesis entitled "DESIGN AND PERFORMANCE

-

OF  TAILINGS DAMS" submitted by Hari Krishan Mittal in

partial fulfilment of the requirements for the -degree of

' Doctor of Philosophy in Civil Engineering.

N. R, Mor;anstern, Supervisor

o o—— |

® ® o8 00 00 s e * o o000 00
"

* @ s 8000000 s 00000 s0asoe ® e o0 0% 0

2. Eisenstein

.:?%Téafégg%;;%z;&%%zﬁ.u;.........Q
F. Schwartz | )" '

ields, Eﬁtegpal.Examinér

-

Date: .. une 7, 1974.



-. To The Memory of My
Dear Departed Mother

(iv)



/

ABSTRACT

‘Tailings embankments have been constructed, in
the past, with little or no regard to some of the basic -
principles of dam engineering. This has regulted in many
failures, some with disastrous consequences. These failures,
along with the growing concern for pollution control, have
sparked an unprecedented interest in the safety of waste

embankments.

This thesis is intended to synthésize design
criteria for the construction of tailings embahkmépts. The
general approach followed in this undertaking has been to
rationalize the requirements for safe construction in that

possiBle wastefulness of ovefdesign may be avoided.

The thesis outlines ope:ating conditions under
which a safe tailings embankmentvcén be bdilf by the
economical upstream method of construction. High tailings
dams, howeQer, must b?_buiit by }he downstream techniques or
by one of the modifiéd methods‘éresented in this thesis.

The viabiiity,of these methods would, however, depend upon

the sand recovéry from tailings.~ it is showngthat through

the judicious ﬁandiing of maverials, a fairly high degree of
(v} | ‘ |



sand recovery can be achieved since a much higher percentage
of fines can be tolerated in the sand than that presently

K]
specified at most projects.

The existing state of “inder-consolidation of
,slimeé is shown’ to effect the rate of seepage through'a dam
and the other related features in the design of tailings dams.
New methods of measuring the dominaﬁt parameters of in situ
density andlin situ permeability are explored and suitable
'équipment and techniques have been developed. 1In situ
density is measured by a nﬁcléar probe and in situ
permeability above the water table is deduced from a constant
head infiltration test. Both tests have been applied under
field conditions and shown to g;véfreliable rgsults. The
detailed laboratory testing and the field investigations at
three typical tailings dams have prbvided'a considerable in-

sight into the requirements of materials handling in ;the

construction of a safe tailings embankment.

(vi)
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CHAPTER I

INTRODUCTION

S

1.1 Tailings and the Significance of Their Disposal

Tailings are a waste product of the mining
industry. 1In a typical mining operétion, the recovery of
valuable minerals is' achieved by crushing and grinding ore
to silt and sand sizes, and then subjecting the ground ore
to a process of "concentration". Although there are several
other techniques, "flotation" is the most commonly used
concentration process today and perhaps has been since
its introduction to the mining industry in 1924 (Encyclopedia
Britannica). This process consiéts of treating the ground
ore in a bubbling mixture of water and‘suitgble chémicals
so that the metallic minerals adhere to air bubbles which
float to the surface and are removed as a concentrate in
the froth. The remaining grcund rock constitutes'the

unusable waste material, commonly known as tailings.

' The volume of tailings to be distarded depends on
the type of ore and the mining operation. 1In the case of the
metallic minerals, ores containing less than one percent

marketable mlnerals are be1ng mined at the present tlme



)
The new open pit minesqih fhese low-grade ores and the tar
sands plants, in northern Alberta, are among the largest
producers of tailings. The future oil shale developments
in  the United States, also, are likely to produce some very

large volumes of tailings.

In view of the large volumes of tailings produced
in these operations,‘the cost of tailings disposal can be a
significant portion of the total capital outlay. For
example, Tetu and Pells (1971) report that at Brenda Mines
in British Columbia, of the initial capital outlay of
62.3 million dollars reQu%red‘to put the mine into opé}ation,
8.2 pe;cent (or 5.1 million dollars) was allocated to the
tailings system. It is further. estimated that the on-going
cost of the dispoéal facilities at this project is likely
to be in the range of 5 to 10 centé per ton of tailings
disposed. With the total  amount of La.lings estimated to
be in the order of 175 to 200 millic~ :ons during the
operating life of thé mine, this will resﬁlt in a signif—
icant expense in addition to the initijial 5.1 million dollars.
Because of the high costs involved, the very viability of
the more marginal mining propertiés can, therefore, depend

on the economical disposal of tailings.

Disposal of tailings presents a major potential
th;eat to the environment as it may result in the possible

pollution of surrounding streams and ground water -system.



The growing awareness of the public for thejpfotectiod;of
the environment is resulting in stringent regulationé to
control the disposal of industrial wastes. Under these.
circumstances, a mining operator has to provide a design
for the disposal of tailings which is not only safe in” the
conventional engineering sénsé, but also pollﬁtidﬁ;f ee, .
before permission may be forthcoming for the devélopment

of a mining property.

1.2 Functions and a Brief Hlsto;z>of Taillngs Dams

Although the method of tallings dlsposal followed
“ a few mines involves no more than disposing of tailings
into the nearest stream or body of water, more genexally,
dykes (or dams) are constructed to create storage areas’
fof the disposal of tailings. These "tailings dams" also
serve o provide initial storage of water for mill start-

up and temporary storage for water,to_be‘clarified for

reuse in the flotation process.

Although it is conceivable that some form of
tailiﬁgs disposal must have been used throughout histof?,

constructlon of the earliest tailingse dams (as we know them

today) reported in engineering literature appears to have .

been started in the 1920's. At the present time (April,

1974), a review of available engineering‘literature on

3

tailings dams or similar embankments for retaining other

solid wastes, indicates that they are being cons%ructedéin



many industries all over the worlcd. These include/ for

example, gold mining in South Africa; mining for base metals, 5

in South Xmerica, Africa, the United States and Canada; _coal

mining in many countries; phosphate mines in Florida; china

clay wastes in southwest England (Ripley, 1973); general

industry in the storagelofuchemical waste; and thermal plants

for storage of ash refuse, to name a'few. 7
. . ; A

s | \

‘

1.3 Past Performance of Tailings Dams ‘ N

As tailings areoa waste product, their disposal is
a direct cost to the project withoué'any *dollar benefit".
vIt‘is generally believed that the ovetr;ding requirement in
building tailings dams in the past has ﬁé?n to dispose of
'talllngs as cheaply as p0551b1e and that the construction
technlques followed are a reflectlon of this overrldlng
crlterlon, w1th lltt%é or no con51deratlon for proper
englneerlng practlce.' ‘

Consequently, the past perfofmapce of'tailiogs
dams has been anything but énoouroginé. In fact, the mining
industry;pés been plaguéd with failures of tailings dams. |
Hoare {L972) ieéorts that:

"Major failures have occurred in Canada, United

< States, Chile, Australia, New Zealand, South
L 2 - Africa, England and throughout the mining
countrles of Europe. . - — b

\

Typ1ca1 of the more. serious of these fallures are the/’
Barahona tailingS“dam in 1928 and the El Cobre talllngs

dams in 1965 in Chile (Dobry and Alvérez}'1967), and more

4



/recent§¥ the Buffalo Creek coal refuse dam in 1972 in the

United States (Osborn, 1973).

Strictly speaking, failure of the Aberfan waste
- dump in Britain (Aberfan, 1967) cannot be clessed as a
tailings dam failure. It is.generally believed, neverthe-
less, that it is the Aberfan disaeter, in' hich over 100
sehool children/;efe killed,'thet shocked/the western world
out of its apathy to recognize the potentlal danger to
life and property presented by these improperly deslgned

waste embankments.. ' . ),
: 4

In 1968, following the Aberfan disaster, the
Canadian government 1nit1ated a study on the stablllty of
waste embankments under the ausplces of the Canadlan
Adv1sory.Comm1ttee on Rock Mechanlcs (1969) Answers to a
questionnaire sent to the mlnlng companles, as part of this’
‘study, indicate that 35 percent_of the companies haverhadA:
stability problems with Fheir tailings dams. The problems
reported are primarily in the category of serlous .1;ures.'
Investigations by Hoare (1972) and his discussions with
technical personnel on numeroue mining operations, however,
- indicate that over 90 percent‘bfvfhe larger mining operations )
have had talllngs dam fallures of some klnd.A These ‘failures

"vary from minor slip failures with 11tt1e resultlng damage

to catastrophic failures.



In spite of these large number of failures‘
experienced by the mining indust:y, there has been only
~a small number of failures to tailings dams actually
reported in the engineering.liter&ture, in any detail. Hoare:

(1972) points out that: -

"epeos. the majority of the details relating to
the failure of tailings dams .are withheld by
mining officials to protect their interests and
to reduce the embarrassment of the companies."

Table 1.1 includes most of the reported cases of

- failures of tailings dams.

Lol

y

1.4 Mining in Canada - Present and Future

The mining industry in Canada constitutes an
important paft of the national-economy. Latest figurés
available from Statistics Canada indicate that revenue
from mineral production (including petroleum and natural
gas) reached an impressive figure of over 5.9 billion
dollars in 1971, which is an increase of ovér one billion
dollars from 1969 and more than‘doubIe the revenue in 1962.
Fuels accounted for about 30 percent of the revenue,
métal;ic minerals 54 percent, and the non-metallics and

structural materials the remaining 16 percent.

Based on the work of Hoare (1972),_it is estimated

that the\quantity of tailings produced by the Canadian .

e g

mining industry during 1971 exceeded 400,000,000 toﬂ;;‘ In

terms of tailings produced, iron ore, and copper and nickei

*

.
1
7



based dres are the leaders. It appears that‘the'mining
of iron ore in Canada has reathed a state of maturity and
that a larger number of new mines will likely be developed

in nickel and copper based ores with particular emphasis on

the copper,

In recent years, the advances inlfechnolbgy and
mining equipment, and increasingly higher prices of metéls
on the world market ‘has shifted the emphasis from the small.
underground operations to large low~grade open pit mines.
For example, as recently as'1969, there were oﬁly three
operating mines in Bfitish Columbia with throughput capacity
in excesé of 15,000 tons per dajs Since 1969, however, at
least six more large open pit mines have been put into
production with the lérgest one at a throughput capacity of
about 38,000 tons per day and several more are‘at-vafious

stdges of planning.

The present forecasts indicate that productidh
of nickel and copper in.the Canadian-mining industry will
continue to increase to claim its full share of the ever

increasing world demand and that most of the growth in

. production will come from large low-grade open pit mines.

It is anticipated that the new large nickel mines will be,
essentially, located in Ontario and Manitoba, and the copper

mines in British Columbia.
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Typically, éﬁah of these large open pit m%nes will
produce tailings in exéessvof 200 million tons req;}ring
some exceptionally high tailings dams. Several tailings
dams being planned at the present time or eﬁvisaged éor

" the future will be in excess of 500 feet in height.

1.5 Recommendations of the Sub-Committee on Stablllty of
Waste Embankments and Reason for This Investigation

o

In 1968, a study was undertaken by the Sub-committee
on Stabillty of Waste Embankments under the authority of the
Canadian Advisqry,Committee on Rock Mechanics. The geheral
goals of the study were: .

i) to define the problems of stability of
T tailihgs dams, waste dumps and ore pilés;~
ii) to determine exisfing controls and
legislatign in Canada; apa
iii, to develop recommendations for design
‘guides, edﬁéation,‘legislation and research

"in Canada.

Although all the details of the sthdy are covered
by the Canadian Advisory Committee on Rock Mechanics kl§69),~
a brief outline of the observations and the recommendations
Vmade by the Sub-committee relevant to tailings dams is

considered of interest here and is presentedggeloﬁ.

]



1.5.1 Observations

i)

ii)

o iii)

Lv)

v)

P

The literatﬁre review indicated that many
serious failures of waste embankments have
occurred throughout the world, including some
in Canada.

Based on the resuits of a questionnaire,
approximately 35% of tailings dams constructed
by mining coﬁpanies in Canada have §uffered

some degree of instability.

~Stability investigations were only performéd

for 26% of the tailings dams feported.

Present ﬁining regulations in Canada generally
do not require a detailed evaluation of
stability prior to construction.

Ninety-four percent of the mining engineers

who submitted completed questionnaires indicated
that it is desirable to establish definite
guidelines for the design and‘constructién

of waste‘embankments.

1.5.2 Recommendations

In view of the above observations, a brief outline

of the recommendations made by the Sub-committee fpllows:

i)

a design guide for the inbesfigation, design,

. and ¢onstruction of waste embankments should

be developed;



ii)

iii)

iv)

eduéation programs through universities (both
in extension- and-unhdergraduate courses) and
through the~éanadian Institute of Mining'and
Metallurgy, which deal with the basic

considerations of stability should be

_encouraged; ‘ 1\

Y

the provincial governments should be informed

of the current practiézz in connection with

construction of waste embankments, of the

value of specialists trained in stability
engineering in appraising design and of the
value of periodic inspection of major waste

structures; and

new programs should be established;;d include

.

i ]

. ' . | . .
practical research relating to 51Te investi-
gations, design, construction, maintenance

and inspection of waste embankments.

1.5.3 Reason for This Invéstigation

In accordance with the Sub-commgpte%:s recommend-
. ‘ W

ations, the following steps have already been takqﬁ:*

i)

ii)

the Department of Energy, Mines and Resources
(1972) has prepared a "Tentative Design Guide
for Waste Embankments in Canada";

several universities, including the University

~ of Alberta, have held workshops on the design

of tailings_embankments”for representatives

10
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'of the mining industry at large:; and
iii) several provincial éovernménts are preparing
regulations to control the design and
- construction of tailings’embankments as

discussed in the next section (1.6).

Following the general intent 6f the Sub-committee's
fourth recommendation, the present investigation has been BN
undertaken to carry out practical research in soil mechanics
relevant to design and matefials handling for the

construction of economical but safe tailings dams. Some

research work hus already been done by Hoare (1972). It

is felt that alﬁhoughvﬁgare'; work is likely to be of value
in élanning tailings disposal systems, it provides only a
'.1imi£ed amount of soil meéhanics input into the design of
tailings dams and hencé, forms only a general but certainly
a valuable background for this work.‘ Pertinent aspects

of Hoare's work will be discussed in detail and incorporated

into this study where applicable.

1.6 Legislation and.Environmental Reqpiremgnts

There are two aspeété of tailings dams that
invoi&e public'éoncern. dﬁe, that'invo;ygé a failure of a
tailings dam in which largemvoluhes of water and semi-fluid
tailings are released which may not only cause extensive
downstfeam pollution but also pose a sériqus threat to

life‘andiprbpe;ty; the other, that relates to the



\
\
3\

: \

possibility of pollution, under normal operation. in which
- effluent may escape through or around a tailings dam and
pollute streams or ground water systep of the surroundlng
area. In recent years, pollutlon control has become a
very toplcal and contentipus 1ssue thh the public. V
Consequently, under 1ncreis1ng publ;c demands, there has
been a trénd towards strlcter regulatlons affecting all
aspects of desrgn, construction and operation of tailings

dams.

~ One of the observations reported by the Su.

commlttee on Waste Dlsposal, as discussed in Section 1.°.,
was that the ex1st1ng mining regulatlons, at. that time, did
not require a detailed evaluation of stablllty prlor to
construction of tailings ‘dams - much less antl—pollutlon
measures. Since then, however, governmental regulatory
agencies across Canada have been moving with haste to
establish appropriate control\regulations._ For exanple,

in British Columbia,. some very strict regulations were
established in 1971 (Klohn, 19728), which are consxdered
to be typlcal for future mlnes in Canada. A copy of the'
above regulatlons issued under the authority of the’ Chlef
Inspector of Mlnes,;ln Brlﬁish Columbia, is presented in
in Appendix A. Appropriate steps are.also belng taken

in the United States to establish similar regulations

(osborn, 1973).

12
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1.7 Historical Review of Interest in Tailings Dams

\ Detailed considerations of literature on previous
studies, investigations and observations relevant to various
aspects of tailings dams will be dealt with in appropriate
sections of the thesis. Only a brief discussion is
presented at this time to trace thi historical development
of engineering interest and involvement of the geotechnical
profe881on in the design and constructlon of tailings dams.

) \ N
;Untii.recehtly, most papers reported in engineering
llterature had been authored by the superv1sory staff from
the mlnlng 1ndustry, the papers were generally\descrlptlve
in nature, essentlally outlining the procedures and
techniques belng used at various mines for the dlsposal

of talllngs. W1th1n the last 5 to 7 years, however, a host

of papers have been presented by geotechnical engineers, -

N
N
\
\

outllnlng design requirements for safe taillngs dams
based on considerations of basic prlnc1§1es of soil mechanic
and earth dam engineering. These papers have generally

tended to be qualltatlve in nature.

In summary) interest in the safe design and
construction of tailings dams has been steadily growing
in the last decade or so, as evidenced by the increase in
technical papers on the subject culminating in the First
International Tailings Symposium held in Tucson, Arizona, ’ «

in 1972. ) -
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1.8 Scope, Objectives and Organization of the Thesis -

Tailings dams may be construeted of waste roek
from the mining operations, borrow fill from other sources,
or predeminantly of sands recovered from tailings. It is
thought that where waste rock or borrow fill is used as
conetruction materials, the tailings embankments can be
adequately designed by procedures commonly followed in
conventional rock and earth fill dams. ' furthermore,
requirements and considerations for sgite investigations,
and assessment and preparation of foundation materials are
essentially the same as those.fer cdnrentional water storage
dams. Therefore, only the‘embankmenr itéelf, when it is to
be constructed prlmarlly of tailings . sand is considered in
this study. The remarks made in thls thesxs,*can also be
taken to apply when borrow materials are used to augment the

available sand supply.

The objectives of this studyiare to investigate
and synthesize requlrements for de51gn and materials handling
for constructlon of tailings dams. 1In order to achieve
the objectlves of the study a detalled and systematic
investigation is first undertaken to'determlne physical
properties of tailings materlals and obtaln much needed
performance data .on the more ‘important factors affectlng
the design of tailings dams. Contents of the various

- chapters of the thesis are summarized below. | ‘ L
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Chapter II presents an outline of the basic
principles of soll mechanics and earth dam engineering
which are considered to constitute the present state-of-
the-art of design and construction of tailings dams. A
brief outline of the critical review of the present state-
of-the-art and possible areas for intended research is also

included in this chapter.

The details and test results from a systematic
laboratory tésting program undertaken as pért of this study
are presénted in Chapter IIi. Various taiiings materials
from several tybical mining operétions are included in this
_testing program. Where necessary for comparison purposes,
standard Ottawa sand and sand from the Fraser River in

British Columbia are also included.

Field investigations are undertaken to perform
necessary testing and collect performance data on the more
important factors affecting the design of" tailings dams. All
pertinent details are presentedvin Chapter 1IV. N 7
N
Chapter V. outlines a.new_methed of computing
seepage flow through tailings dams. All other related

details are also included.

A review of the possible earthquake effects on the

stability of tdilinés dams ﬁo be constructed in seismic areas
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is presented in Chapter VI.

Chapter VII deals with the synthesis of design
criteria relevart to the selection of constructior materials
and materials handling. A few suggestions for improvements

in construction techniques are also discussed.

Chapter VIII presents a summary of conclusions
drawn from this investigation and a few suggestions for

future research.
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' ' CHAPTER II

CURRENT PRACTICE OF DESIGN AND

CONSTRUCTION OF TAILINGS DAMS

2.1 Irtroduction

Traditionally, tailings dams have been constructed
by the mining companies génerally using in—house empirical
expertise béséd on many years of experience and observation
but with little or no consideration for the appropriate
enginééring principles and hence, with frequent failures
in certain cases. For'éxample, Gordon (1966) reports a case
- where one of the larger mining ‘companies experienced
seventeen failures over a period 6f seven years at a

single minihg‘property. | ‘ .

In the last decade, in view of these failures,
tﬁe growing awareness of the public for the protééﬁion of
thé énvironmeht and the need for pollution control, the‘
design of ‘tailings dams has come under critical scrutiny
by.the governmental regulatory agencies. Consequently,
stringent regulations have been established or are forth-
coming shortly to control ﬁhe design and coﬁstruction of
tailingsbdams. At the present time, the general consensus

is that the tailings embankments must be designed to meet

19



standards comparable to thése which are considered necessary

for the safe design of conventional water storage dams.

A detailed consideration of the many factors
affecting the design of tailings dams is essentially beyond
the scope of this study. Thus, only a brief description
bf the basiq,con@epts relevant to’'soil mechaniéS'and
materiéls handling wﬁich are dopsidered to reb}esent the
,”pxesenﬁ state—of—the-art of design and construction of
tailings embankments is presented in this chapter under the
follow%ﬁg headings: |

| i) different construction methods,
ii) design criteria, and
iii) thoughts on inherent characteristics &f

tailings embankments constructed by the

different methods.

A mofe complete descripéion of all factors
1relevant to the design and construction of tailings dams
has béen adequately coverea in the "Tentativg‘Design ‘
Guide for Mine Waste Embankments in Canada" by ??e\Department

‘

of Energy, Mines and Resources (1972).

A critical reviewlof the present state-of-the-art
and possible areas for.intended research is also included in

this chapter. .

20



21

2.2 Different Construction Methods

| In all tailings embankments, initiélly, a

relatively low starter dam is constructed of borrow material
using methods and design criteria for conventicnal water
storage dams. The "staftef-dam" provides a reservoi£ of
sufficient size for the storage of water for mill start-up

and tailings disposal during,the_initial stéges of the milling
operation. As the pond level rises and approaches the crest
level of the starter dam further suitable material is added

as required to raise the height of the embankment.

The design of a tailings dam is greatly influenced
by the ﬁethdd of construction used-in continuously raising -
‘the height of the embankment to maintain a crest level |
‘higher than tbg ever rising pond level due to the disposal
pf tailings in the reservoir behind the dam. When an
eﬁbankment is ponstructed pfedominantly'of sana re?qvered
ffom the tailihgs, there are threé bagic methods of |
7constrUction whi;h are commbnly employed. These
construction methods can be described as:

- the upstfeam method,

—.the downstream method, and

- the centreline method.

2,2.1 The Upstream Method of Construction

In this method, the cfest of the dam is brogress—

ively shifted in an upstream direction as the height of the



!

;
dam increases so‘that the starter dam forms the downstream
tc . of the ultimate embankment. This is the oldest mefhod
of cénstructing tailings dams, and is a natural development
from the procedure of disposing of tailings as cheaply as
possible. Total tailinés are discharged by spigotting in
an upstream direction off the top of the starter dam. The‘
height of the embankmeﬁﬁlis raised as required by placing
}dykés as shown in Figure 2.%.. Except fdr the initial
starter dam, all subsequent dykes rest in‘pért on the

dyke ﬂelow and in part on the surface 6£ the previously

spigotted tailings. These dykés are constructed of

.materials obtained by one of the following.methods:

) i) generall§ by dragging up sandy material fgsm
the tailings beach which forms in front of
the spigots,

ii) sometimes by borrowing material from the mine
spoil or other sﬁitable source, or

iii) by using cyclones to separate sand from the

stailings to expedite construction of the dykes.

Anbther method of raising the height of the dam, often
followed in the past and still followed at a few sites,
in&olves using vertical timber forﬁs t6 raise the dam in

2 to 3 foot increments. Figure 2.2 is‘an illust?ation of a
dam being built by this hethod of cénstruction. The
tailings dam at Craigmont Mines to be discussed in a later

chapter is being constructed by this technique.

22
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2.2.2 The Downstream Method of Construction

Construction is carried out in this method by
placing the coarser fraction of tailings (sand} on the down-
stream‘side of tﬁe etarter dam so that the crest of the
embankment is pProgressively shifted in a downstream
dfrection and the starter dam forms the upstream toe of
the final dam, Although Jigihs (1957) has reported a
‘taiiings aam in Chile being constructed by the downstream
method in’ 1929, this method of constructing tailings dams
is generally considered to be a relatively new development,
Figure 2.3 illustratee a tailings embankment being
constructed b& the downstream techniqﬁe.

> ) o Coe

2.2.3 The Centreline Method of Construction

This type of cohstructioh is, essentially, a
variation of the downstream method where the crest of the_
embankment is not shlfted in the downstream dlrectlon .but

I‘

raised vertically upwards above the crest of the starter

dam. The centreline technique is illustrated in Figure 2.4,

2.3 Design Criteria

Although there are- numerous minor and detalled
con51deratlons involved in the de51gnfof a talllngs dam,
the most critical items are those related to the seepage
of water and the stability of the structure under both
static ;nd earthquake loading conditions. A,Sriefddiscussion'

of these critical factors relevant to the design of
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tailings dams follows.

2.3.1 Seepage Control

©2.3.1.1 Overview

As in the case of a conventional water storage
dam, there are two requirements for seepage control for a
tailings dam that must be considered - one that relates to
the quantity of water seeping through the dam and the other
that relates to its effects on the stability of the
structure due to high pore pressures and/or high seepage
pressures and resulting erosion. Requirements for water
supply and pollution control ﬁay necessitate the use of
~special design features such as impervious.liners, impervious
cores, cut—offs, etc., to minimize seepage through the dam.™
But usual]y, it is the second requirement which is ‘more
critical and warrants careful consideration in the design Ny
of tailings dams. With regard to this aspect of seepage
Acontrol, there are two ba51c conditions that must be met in
the desjgn - one, to improve stability, the phreatic surface
must be’maintained weil.within the embankment and the other,
to minj;ize erosion and a'pessible piping failure, water
m;st not be allowed to seep through the face of a sand slope.

Further comments on the effect of these two design

requirements on the stability of the tailings dams follow.

.2.3.1.2 Effect of Phreatic Surface on Stability

- The position of the phreatic surface within an



embankment has a marked infiuehbe on its stability. As an
example, let us consider the cgsé of an infinite slope |
compriééd of cohesionless sand ~ first with and then without
-'seepage. When there is seepage through the slopg so that
fhe phreatic surface or water table coincides with the l:
surface of ihe slope, the steepest angle at which tpiswélope
will be stable, régardless of the height of the slope, can

be computed from

tan a---—-t—————-w——x ta-n ¢' . oo--o(2-l)

T

”

where o is the slope angle,
Y is the total unit w€ight of the material

in' the slope,

Y, 18 the_unit:weight of water, and

g' is the angle of shearing resistance of

sand in terms of effective stress (c'=0).

‘Assuming a value pf 120 pounds per cubic foot for Y, and of

t

35 degrees for g', we get 18-1/2 degrees for the slope angle

- (3 horizontal to 1 vertical). Whereas, when there is no
 seepage through the"510pe, the.steepest angle for the s}ope
;is equal to the angle of shearigg resistance of the*;and
which is 35 degrees (1.4 horizohtai to 1 vertical) - more
than twice as steep as that for-the‘with—seepagefcase. " The
situation in a tailings dam-usually is between these two

extremes. Nevertheless, it is indicated that ‘the.lowering

of . phreatic surface increases the stabiiity of the embank-

25
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ment, thereby permitting steeper downstream slopes and

resulting in a reduced quantity of fill required for

construction.

In the case of tailings dams, in éddition to the
stability considerations under static loading conditions
as discussed above, the lowering of the phreatic surface
also increases stability against failure by liquefaction
under earthquake or dynamic loading. This paint)is discussed

in more detail in a later section of this chapter.

2.3.1.3 Effect of Seepage Through Downstream
Slope on Stability

The force imparted to the soil grains by seeps
of water may be computed from |
A=i Ty ' _ ceea(2.2)
. , N
where A is seepage force in 1lb/cu ft
i is hydraulic gradient, and
Yo is unit weight of water in lb/cu ft.
Thus, if the seeplng water has a large exit
gradient when leaVing the downstream slope, a potentially
unstable situation may arise and a piping failure may _
result. Even if the exit gradient is small, water seeping
throﬁgh a sand slope can cause localized erosion and hence,
instability near the toe of the slope and ultimatély the
entire slope if left ‘to run its course. To prevent p1p1ng

failure or erosion due to the seeping water, protectlng

filters are commonly employed. The portion of the slope



where seepage occurs, is, nevertheless, subject to

considerations discussed in the previous section.

In a properly designed seepage control, consider~
ation also must be given to eliminate the detrimental
effects df frost penetration. AIn areas where seepage is
occurriggq frést penetration may result in impeded drainage
and thﬁs a higher phreatic surface and sloughing of the

slope on subsequent thawing.

Flgures 2.5 to 2.7 illustrate various methods of
seepage control employed in the case of conventional water
storage dams. Similar techniques, properly modified, can

provide adequate seepage control in the case of tailings

" dams.

2.3. 2 Stablllty Con81derat10ns

A llSt of mlnlmum safety factors suggested in the

“"Tentative De31gn Gulde for Mlne Waste Embankments in Canada"

by the Department of Energy, Mines and_Resources (1972)

is gi&en in Table 2.1. It is assumed that'an appropriate
stability analysis has located the critical failure surface
and' that the parameters used in the analysis are known with
reasonable certainty to be repfesentative of the actual

conditions that will exist in the embankment.

27
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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 strength values using the appropriate factors of safety.
Where the number of field and laboratory test resulte«on
either the embankment fill or the foundation soils is.small,
or where the scatter of test results within individual strata
6r zones is large, conservative values of strength and pore
water pressures should be selected for the design, or,

alternatively, an increased factor of safety should be used.

In addition to the stability considerations
summarized in Table 2.1, in seismic areas, tailings dams
must also be designed to have an adequate factor of“safety
- against failure by liquefaction.. Loose and saturated fine
to medium sands, simila# to those used to construct tailings-
dams, are susceptible te liguefaction when subjected to .
'cyclic shear stresses and strains produced by earthquake
shocks. It is generally accepted, now, that for any given
‘saturated sand, the danger of liquefaction as a result of
cyclic loading is governed by the following factors (Seed
and Lee, 1966): |

i) the density of the sand - the lower the

density, the more easily liquefaction will
. occur;

ii) the confining pressure acting on the sand -

the lower the confining pressure, the more

easily liquefaction will occur;
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iii) the magnitude of the cyclic stresses or -
strains -~ the larger the'stress or strain
the greater the probability that liquefaction
will occur; |

iv) the number of stress cycles to which the sand
is subjected - the greater the number of ©
stress cycles, the more easily iiquefaotion

will occur.

It is noteworthy that the embankment design cannot
influence the. magnitude of the cycllc stresses or number of
cycles ‘to which the dam may be subjected. Through Proper
de51gn and approprlate construc*ion procedures, however,

the other two factors might be controlled.

The general,consensus among the engineers involved
in designing tailings dams is that in situ relative densities
of 60 percent or larger--are required to ensure a reasonable
safety agalnst failure by llquefaction. See for example, %-
Brawner (1972), Casagrande, L. (1971); Department of Energy,

Mines, and Resources (1972) ; and Klohn (1972B) .

Another rather interesting approach is that non-
saturated sands are not likely to liquefy. Hence, if the
_ Phreatic surface can be malntalned at a p051tlon well below
the surface of the embankment, those . materlals located above g
. the phreatic surface will not be susceptlble to liquefac-_ ”

tion. Lowerlng the water levels within the embankment also R



increases the effective confining pressures acting on the
saturated materials below the phreatic surface and thereby

reduces their susceptibilit& to liquefaction.

The design requirements to prévent failure by
liquefaction have been summarizéd in the "Tentative Design
Guide for Mine Waste Embankments in Canada" by the
Department of Energy, Mines and Resources (1972) as foilows:

“....., 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 embankment, the embankment itself will
have. a reasonable degree of safety against failure
by liquefaction. Liquefaction of 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 the tailings
adjacent to the upstream face is reduced to zero."

However, some engineers argue that compécting of
the sand fill relative densities cited above is the only
positive way to ensure safety against faildre.by liquefac-

tion (Brawner and Campbell, 1973).

2.4 Thoughts on Inherent Characteristics of Tailings
Embankments Constructed by Different Methods

2.4.1 oOverview
As described previously‘in Section 2.2 of this
chapter, theré are basically two different methods of

constructing tailings dams -~ the upstream method and the

30



-downstream method (with the centreline methed as its
special case). Almost all of the existing tailinggb
embankments have been constructed usiﬁg the upstream
technique. Hoare (1972) reports that

"A review of the national survey on tallings dams

inditates that 95% of the hydraulic dams in Canada «
are constructed by spigotted method&." -

In view of the many failures that haXe been
associated with tailings eams, the design of these structures
has come under critical review in the last few years. The
d;/hstream method of congtructing tailings dams appears to
be essentially the result of these recent reviews. At the
present time, the general consensus ih the engineering
profession is éhat‘for a given height. and downstream slope,
a dam constructed by the'upstreem method has a lower fectq;‘
of safety than that of a dam built by the downstream or.
-centreline methods and that the dam built by the upstream
method is in particﬁlar danger of failure by liquefaction
in the caee of an earthquake Some englneers even go as"
far as to state that all but very minor tailings dams
should be bullt by the- downstream or centrellne methods
of constructlon ‘(Klohn, 1972B) A more detailed descrlptlon
of current thoughts on the inherent characterlstlcs of the

tailings dams constructed by the dlfferent methods follows.
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'2.4.2 Tailings Dams Constructed by the Upstream Method

2.4.2.1 Genéral Background

Although no définite figures axe available,
it is generally considered that the chief advantage of
‘the upstream method 6f constructing tailings dams is its
.simplicity and resulting lqw cost of construction. Except
for construction of the relatively small exterior retaining
dykés, all material is discharged hydraulically in an up-
stream direcéion S0 that4§xcess tailings along with the

water flow into the pond.

As the upstream method appears to 55ve gained
popularity with the mining operatprs mainly because of the
low cost and simplgcity,of construction, by and iérge little
or no attention has been paid to even the most basic‘-
principles applicable to the des@n of earth-fill dams.
Thus, many dams built by this metﬁod have failed, some
with greatiloss of life énd progerty as lisﬁed in Table
1.1 in the previoﬁs chapter. |
; .

2.4.2.2 Construction and Materials Handling

With the upstream method, an initial starter dam
is constructed at the.downstream toe of the final dam. The
crestAof the dam is :aésed by placing subsequent dykes

. located on the upstream side of the starter dam. All
tailings are spigotted in an upstream direc;ion from the

top of the dam so that a tailings beach is usually formed



‘between the spigots and the pool in the reservoir. A
. typical layout for a dam being built by this method is

illustrated in Figure 2.1.

In the upstréam method, tailings are subjected

only to gravity separation on the beach - the coarse sand

particles drop out closest to the p01nt of discharge and
the finest partlcle sizes (sllmes) along with the excess
water flow into the pond. It is generally believed that
once the material enters the water in the pool it sediments
more or less as a homogeneoﬁs sldfry into a consistency of

. very soft silt. As the length of the beach can vary

éccording to tHe time of thelyear, with the shortest length’
occurring duriﬁg_the spring runoff into the pond, the

bé'ch deposit may bé underlain B&‘thin layers of soft
‘sllmes (unsorted fine tailings that sedlment initially in
water 1nto a consistency of very soft'51lt) deposited during
ohése perlods of high water levels in the pond. Also care-
less spigotting} for example, infrequent change in areas
being solgotted, can cause back-ponding in the neighboring

beach areas with the same results.

The coarse material (sand) from the beac.
renerally used to build the subsequent dykes required to
- ..se the height of the dam as previously discussed in

saction
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To expedite construction of‘the d&kes, on océasion,
hydrocyclones are empioyed to separate sand from the tailings
but, by and large, the tailings are discharged in an upstreah
direction in a manner similar to that used in the "all-

spigot" operation described above.

Generally, the material in“the dykes or the beach
is not supbjected to any mechanical compaction other than
that which may be obtained by .normal operation of equipment

used for construction of the dykes.

2.4.2.,3 Stability Considerations ..

As the height of a dam constructed by the upstream
method increases, each successive dyke moves farther ug-
stream. Consequently, the dykes form iny the‘thin exterior
shell of the retaining emﬁankmént. Thus, with the_ increasing
héight of the .uam, the stability of the downstream slope is
dependent, to an ever increasing degree, 6n the shear
strength of the tailiqgs deposited upstream of the dykes.r
Furthermore as the height increases (depending on the length‘ap
of the beach, of course) the upﬁer portions  of the dam may
overlie‘soft slimes-preyidusly deposited‘near the base of the
embankment or in thin layers within the beach sand.

Qualitative stability considerations will tend 5
to indicate that there is pérhaps only a limited height %o

which tailings dams can be constructed under these circuﬁ(



stances without the danger of a failure in the dbwnStream
diréction through these underlying layers of low strength
slimes. Furthermore, tailings dams constructed by this
method are generally considered ﬁo'be particularly suscept-
ible té failure by 1iqﬁefaction at any height (Casagrande
and Maclver, 1971). The pfesent thinking on the su%tability
of this method for co.structing tailings dams has been
summarized by Klohn (1972B) as follows,

"Upstream dam building is: unsuitable for areas
where the dam must be designed to resist earth-
quake shocks. Even in non-seismic areas this

method of construction is generally unsuitable

for all but very minor tailings dams."

2.4.3 Tailings Dams Constructed by The bownstream'
or Centreline Method

2.4.3.1 iOvefview
At the present time, it is'thought that the
downstreaﬁiand centreline methods of construdﬁibn are
far superior to the more traditional upstream construction
and that by these méthods tailings dams can be constructed
to any degree of competency (including resistahce to earth-
quake forces). .Some of the desirable féétures of
cgnstructing téilings dams by these methods ar:
i) none of the embgnkment is buiit on top of
the previously deposited slimes,
ii) placement and compaction control can be
<exercised as required over the £il1l operation,
‘and |

iii) wunderdrains can be installed for seepaée
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control as required.

Tﬁe ﬁajor disadvantage of the downstream method of
construction is the large volume of sand required to raise
the dam;, This problem is somewhat reduced by using the:
centreline method which requires a smaller volume of sand
£i11 to raise the crest of the dam to a given height. In
the critical early stages‘of the operation, however, still
it may not be possible to produce sufficient volumes of

sand to maintain the crest ofcthe dam above the fast rising

pond levels. If this is the case, then either a higher’ ;

starter dam is required or~the‘sand supply must be augmented

with borrow material. Both of these procedures add to the

initial cost of the facility.

-
w

Ahother disadvantage of the downstream construction

method is that the downstream slope is alweys changing during

'constructlon and is therefore constantly exposed to erosion

by wind and rain water. No erosioh protection can be applied -

to the slope until after the dam is fully completed. A
further dlscussion of some of the more salient features
whlch control the viability of the downstream methods of

constructing tailings dams follows.

2.4.3.2. Methods of Separating Sand from Talllngs

All methods of constructlng tailings dams whlch )

utilize tailings as the primary construction material require
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some degree of separatlon of the sand from the tailings.
Whereas the conventlonal upstream method utlllzes spigots
to obtain gravity separation of sand on the beach whlch
forms ip-frdnt Qf the spigots, the downstream method

.normally useslhyarocyclbnes. ‘The cyclones permit depositioh

of sand for dam building downstream of the starter dam and
disposal of slimes (finer portion of tailings) directly.into
the stoiage pond. For grinde that contain a high percentage
of fines and/or clay minerals, double cycloning is consid=-
ered&hecessary to produce suitabiy3blean sand for dam
construction,pKlohn (1972A, 19725). Cyclones may be located
in clustets on the dam abutments, with sand pibed to the

dam, or as individual units on the dam itself.

. -

. An alternate process af obtaining sand fer the
centreline method of dam bulldlng uses, bonventxonal up-
stream splgottlng to obtain grav1ty separatlon on an up- .
stream beach and then), by means of mechanical équlpment,
meves the sand to the downstream slope as illustrated in
Figure 2.8. THis method, however, is not likely to be -

practicable where large volumes of sand are required

(Casagrande and MacIver, 1971).

Hydraulic sluicing methods are sometimes used
to obtain separation of sand from slimes. These are a
refined form of gravity separation. The'tailings are

deposited at one end of a long andlgently sloping channel
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along the crest of the dam, with the sénd settling out
along the base of the channel and the slimes remaining‘iﬁf”"”"“
suspénsion to ‘be discharged at the lower end of the channel
intd the storage pond. By meansvof mechanical equipment
the sand is then moved to the downstream slope. Figure
- 2.9-illustrates this method. A variation of the channel
sluicing method is‘to use pipe sluices consisting of half-
pipe sections incorpora.ing baffles and openings in the
bottom of the pipe. Coarser Sands are retained by the
baffles and drop through the openings in the pipe onto ﬁhe
embankment; the finer slimes flow on to the storage pond.
Hydraulic sluicing, héwevé;, is not likely to bé.Sﬁitable

where large volumes of sand are required unless tailings

contain a large percentage of sand sizes.

2.4.3.3. Characteristics of.Sani

| One of the most critical factors affccting the
~design and construction of tailings dams by the more
desirable downstream methods is the characteristics of the
'sand incorporated in the embankment. The engineers involved

in designing tailings dams believe that the sand must be

free drainiqg, The amount Qf fines (or élimes) in the sand
‘_is considered to control’thé quality of the sand. The
following statement taken from the "Tentative Design Guide
for Mine;Waste Embankments in Canada" by the Department of
Energqgy, Mines and Resources (1972) seems to summarize the

present thinking on the subject.
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"1f the sands deposited on the embankment have a
relatively high content of clay-like 'slimes', they
will not only be slow in draining to optimum water
content, but they will be difficult to handle.
Coming from the cyclones with a high water content
and a high slimes content, they will flow on very
' flat slopes, even to the extent of spreading
beyond the design boundaries of the embankment.
In contrast, if the slimes content is low, water
will drain rapidly from the sands, limiting the
distance they flow on the embankment and allowing
spreading and compaction by mechanical equipment

a short time after their deposition.™ N '

A»review of the characteristics of sand beiﬁg used
at some of the new tailings dams und*r construction repdtted
in the 1itefature, as given in.Table 2.2. appears to indicate
that théwslimes content is restricted to less than about
12%. .

2.4.3.4 Methods of Sahd Placement ‘and Compaction

In. the .downstream construction, various techniqueé
of sand placement and compactibhdére presently being tried, -
ranging from hydraulic filling, (Klohn and Maartman, 1973)
to sggtematic placement and compaction in thin layers by

o
mechanical equipment, (Bra-mer, 1972).

2.4.3.5 Seepage Contrxol

In the downstream methods of donstruction, the
cycloned sand is deposited on the dam in a downstream
direction and the slimes are discharged into the Storage

pond.
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In addition to a system of underdrains and/or
a toe drain, an impervious seal against the upstream face
of the dam is usuallyvconsidered necessary Zor seepage
control to maintain a minimum flow through the dam and a
low phreatic surface within the sand embankment. Various
techniques of employing an impervious seal.can bevused.
Brawner (1972), and Hoare and Hill (1970) describe impepvious
seals of borrow material plaéed mechanically against the
upstream slope of the dam. Klohn and Maartman (1973)
‘describe how a low-permeability slimes beach is formed
'égainéﬁ the upstream face of the dam at Brenda Mines by
conventional spigotting of the slimes in an upstream

direction from along the crest of the dam.

2.5 A Critical Review of the Present State-of-the-Art
And Possible Areas for Intended Research

'2.5.1 Historical Background

E As discussed previously in Séction 2.1, tradition-
ally tailings dams have been;constrﬁctéa by mining{péerators
using in-house staff with a minimum involvement from the
geotechnical professioni[ In the last decadeior so, however,
with the ever increasing throuégiput capacity.of the low
grade open pit minesvrquiring some high téilings dams and
in view of thé many failures of tailings dams, there has
been a trend toward; stricter;regulatioﬁs whereby geo-
technical engipeers are required to design and make rec-
6nmendatidns for the construction of tailings dams. Con- -

sequently, in the last few years the geotechnical profession



has been hard pressed to produce suitable guidéiines for

. constructing safe tailings dams. The geotechnical
profession has met the challénge rather expeditiously and
put together approprlate desigh criteria and guidelines as
indicated by the many references cited throughout this
chapter. All the engineers responsible for these efforts
are to be complimented for doing a commendable job under

demanding circumstances and without a precedent to follow.

It must be recognized that many of the design
criteria which constitute the preseht state-of-the-art
have been established without detailed knowledge of the
physical properties of tailings and benefit of performance
data which has been late in coming. Hence, at -least some
of these criteria mﬁst be considered, at best, interim in
nature. With this in mind, we must explore possiblgtc
areas for further research so that safe tailings dams may
be constructed without the possible wastefulness of over-

vdesign.

2.5.2 Upstream Construction

Except for Kealy and Soderberg (1969), Kealy
(1973), and Blight (1969) all previous investigators appear
to have concentrated on finding reasons th tailin§§ dams
.constructgd by the upstream. method (as'now being employed
‘at many mines) are subject to failure. Conseqﬁently,

sufficient attention has not been paid to delineate
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operating conditions under,whlqh the upstream method (as
now used) or some variation éf it may be used to construct

safe tailings dams.

2.5.3 Downstream Construction

2.5.3.1 Seepage Control

_The bagimgerechnology andvexperience available

from the»fieA‘ Bhtional water storage dams has been

L

used extensy ‘ ,1v1ng ‘at the design requirements for

tallings dams: J 1972B§, It is noted, however, that
thexre are at leas£f%wo basic differences in these two types
.of dams. First, unlike the COnventional water storage dam,
a tailings dam is constructed\slc y by the mining operator
and the construction usuaily ‘continues throughout the
operating life of thg mine. Second; the material stored

behind a tailings dam consists of a mixture of tailings

solids and water.

k]

These differences are well recognized in stability
analees when increased hydrostatic préséure is considered
acting against the upstream slope to account for thé combined
unit weight of wéterland.tailings‘solids. In assessing
requirements for éeepage contro., thever, the effect of
theée differences is perhaps much more subtle and requires

further examination.

When water rests directly against the slope of
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lan embankment, to estiméte the raﬁe of seepage, a flow net.
construction is usﬁally employed, assuming a steady state
seepage condition; and the location of the phreatic surface
can‘bg estimated by-thé mgthods'déscribgd by Casagrande
(1937). 1In the caée of the tailings dam; however, it is a
mixture of soil .solids and water that rests against the dam
with a possible shallow depth of free water at the surface.
#urthermore, where fate of slimeg buila-up in the pond is
rather rapid, the éﬁilings'against the dam may be in an under-
consolidated state with excess pgre;pressures. Under these
circumstances, a flow net constrﬁction as presently

employed in the tailiﬁgs dams is‘énything but appropriate

and not likely to produce a realistic estima%a of the rate

of seepagé through the dam. Need for the development of

a more appropriate analysis, therefore becomes obvious.

As previously Aiscussed in Section 2.4.3.5, for
seepage control an impervious seal is frequently used
against the upsﬁream face of a tailings dam. This’approach
would ha&e been considered quite appropriate in the case
of a conventional water storage dam with a homogeneous
section. Fof‘a tailings dam, however, where tailings and
water rest against the aam with only a poésible shallow
depth of ffee water at the surface, need for this type of

impervious seal becomes questionable.

—



2.5.3.2 Sand Yield

Perhaps, the most critical factor affecting the
design and construction of tailings dams‘built by the down-
stream method using tailings sand as &he primary construct-

' lon material is the yield of suitable sand from the: tailings.
Variations in sand yield have a dual effect - a decrease in
sand yield results in a decrease in the rate at which the
c;est of the dam can rise and an increase in the rate of

rise of the pond level, The sand yield is dependent upon the-
coarseness of the grlnd the efficiency of the separatlng
technique (hydrocyclones) and theifmount of slimes that can
be accepted in the sand. But coarseness of the grind is
generally governed by the mllllng requlrements to liberate

-

valuable minerals and hence, the sand yleld is dependent
d

upon the other two varlables only. A detalled furtherx

1nvest1gatlon into these two varlables is, therefore, of

- ‘paramount importance.

2.5.4 Stability Under Earthquake Loadimé

In areas subject to earthquake activicy, failure
by iiquéfaction poses the most serious pofential problem.
Under earthqnake ioading, sands of gradations common to
'jgtailingsydaﬁs are susceptibie to liquefaction when in a

" loose and saturated state.

A brlef revxew of case hlstorles where ligque-

faction has been reported to have taken place appears to



indicate th&t liqhefaction occurs only when maﬁerials are
loosé and saturated or at least nearly saturated. It is
therefore logical to say that'mainlprotections against .
‘liquefaction are drainaée and densification. It can be
further said that these two requirements may be mutually
_exclusive, at least under suitable 01rcumstances. Although
Klohn and Maartman (1973) have done some work in thlS area,
1t is felt that a thorough review of the available infor-

mation on the case histories of ligquefaction is certainly

warranted. -

Segd and Lee (1966) have showh ﬁhat confining
pressure ha;%aﬁmarked influence on the liquefaction
potentiélhbff;“ébil. All other things being equal, an
increase in confining pressure results in a decrease in
iiquefaction potential. It appears that this principie has
been uged to reduée liquefaction pofential in the casé of -

nuclea;'powéi plants ‘(Burke, 1973B). 1In the case of

tailings dams, howeﬁer,'although the principlevis recognized .

as being beneficial (Klohn, 1972B), it has not been properly
evaluated. Further research in thlS area is, th'refore,

likely to be of some value.

~ 2.5.5 Physical Propertles of Talllngs

Generally speaking, tber§y19 lack of 1nformat10n
on physical properties of tailings. The need for a sys- |

tematic study of éhysical properties of the méten&als has
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been adequately summarized by E. E. Osborn (1973),
Director of U;S; Buréau of Mines, when he!said,

" Some facets of earth dam technology, soil
mechanics, rock mechanics and engineering geology
can provide some of the basic knowledge needed
to bring the mine waste disposal problem under
control. However, physical properties of most
mine waste materials have never been thoroughly
studied. Consequently, their general and
engineering characteristics are simply not known,
even to the degree necessary for rapid, accurate
assessment of the suitability of current disposal
systems - much less for the ﬁesign and construct-
ion of new and better systems. Lamentably, a
time-consuming program of field and laboratory
investigation must first be carried out if there
is to be proper safety evaluation of the materials
involved in mine -waste embankments." :

g

2.5.6 Possible New' Methods of Cc:. :ruction

At the present time, it 13 generally believed

that the upstream method is fikely;:o be unsuitable for at

v

least the lérger tailings dams .1 the future; and hence, thef”

downstream method must be used. A review of the previous

w

sections of this chapter indicates that both of these .

o

L

methods have some good points and some inherent weaknesses.
Neither meﬁhod is faultless. Further work is, therefore, in

order to iﬁvestigate alternative methods or perhaps, some

- variations of the above that reduce some of the undesirable

S \

features, .

»
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TABLE 2.1  MINIMUM SUGGESTED DESIGN SAFETYNFACTORS
(After the Department of Energy, Mines and Resources, 1972)

. Case 1* Case 1l1**

Design based on peak shear , ‘ g
strength parameters 1.5 1.3

Design based on residual
shear strength parameters 1i3 1.2

Analysis that include the
predicted’100~year zeturn
period accelerations applied.
to-the potential failure S . :
mass = . 12 1.1

o,
For horizontal sliding on
base ‘of embankments retaining
tailings in seismic areas ’
4ssuming shear strength of . ‘
tailings reduced to zero 1.3 " 1.3

* Case lIF Wwhere it is anticipated that persons;or.
' r -erty would be endangered by a failure.

** Case 11 - Where it is anticipated that persons_or
; ' property. would not be endangered by a failure.
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TABLE 2.2 CHARACTERISTICS OF SANDS
BEING USED AT NEW DAMS

1

3

Percent Passing N~me of 'am
#200 Sieve -+ L.cation . Reference .
_ "2 i
DU TS
| SEE
3%k ‘ Biuada Klohn and Méﬂﬂaﬂy{
’ : (1973) '
7* - ‘White Pine Girucky (1973)
10 Gibraltar Klohn and Maartman R
(1973) A0
12** . Marindugue Island Brawner (1972) .
Philippines .
12 . Typical cycloned Burke (1973A)
sand ’
. a £
’-\‘r‘?' ) . =
L

* - Twice cycloned as single cycloning did not prdducé
suitable sand. .

** - Estimated from given D10 = .07 mm

¥

N

“x >3
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Irragular Contac
Between Slimes ——e=
and Sands
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Subsequent
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Figure 2.4
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Centreline Method of
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Phreatic Surface
. / ,

eepage Emerges on
Surface of
-‘Slope

a3

Figure 2.5

o

Homogeneous Dam
(No Drainage Facility Provided)

Phreatic Su;face

Figlire 2.6

.

Drainage Blanket Drain

Homogeneqlis Dam With
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Phreatic Surface
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Figure 2.7
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Tilings dischrne pipe Sands scraped from
beach ond moved to
. downstream slope

Sands distributed ond .
., compacted on downsiream

{After Casagrande and Maclver, 1971)

Figure 2.8 Separation of Sand by Spigotting
in Centreline Construction

3

Rt

Small dikes forming
launder on crest

Sands deposited in
launder moved to”?
downstream slope

Water and slimes
released to pcnd

Sands distributed and
compacted on downstream

yope——~\\\\\\
, A

Initial dike
(compacted in’ layers)

-

(After Casagvrande" and Maclver,
o 1971)

Separation of Sand By

Figure 2.9
Sluicing Technique



CHAPTER III

PHYSICAL PROPERTIES OF TAILINGS

AS DETERMINED Y LABORATORY TESTS

S

3.1 Introduction

It is emphasized in the previous chapter that.
thére is a serious need for a detailed and systematic study
of the physical properties of tailings. A relatively
extensive prégram of laboratory testing has béen\ﬁndertaken
to rectify this situation; the pertihent details are
presented in this chag}er. A limited amount of work on
the subject at hand has already been reported by other
investigators such as Pettibone and KeaIy\j}Q?l), Guerqé
-(1973), Klohn and Maaféman (1973), Hoare (1972) énd Hamel\w
and anderéon (1973).> Results of these brevious ;nvesti-~
gations are incorporated in this chapter where apSiicable.

' Since some of the materials in this testing progfam ﬁad been
classified by cyclones,  a brief descriptién“of a cyclone
classifier andiits operation is also included.

o

3.2 'Materials Tested

In November, 1971, five, typically large, mining
_\companies in Canada were requested to participate in the
proposed testing program by supplying samples of their

~tailings materials. Table 3.1 includes a brief description

?
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of location, ore processed and mininé operation, and metgodg
of separating sand from tailings for all mines that supplied
materials in response to this. request Mineralogical
composition of ores at the various mines is presented in

Table 3.2,

In addition to the materials described above,
tests are also performed on additional materials obtained
at'Craigmont, Bethlehem and Brenda mines during subsequent
field investigations. Tailings materials studied in this
investigation largely fall into three categories:

i) .tailings - total waste material from a

concentration plant,

c1i) sands - coarse fraction separated from
tailings by cyclones,vand

iii) slimes - fine materials left behind after

removal of sands.
Where necessary for comparison'purposes, standaq@
Ottawa sand and sand from the Fraser River in British

Columbia are also included in the testing program. S

3.3 Brief Description of the Cyclone

Various methods of separating sand from tailings

‘are described in Chapter II, Of all the methods discussed,

it is 1nd1cated that the cyclone (or more precisely the{

hydroq&clone) shows the most promise. Therefore, sands

- 4

4
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separated by cyclone classifiers a e Studied in this
investigation. Design and operation of the cyclone are
covered in great detail by‘ﬁradley (1965). In order to
fully understand the implications of various'sheges of
cycloning used in classifying sands; however, a brief
description of the cyclone and its operation is ‘included

here.

Cyclones are frequently used in mining operations
_as thickeners or classifiers. 1In separation of sand from
talllngs, the cyclone works as a combination thlckener-
cla551f1er for simultaneous dewaterlng aﬁd desllmlng to

obtaln free .draining sands without excess water.

Figure 3.1 illustrates pr1h¢1pal features of | ;
the cyclone. Talllngsﬂslurry is injected into the cyclone o
chamber under preesure and in a;tangential-direction, The .
tangential.injection results in utilizing the fluid pressure.
to create rotational mwtion of the injected fluid. fhis
rotational motion causes relative movement of particles

suspended in the fluid, aus permitting separation of

these particles either from‘one another or from the fluid. ;”

.'-

-

The cyclone chamber at the p01nt of entry is
usually cyllndrlcal It can remain cyllndrlcal over 1ts
entire length though it is more usual for it to become

corical. ‘ outlet for the bulk of the fluid is usually

’
/
14

Q



jocated near or on the axis of the chember'such that the.
rotatlng fluid is forced to 5pira1 towards the center to
escape. The rotatlonal motlon of the fluld has, therefore,
an inward radial component. Particles of a suspended
ggterial consequently have two opposing forces acting on
(them - one in an outward'radlal direction due to the

centrifugai acceleration, and the other in an inward radial

direction due-to the.drag force of the inward moving fluid.

-

The magnitude of these forces is dependent on the
phvslcal properties of both the fluid and the suspended
material. Through proper con51deratlon of these properties,

separation of one material from anot =) or of a s:.n.

material frgk the fluid can be achieved.

In either of the above cases, one product moves
radiallf.outwards while the other moves radially inwards.
The cyclone is therefore equlpped with two outlets, one on
each end. Both outlets are usually axial although one
can be peripheral. The principal features of the cyclone
shown in Figqure 3.1 are the tangentlal feed 1n1et, the
main flUld outlet (or overflow), and the perlpheral fluld'

outlet (or underflow) . The overflow is taken out through

a plpe (known as the vortex flnder) which protrudes from -

the roof of the cylindrical sectlon.v The. underflow 1s
taken out through an opening in the apex of the conlcal

- gection. The cyclone is normally sized according to the
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diameter of the cylindrical section. For exampie, a 6~
inch cyclone is one with the internal diameter of the

cylindrical section equal to 6 inches.

[ ]
.

W1,

axis vertical.. Except for large cyclones operating at low
pressures, the position of the axis is immaterial. Gravity
plays no part in the separationai forces except in these

extreme cases,.

In the case of tailings, the cy:’r~ne forres =and
particles to the butside'énd théy are removed‘Lh:ough the
underflow. Sl%mes aiong.with‘most of ne water are removed
through ti.@ overflow. Some of the slimgé along With the
water in the sénds, however, also escape in the underflqﬁ.
A second stage cycloning is sometimes employed. .,This may
involve further des;imiﬁg of the sand from the underflow -
of the first cyclone'bf recovery of additional sand from,,

the overflow of the first cyclone. 1In this thesis, the

sand when it is refined by two successive cycles of cycloning

is termed twice cycloned. The additional sand recovered
in tﬂe secqﬁa stage of cycloning is described as secondary,
T aﬁa‘the4sand from the underflow of the first cyclone or
when %t‘ié subjeqted to}a single cycle of cyéloning only

is described as primary.

The cyclone is illustrated in Figure 3.1 with its
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3.4 Tests on Sands

3.4.1 Descrlptlon of Materlals

Figure 3.2 presents grain size distribution curves
for all sands included in this study. Tailings sands are
angular to very angular in paftigle shape excer. {or the
material from Great Canadian Oil Sands, which is sub-

angular to sub-rounded. "Figures 3.3 to 3.6 are micro-

“photdgraphs of the Var%?ys sands.

For identification purposes, the tailings sands
included in this testing program are named after the mines
,of their origin, such as Brenda sand or Bethleham sand.

o .
distribution of a tailings sand at a typical mine can vary,

;% It should be pointed out, however, that.the grain size

sometimes due fo éhanges in the milling process but more
fréduently due to the ever changing operating conditions
..such as rate -of feed to the mill, grade of ore belng mlned,
etc. Therefore, the sands 1ncluded herein are at best
nominally representatlve of the materials produced at these
mines. These comments also apply to the tailings and slimes

materials described in a later section of this chapter.

3.4.2 Relatlve Density Determinations -

To minimize danger of fallure by llquefactlon a
minimum relative density is usually specified for compaction
. ) : @ .
control in the construction of tailings dams as discussed.

in the previous chapter. According to ASTM Definitions of -
_ o SR :



Terms and Symbélé Relating to Soil and Rock Mechanics

(D653-67), relative density is defined as

®max ~ fo . .

D4 (%) = - x 100 V(3.1
e - a |,
max mwn

where emax is void ratio at minimum density,

e in is void ratio at maximum density, and
e, is a given void ratio (in- situ or of a

laboratory sample).

The determination of the relative density of ény
soil mass or soil specimen, therefore, reduires three
density determinations. Tests have been performed,~?s part
of this study, to determiné maximum and minimum densities
for sands included in this program; the resﬁlts are .
'presented in Table 3.3. 1In situ density aeterminafidn;
car%ied out in this study are discussed in the ne#ﬁ;chapter.
All maximum and minimum density tests have an‘pérformed s
accoréiﬂg to the procedures described in ASTM Tésﬁffor
Relative Density éf Cohesionless Soils }D25f9—69).' Standard
P;octo:‘Compaction Tests (ASTM D698-70) ﬁré'algs pérfo;med
on some of the sands and the results aré included in Table
3.3; Pertinent results reported by other investiéétors,

Nt

where ASTM Standard Procedures had been used tb cafiy out

the tests, are also presented. A review of the resylts

indicates that there is ‘a much larger range in void ratios .,
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.Properties of Granular Soils."

at maximum and minimum éénsities in the case of the highly
angular tailings sands (.39 to .56) as compared to that for
the rounded Ottawa Sand (.21). This is in general agreement

with £hé recently reported work of Holubec and D'Appolonia

¢

(1973) entitled,’"Effect of Partich Shape On the Enginee;}ng e

B

3.4.3. Permeability Measurements

3.4.3.1 General

The subject of permeability of tailings sands is
a Qery bésic‘one to the safevand.economical design of
tailings dams.. Theie argvtwo aspects of this subjecf that
require consideration: |

£

1) Minimum coefficient“of pe Lity acceptable

for a sand to be:used in'the cdnstruct}on of
, \ the o /
5 : .o a talllngs dam, and AT J )
A ’ . S ! )y - AT ¢
Cooii), Influence of=v01d ratio,. grain siZé\°

dlstrlbutlon and amount of flnes,( #200

- \M,r

materlal) Qn the coeff1c1ent of permeablllty
of a qplllngs.sand.

3

We will concern ourselves herein with the second-

item only; the first item will be dealt with 'in a later

éhapter of this  thesis.

f\\rj/ff\\\ J e

3.4.3.2 'PreviousﬁStudiesA

‘Bates and Wayment (1967) report work carried out .
Do hrd v

N |

60

By &
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R hour at 20 c, o % SN

" .
& _ . e
at~£;e Spokane Miniuo Research Centre, U.S. Bureau of .
ﬁines. The work is ‘based on a multivariable least—squares
regression anaiysis of 135 separate perﬁeability tests on
miil‘tailings. :T%Iis inditated that coefficient of perme-
: 4

ablllty of & tailings materlal gan be estimated if density,
o

specxflc fﬂty, and ﬁraln size dlstrlbutlon are known.

The regre-rifn equation is as follows:

Ln% = 11.02 +'2.912 &, ((VR) (D))= .085 L (VR)L (c,)
+ J194(VR) (C,) - 56.5 (D1g) (Psg), .""’(3 .2)
A-/V ‘ ‘ ’:«Z‘r? f"

where\}K20 i~coeff1c1ent of - perme&%&l;ty. 1n 1nches per

VR = void’ ratlo, dlngnblonless,‘”
Dig = effective size (dlameter 1ﬁ'mil1§meters>

which corresponds to the lOcpercen%ﬁfinerithan-‘
size on the graln sxze@dlstrlbutlon curve),,

" KT
: Cuu? coeff1c1ent of @qiformlty (D 0/D 0),~

R E

T " Dpy = average 51ze“,élameter in millimeters of the.

50
50 percent flner-than graln size).,.’ S

D60_=‘d1ameter in mllllmeters'of the 60 percent-

flner than grain size, and

PR Y
; . -
Ln= natu:al logarithm (log to !he base e)
The authors have* presented Figure'3.9 in support
of the accuracy of their above regre551on equatlon. It

is noteworthy{ at thls:tlme, that the~calculated values
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' are consistently higher than the measured values partic-

ularly in the range where permeability varies between 1 to

10 inches‘pef}hour._ Typically, this is the range of values

- for talllngs sands. We will discw8s this issue further in

a later section of this chapter.

”~

Tﬁeﬂtestiprocedure‘followed in performiﬂéipermé-
ability tests inclgded in the aboye regress}on7analysis has
been described by\WaYﬁznt and;Nicholson'(l964) as "A
Proposed Modified Percolatioa-Rate-Test for Usé‘dn PhYsicalg

m . " , .
Property Testing of Mlne B§§§fil ﬁ@é& brief description
“Lq ! A Qt . i ‘
of samplespreﬁaratlon and ie cedure follows.

‘u ) N 'N' . )‘(91 .
. ’ [N Yoa R o

O,:.

" . A known amountiﬁf\q&endried material is mixed with

a- glven ‘amount of water to form s{hiry which is geated to |
\:

a light b011 far. deairing purposes. Afger-allow1ng the

‘siurry to cool it is remlxed and poured into a permeameter"

k4

u51ng washebottla»lf necessary to complete the,materlal\jz s

transfer._ The permeameter 1;‘ ;fﬁ filled w1th water and

attachet tg a cd%stant‘head réserv01r. water is allowed<

to percolate through the spec1men under a constant head ™

condltlon. After a steady state is reached the rate.of flow .
. 3 e

of water is measured and the coefficient of permeablt%ty

computed. Tests are performed at various void ratibs.so

that permeability-voidvratio relationship can be estaeldshed

.‘ N . . 3 - ’;‘
for a given material.. : 3
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a th ayer of flnes formed

ability of the sand in question. ‘3;

63

Initially, apparatus and test procedure descrlp!d

!

above were dupllcated in the soil mechanics laboratories at

the University of Alberta; The test results were, however, .

vl
anythinc but encouraging. Pla01ng of sand slurry into the
f-n of materlals in that ‘
'\-;y\n . .3\:

e top of the test specimen.

permea- ter resulted in segrédt
. " 1.\

L

A te . performed on twice cycloned Brenda Sand gave a
@ermeabilityﬁvalue of 6.5 x 1074 centimeters per second.
However, after the top thin layer of fines (aporoximately

2 milliﬁetersﬁthick) waS'removed, the test gave a perme-
ability”value of 1.1 x‘10~‘2 centimeters per eeconé. Neither

of these Vvalues can be considered .to represent the perme-

. 7y N .
L3 M “
) e

In view of the above digficulties, the tegt'

procedure was a;%ndoned. ., Development -of a new technlque

N, - 8 . )
in which sefregation of material did not occur was s therefore,

1

©'necessary. .

- » -
v ~
[9

3.4.3.3 'Test Procedure Adopted in this Study-

“In the test procedure adoptediln this study, the

',

ovendried materlal is placed dlrectly in the permeameter.\

Porous dlSCS are prov1ded at the bottom as well as the top

'of the spec1men. Once the porous discs are in place, the

- "
test spec1men 1s allowed to take in water from the.bottom

under a relatively smail head until free water is noticed - %;ny”C“

above the top porous disc. At this stage, the permeameter
Lo ' o N

Lo



> ¢ that by'drauing~best fittﬁog-straight lines through the

DA
A

at V’Old fatn.os ot?b‘er thﬁ those used in the tests.

S .L?"”"v .
ii)“’\u,u * 1

is filled with water and attached to a constant head

AN ‘
reservoir. From then on, the test procedure is essentially
the same as followed in the previous method. At the same
voidfratio, the permeability value measured for the twice
cycloned'sand cited in the previous section is 6.3 X 10—3 #e

centimet-is per second.

3.4.3.4 Presentation of Results .

J%? Results of constant head permeablllty tests

performed on all talllngs.sands 1ncluded in this. program

are presented in Figure 3.10. The permeability values are

plotted as a function of void ratio. It should be noted o

results presented pétmeﬁblllty values can be estimated

S

r‘

" permeability values are also estimated using the
regression équation presented in section 3.3.3.2. Figure

3. ll is a plot of mdasured versus calculate permeability'

.

values for the sands 1ncluded in the program Here again, -
Vi -~
it should“be noted that the calculated values are consrstently

higher than ‘those measured.

-

v

In order to examine if permeablllty of a material . ¥

can be correlated w1th the amount of flnes (-#200 fractlon)

'present, the test results areepresented in an approprlate

form in Flgure 3.12. The permeablllty.values plotted are
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J |
S ,
those at a void ratio of 0.9 for materials tested in this
.8tudy and the test conditions for results of the previous
investigations are as described in Figure 3.12. A value
of void ratio of 0.9 is selected because it is'fepresentative
of the initial den51tlfs usually obtained in hydraullc

. placement of talllngs sands.' A rev1ew of the results in.%

Figure 3.12 appears to indicate no definite ‘trend of any

correlation between permeability andﬂpercent oﬁ ﬁlnes . o

<

present in the material. .w "

g

/// The above permeablllty values are again plotted

v*ln Flgufe 3.13 but, this tlme, as a functlon ‘of DlO'
A(where D10 has the usual- meanlng) The straight line

?ﬂjcal correlation of K =‘Dio* based &
k75 2
e ' Sap. ., ] “4:'
~on the work of Ha%en ‘892) is also.plotted in thlS flgu e.’
. - {’**."_ e

. representing the emp

3.4.3.5 Discussion and Conclu-ions

The calculated values from the regress1on equatlon

=)
suggested by Bates and Wayment are generally hlgher than

those measured in this testlng program It is thought that ? f

Lt

B

e '
- -
- 2 <>
“x Hazen s formula is usually written as K = 10. D wheg
is the effective size in centimeters or as R 10 o ’
w%en lO is in millimeters. v ‘ . A
R , v J ’ . ‘ - A o “ ‘ . A . i
A N R Lo~
T, R . RETR
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thig discrepancy.is the result of either an inherent weakness.:

[ E0
v

in the regression equation as discussed in Section 3.4.3.2
or the dlfferences ln degrees of saturation of the test

specimens due to dlfferent testlng procedures employed 1n

the two testlng programs or both. It is recognlzed that
' v
the new test procedure adopted in this study perhaps results

in degree of saturatlow*somewhat 10wer than 100% in the test

".l -

scimen. It can be argued however, that»the assessment of

permeability of a talllngs ‘'sand ‘is requlred not only in

‘a fully saturated condltlon Sut also’ under other condltlons

~

when the mater1a1 may not be fully saturated such as, on . iV'

wettlng Furthermore, the values obtalned from the tests

e .on the cbnservat1Ve5§1de. , ) . _
3 k] ) v + Y N ) o : X \ “‘

‘A rev1ew of the results presented in’ Flgure 3 13
indicates that the permeablllty of a talllngs sand can be

estimated with reasonable accuracy from Hazen s emplrlcal

formula K - Dio at a void ratio of 0. 9 whlch 1s'

' approx1mately equivalent to a relatlve density in the

range of 40% to 50% forwdeslimed talllngs sands.
N

rs ) .

3.4.4 -Shear Strength Meaqurements . . uf
3.4.4. l General
=, Shear strength of talllngs sands can be expregssed,

by Coulomb's well known equatlon

S=C'"+ o' tang* - . . (3.3)

66.



~the density and the

triaxial tests waS‘performgd'on»yarious tailipgs sands.

67

)

AN
where S = shea? Streagth,
! B

normal effective stress, -

o' =

L . AA}

%' = angle of shg?ring resistance in terms
of effective stress, and

c' =0

‘e
Or, the above equation may be rewritten as

S =o% tan @' eee.. (3.3a)

Generally speaking, g' is a funétion of the grain N
size distribution,~anguiarity and mineralogy of sand
particles, density of the sand and the pressure range
applicable to the situation at hand. for a given sand,

however, the number of variables is reduced to two ohly‘—

g&gésure range. This is well illpsyfétgdAw

el

»

in Figure 3.14 whii ‘fWQs typical Mohr failure envelopes:

R &t Y

for dense and loosé”égﬁhs (Bishop, 1971).  Similar results
are illustrated in Figure‘3.15 for a tailings sand . (Klohn

and Maartman, 1973).

3.4.4.2 Results of Triaxial Tests o~

Early in the p:ograﬁk%a,preliminary set of drained -

Th. results are presented in Table 3. #&. The tests were
F o , ’ }

7
o

‘carried out on-'small specimens 1.5 inches in diameter, ‘.

and 3.0 inches long) in a conventiona%ftriagial equipment.

t

~

The tests were performed in a sﬁ:ain controlled manner at
a strain rate of'.005 inches per minute.

[ - . it
N .

y



The purpose of the tests was to establish a
correlation between g' and density at various confining

pressures. However, density measurements of test specimens
in the above testing technique were suspect because even

LY

smail errors in measuring the diameter and length of a test
N

specimen appeared to result in a@lgnlflcant error in th,é
calculated volume and hence, the\den51ty. The above errors
are con51dered to be therent in the technique commonly used
in forming triaxial spec1mens of sand ‘because of resultlnﬁ@
membrane penetrationﬂ In'the above testing, the p;oblem was
further aggravated due to the_small size of the specimens.
Aﬁy further triaxial testing was, therefore, abandoned.

’

3.4.4.2 Results of Direct Shear Tests

All further testing has been car;}ed out in a
‘ . '5( .

direct shear box in which more accuxate'density measurements

Except -for GCOS sand whitch is discussed later,

. ‘ -, .
>vendrie? material is placed in a shear box of known volume

cnd © or allowed to saturate prior to application of normal

load _Tests are performed at various<normal pressures

- -~
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ranging from 6.7 psi to 120 psi. At each normal pressure,

tests are performed at 2 to 3 dlffereﬁt densities at a

‘AJNfrate of strain of .007 inches per m&g&te.
e

' In the case of GCOS sand, initiallylovendried
material was placed in the shear box and allowed to saturate
by flooding the reservoir around the shear box in a manner
similar to that employed for other sands. Due to the oil
coatiné'ds the particles, however, the sand would not
saturate. Ih fact, except foﬁ\the thin petipheral zone,
most of the material in the spécimen remained dry. Thus,

in all subsequent testing th sand has been premixed with
wate; and pleceé\in a wet cohdition} In thlS procedure,

it is not feasible to p%gce sand g loose condltlon and
therefore tests are perf}ﬂ@e)d at ﬁ

igtively high densities

only. é?'"

The direct sﬁear aata for the Brenda sand are
presented in Fiéure 3,16 in the form of plots of peak z'
versus dry density (stter applieatioggyf norgal load) for
each normal stress selected for tégtiﬁgigﬁFigu;é°3.ll{

illustrates graphs of peak ¢’ versus n al‘stress at

A_, : .
\Selected den&;tles. These plots are generated dn'the ”

. basis q{ the data presented in Flgure 3. 16., Data for the

other two sandsyare presented in Flgures 3 18 to 3. 21

A} t ) ;')A . = - m .

\’V

In the case of Brenda and\pttawa“sands, direct
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) /shear data at loose densities (approxlmately at’ zero

‘@Wﬂ£&§%pe density), are plotted in thé‘more conventxonal

mannex in Figure 3.22.

3.4.4.4 Discussion of Results

A review of the direct shear data presented

N 1ndlcates that g' is a functlon of the normal stress and

/

che test density (at the start of shearing) up to a value

of the. normal stress of angut 50 or 60 psi. At higher stress

levels, @'

appears to be essentially 1ndependent of the

normal stress. It.is 1nterest1ng to note that in the

case of the
Figure 3.22
.dent of "the
results for

when tested

tests performed at extremelyaloose densities;
gives relatlvely constant vahmes of ¢' indepen-

stress level.w Hoare (1972) reports si lar
g "’

= S
a talllngs sand (w1th 17% pas?i»q the fgoo 51eve)'
{L

PRl
'.‘; o A #f’
in a loose and ovendried condlt%dn. The ¢'

»obtalred was 33.5 degrees. This is comparable to the ¢'

of 33.7 degrees obtainéd from loose Brenda Sand (Flgure

'3 22). On the basis of these results it canﬂﬁé doncluded

vrthat the tests at loose den81t1es glve{iower bound values

of* g'.

A
)

.

v‘.i-)- -

3 . b

;,

It should" be noted that ¢' for the hlghly angular

- N N

Brenda talllngSISand is generally 5 to 6 degrees higher in

value than that for theirouﬁgzd Ottawa. sand at all den51t1es

and stress levels.

170
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3.4.5 Consolidation Tests \ /
' /

In order to study compressibility characteristics

qf tailinge sands, consolidation tests have been performad
on three typical materials. ~Sand is placed in rhe odeometer
ring in an ovendried and loose condition (zero relative
density). Except for the GCOS s;hd, the other two sands

are then allowed to saturaﬁe before starting the test.

In the case of GCOS sand, the test is performed on the
ovendried material and no atﬁempt.is made to saturate the
sand for reasons given in Section 3”4:4 3. Graphs of void
ratio versus logarithm of consolidation pressure applled
durlng the tests are presented in Flgure 3,23.

W e

3.5 Tests on Slimes and Tailings- .

3.5.1 pescription of Materials

] . R .
As discussed previously in Section?*3.2, tailings

are. the total waste material.left behind after'theuréhoVal}of

mineral concentratés and dre;transported as ‘such to hhe. ’

t

disposal area. Grain size distribution curves for typical
tailings from various mining operations are preéented in

Figure 3.24. SIlmes are the finer fractlon of tailings .
1eft behind after the removal of sands. Grain 512e distribu--
_tlon curves for tailings .and sllmes materié&s,included?inv
this study‘are shown ianigure 3.25.

B Tailings eud stimes’ can generéll?fbe c;aséified-
'es sandy si;ts or silts and range'from low to;hon plasrie

T

S
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in nature.. Plasticity results for typical tailings and

.

‘;,slimes tested in this program are presented in Table 3.5.

3.5.2 Direct Shear Tests

Diréct shear tests have been performed on two '

typical, slimes samples recovered from about the middle of

the Brenda and Bethlthem tailings ponds. Material is placed

in%the shea¥ box in the form of a slgrry and allowed to

. ’ ' ' .
consolidate under the d@Bired normal stress for the test.’
ey )

”*The specMen is then sheared in a normally consolidated

u,~

,‘condltlon at a constant rate of'strain of .0045 inches per

i i
”q_’mrnute. This rate bf’sttaln is slow enough to g1ve pore

bressnre dissipation of over 95% accordlng to Blshop and

o 4

Hepkel (1962) whlch is common practice for direct sha r

The results are shdwn plotted in Flgures 3.26 and.

e .
3.27. For all practlcal gprposes, the values of 30. 5

°‘deqrees énd 32 0 degrees for ¢"obta1ned arg comparable to'

those of loose tarllngs sand as discussed prev1ously in

Section 3:4.4.4. - T e T

B X ' o

3.5. ,3 Oedometeg Tes ts ‘ :

3.5.3.1 General g :
A To 1nvest1gate the compre551b111ty charactenlsticsk{

the rate of'dralnage and the rate of progress of consolida-
tion of slimesrand,tailings.materials disposed of in- the

storag%.ponds,}q’eeries_of oédometer)tests.have been
performed. In the pedometer, in ‘addition to the conventional
. : . ) <4
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\ consolldatlon ‘tests, constant head permeability tests are

performed on the specimens at selected intervals in the

loading sequence, Seven dlfferent materlals are tested from

four different mining properties. Duplicate testsvare

performed on all samples.

3.5.3.2 Equipment and Test Procedure

Testing has been carried out in_an'Anteus
consolidometer. This equipment‘has been deScribed.in

detail by Lowe ﬁﬁ al 1964) Briefly,_this-equipment
s

differs from th& more conventlonal consolldatloh apparatus

) Mﬁ
in’ that it haswa pneumatlc loadlng mechanlsm and the

spec. men is enclosed in a chamber so that back pressure

can be applled. With the back pressure arrangement, a

permeability test can be performed on the spec1men at .any

: oo
stage during the consolidation test..
| a
: » E

Material is thoroughly mixed with water to form

a thin slurry ahd poured 1nto the oedometer rlng. it is

J

then allowed to consolldate under 1ts own weight before
A L

plac1ng the top porous stone. Inltlally, a very small

.

foad is applied to the spe01men and the test is contlnued

from then on in a conventlonal manner except that constant

'head permeablllty tests are performed at selé&ted 1ntervals.
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7.2 Upstream Method of Construction

7.2.1 General | o o
As previously discussed in Chapter II, the>major

advantage of the upstream method is its simplicity and the

resulting low cost of construction. Most of the exisﬁing

tailings dams in Canada appear to have been constfuctéd by

this method™ Many failures, however, have been ascribed to

this type of construction.

-

\:

it appears that most of the‘previous investigators

have concentrated on finding reasons why“tailings embankﬁentsh
COnstructed“by this method are subject to failpre. It is |
proposed in this section to delinegte operating coﬁditions
under which this technique'might be u#ed to construct safe
tailings dams. Previous work on this subject has been
reported by Blight (1969), Kealyvand godérberg (1969)} and. .
--Kealy (1973). The work of these inVestigétoré will be

discussed and incdrporated where applicable. “ : ’

. 7.2.2. Reélevant Analyses

s A genefal discussion of fheﬂaesign criteria for the
:construction of tailings.dams has been included previously in
Chapter II:‘ The e“fect of éhé phreatic surface on the
stability of downstream slope of a tailings dam has.been_:
aemonstrated‘by infinite slope analysis.a The casés diécu;sed
are those of a slope of.cohesionless’éoil. In this anal&sis;,

thé'factor of safety for afslope-wfih parallel seepage -floy

e
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! (i.e. when the phreatic surface coincides with the surface
of the‘slope) can be expressed by the equation,
A

Y - Y '
_  t w tan ¢ ,
F.S5. = Ve tan o _ ceees(7.1)

and foirr a condition of no seepage flow »v

, Ctan O (7.2)
F.5. = ———————tan P .

e

Kealy anduSoderberg (1969) have perférmed'stability
a;alyses using the method of sliées (Bishop, 1955) on the
downstream.slope of a typical tatlings dam constfucted by ‘the
ﬁg;tream:technique. The results for the cases of high and
16w phreatic surfaces are asniilustrated in.Figure 7.1. The
factors of safety for the critical slip surfaces are shown
for the two casés, i.e.!'1714 for the case of high phreatic
surface and 2.68 for the case of low phreatic surface. It‘
is of interest to note that the factors‘of safety for the

" above two ééses from infinite‘slope analyéis (Qquatibns 7.1
anal7.2) for “equivalent soil parameters but with (c'=0) are
c'lfl7_and 2.10 for the high and low phreatic surfaces
respectively. The discrépancy in the factors'of safg;z;ﬁgrﬂgr~~”‘*

e

the low phreatic surface case in the two analyses is'obviously

s

due to the c¢' = 3.5 psi being used in the Bishop analysis

and.not in the other. Otherwise the agreement between the s
: < N .

7,
Y R
]

-résulég from the two analyses is excellent.
’ . ot .

\\‘
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~this example that Blight's work is in serious erfdr. It is.

271

o Rather conflicting results have been presented by
Blight (1969) He treats the slope as a cutting in a
normally consolideted clay with the water table at the
surface and a-linear iﬁcrease in shear strength with depth.
The solution is obtained for a deposit increasing in
thiickness at a constant rate m by couﬂling the works of
Gibson (1958) and Gibeon,and Morgenstern (1962) . Sets of

curves, as shown in Figure 7.2, are generated for the following

input parameters:

c, = 3000 £t?/yr,’

g' = 35° '

ot = 0, . "

Y T 120 pcf, and _ ;-
F.S. = 1.5. | ' " )

rl

An examination of these curves indicates that they could not

~ .
possibly be correct. For insrance, for a factor of safety
of l 5, the curves in Flgure 7.2a glve a safe slope helght

of 100 ft at a slope angle of 35° for a rate of deposition

of 5 ft/yr. From anglnflnite ‘Slope analy51s for the same

dam w1th the water table at the surface, the factor of safety
is only 0. 48 or alternatlvejy the design slope angle at a

factor of safety of 1.5 is only 12. 59 It is obvious from’

>
553

felt that his assumption to treat the tailings slope as a

case of undrained»stability is at the root of this error

since a tailings slope is in fact a case of long term -

¥}

<
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(drained) stability. To put it another way, his assumption
to treat a normally consolidated fiil slope as a case of

undrained stability is incorrect since such a slope would in

actual fact be subjected to steady state seepage.

7.2.3 Existing Tailings Dams and Stability Considerations

It appears that mqst of the exlstvng talllngs
dams have been constructed with little or no attentlon being
paid to even the most basic prrng&gies appllcable to the
design of earth-fill dams. The following three items are
noteworthy:
i) the ﬂownstream slopes of many existing tailings
dams are too steep t6~pfovide an adequate
, factef of safety against a shear failure;
ii) many of the existing dams have a high'phreatic
surface and develop seepage through the down-
'stream slope;‘and
iii) inadequate attention has/been paid to the

v _ - stability of foundation soils.

b L

. It has been'reported\that the majprity of hydgaalic
tailings dams have an average downs tream slope of 36 degrees
(Hoare, 1972) The downstream Slope of 19 dams at 8 different:
mlnlng_properties have been observed by the above author to
range from 35 to 37 degrees. In arid and semi-arid regions,
tailings dams with even steeper slopegﬂhave been cbnstructed.

Casagrande and MacIver (197F1) describe one such dam .which
/_, : ' . LN
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has been built to a heiéht of 300 ft at a downstream slope

of aboﬁf 60 deqfees. étability analyses such as those
“presented in the previous section would indicate that these

- . slopes are far teo syLep to have an adequate factor of safety.
In fact, it appears that these dams must loom dangerously
close to a faetor of safety of unity and would be subject to
failure at tbe slightest provocation, such as an increase in
pore pressures or softening of the exterior slope Ey a heavy

‘rainfall and suffaee efosion'or-minofTSeismie vibfetions.
Perhaps this eﬁblains why so many of the failures in tailings

dams have been preceded by heavy rain falls.

with regard to item (ii) above, it has been shown
previously in Chapter ii that the location of the phreatic_
surface has a marked influehce on the stability of the down-
stream slope of a tailings dam. Accordinély, in a proper
englneerlng design, the phreatic surface would be maintained
well W1th1n the embankment and seepage water would only be
‘allowed to exit the downstream slope through an adequately >
designed underdrain at the tee of the dam. Kealy and
_Soderberg (1969) report however, that one of the'problems
observed during thelr visits to many mines 1n the United
States is that the initial starter dyke is frequently

¢

constructed of 1mpe&v1ous materlals.; Since the\starter dyke

. generally forms the downs}ream toe of ‘the flnal dam in a

typacal upstream construétlon, this results in seepage .

N

thxough the slope above the,starter dyke and also possible



T
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. softening of the materials in the starter dyke. /Hencé
instability develops at the toe of the ‘dam. Out of the 19
mining operators who answered “yes"”to the'questlon "Have you
’ had stability problems?" posed in a questlonnalre by the

Sub- comm1 tee on Stablllt¥ of Waste Embankments (see Chapter
II), nine 1nd1cated that thelr problem was related to seepage

through the dam while most of the others indicated foundation
failures. ‘ ‘ : L.
‘ - | Q

It is of interest to note that almost 50% of the
above cases,of instabil}ty are related to foundation failures.
It is easy to understand, however, once it is realized that
55 of the 66 mining operators who participated in the above"
questlongalre 1ndlcate that no subsoil investigation had

been performed at the site prior to the constructlon of

a dam.

On the basis of the above presentation, it can be
concluded that the shaftcomlngs in the tailings dams as

listed in items (i) to (iii) above can be ellmlnated by
B

folloW1ng the ba51c pr1nc1ples of earth dam englneerlng

2,

In seismic areas, however, tailings dams must also be de51gned

_to prevent liquefaction through den31f1cat10n or dralnage

-~

as discussed in the previous chapter.
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7.2.4 Materials Handling

Iﬁ addition to the conditions discussed above, the
other major criticism of fhe upstream technique is related to
the possible inclusion of soft slimes within the retaining |
embankment. - This type of problem does not lend itself
readily to an adequate analysis.‘ It appedrs thérefore that
the only practical way to Solve this problem is thrbugh é
proper procedure of materials handling. It has Seen

indicated in Chapter II that in a stagnant pool of water, the

tailings matérial sediments as a homogeneous slurry with .

a cgnsistenby of very soft silt. It is récognized that this
-phenomenon is responsiblé for the inclusions of soft slimes
‘within the embankment. This happens either during the epring
runoff when the length of beach is reduced or due to béck-
ponding during spigotting operations as described previously

' ih Chapter II.

,f/\\\J It is clear, therefore, that by maintaining a
sufficiegf length of beach at all times and by careful
spigott}ng, slimés can be kept out of the embankment‘area:
It should be recognized, however, that a cerﬁain'amount'.A.
of experimentation might be required on a site before a
suitable technique is evolved. Séparatioh-of sand by

{

cyclones might be of value in this regard.
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7.2.5 Concluding Remarks

It has been indicated that gy foilowing'the basic
prinéiples of dam engineering and through the judicious
héndling of mgéhfials, safe tailings dams can besconstructed
by the upstream method of constructjon. he height to which
sucﬁ a dam can be constructed Qould owexer depend upon the
.‘1ength of beach that can ge maintained. For instance, in
large ponds a beach width of 200 to 300 ft should be feasible.
For a beath width of 300 ft, therefore, a dam height of:120
ft is possible at a slbbe inclination of 2.5 to 1.0 (or Blopé
angle of about 2205. In the_case of a well drained and
édequatelyf%ﬁmpacted embaqkment, the pbssible height might
be»raised'fo 150 ft at a slope angle‘of 2.0 to 1.0 or about
26°. The actual design side slope for an embankment, however,
would depend upon the angle of shearing resistance of the
material and the other related factorsvpfeviously discussed
in this thesis. Much higher tailings dams, however, can
be constructéd by essentiéily followiﬁg this method but with,h
some modifications to the basic techniques to be discussed

later in‘this chapter,

‘
w, a, <

Cénstruption by the upstream method is likely to—bé
viable particularly under the following conditions:
i) when the tailings are of a relatively CSarse
grind (-$#200 material <50%); —
ii) Qhen tﬁe dam ié to be raised at a relatiﬁely o

slow‘rate (5 to 10 ft/yr); and

L
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iii) when the dam is to be supported on a

relatively pervious foundation.

Figure 7.2A illustrates a safe tailings dam being
constructed by the upstream technique to meet all design

requirements.

7.3 Downstream Methods of Construction

7.3.1 ‘ﬁeneral

In recent years, due to the advances in technology

gnd mining gquipment, and the increasingly hiéher metal prices
on the world market, there has been a trend towards the
development of large low-grade open pit mines. Typically,
each of these mines are likely to produce in excess"Sf 200 £’

mallion tons of tailings requiring some exceptionally high

tailings dams. ) [;~

It has been previously indicated that safe tailings
dams. might be possible to only limited heights by the
cénventional upstream construction. Therefore, for the
fast rising tailings ponds of these lafée mines, particularly
in the narrow mountéin'valleys, the newly evolved downstream
methods are ge.nerally recommended for the construction of
tailings damg,"A description of these methods (downstream
and cenﬁreline) hﬁs been pfesented in Cthter II.

s ;

!

Currently, tailings dams to be'constructed by the
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downstream méthod‘ are designed on the basis of experighce
available fYom the design and performance of conventiuﬁél
water storage dams. Although the baa;c princléié§ of carth—
dam eqq ineering are applicable to the’ des;gn ef §§&llngs
dams, it should be, however, réco@nlzed that there are some
fuggamental differences in these pr types o£>structures <
reviewed in Chapter II. Therefore, for an‘optimum design,
it is felt- that all pertinent requirementé‘should be
evaluateu in light of the specific conditions and}variableg
involved in the construction éf tailings dams. The require-
ments for seepage control and those relating to 'the earth-
quake resistant QQsién have aireédy been discussed in tﬁ;
previous chapters. Theqrequirements relating to the
selection and placement of materials and those of matérials

r. ‘
handling are discussed here.

7.3.2 Separation Requirements  for Sands

7.3.2.1  Characteristics of Sand

As indicated previously, perhaps the most critisal
factor affecting the economics of constructiﬁg'a tailingsd
dam by the downstream methdas is the percentéaz ofitailings i
whiéh is available as suiﬁéble construction sand for the.
dam. No definite c-iterion is aQailable to assess the
quaiity of sand required for the cdnstruction of téilings

"dams.- It is 1nd1cated however, that the sand must be free

draining and it is currently belleved that the amount of

-fines control the quality of sand. As in the case of
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.9 ‘
conventional hydraulic fills, emphasis is generally placed

on getting the sand as clean as possible. Grain size
distribution curves for typical hycraulic s%nd fills afe
showh in Figure 7.3. A review of the sands being used at
some of the new tailings dams appears to indicate that the

fines cohtent has been restricted to leﬁ? than about 12%

(Table 2.2). Furthermore, in some cases, the fines tontent

\
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has been reduced to as little as 3%.

i .

Although it may be desirable to have the sand free
of fines from the point of view of ease of construction, the
issue deservgivcareful consideration.sinée the amount of
fines in the sand also cont?ols the supply of sand available /
for the construction of a,dam. In fact, the fines content.
has a éual effect - an increasg 1n the acceptable amount
of fines in the sand enhances the ;and supply and 'also
redyces. the amount of sand f%guired due to the reduction in

the amount of slimes to be stored. Under these circumstances,

a thorough examir <~i1.. of the point in question is, therefore,

. ip order.

s Accordihgly, a review of the possible requirements
from the point of view of design and materials handling
indicates that the sand must‘m@ggm;ge‘following requirements:

i) the permegbility of saha:must be sufficiently
higher than that of the slimes so that a iow

phreatic surface can be maintained within the
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. \
dam as discussed in Chapter Vv, and \
L

T
ii) the sand must be of sufficiently hig"
permeability to allow relatively rapid

drainage of the hydraulically placc sénd

during and after placement.

»
~N

In assessing the first requirement it appears that .
the required permeability of’sand would be a function of ’
the permeabllity of slimes at the sand-slime interface.
Although the selection of a definite fiqure ‘'would be somewhat
arbitrary, a rétic of lOO-betweenythe two permeabilities hag

been used at some dams as-a criterion for quality -control.
1

On 7&é basis of the analyses pe;formed during this\investi-
qation, a sand-slime permeability ratio of'greate£ thaﬁ.loo

or alterhatively for average sliﬁes, a -sand permeability of

1.0 x 10_3 cm/sec wpuld ensure a rélatively depressed

phréatic surface i ediately d;qutream_of the sand-slime
interface. For instance, in the numerical example presented -
in Section 5.4 (Chapter V), the compuéed depth of water aloné
the slope of the starter dam is only 10 ft for the sand

permeabiiity of 1.0 x 10“3 cm/sec. It can be argued, however,

that the permeability of sand at depth is'likelyvto be lower

_than ﬁhat of the initially placed s&nd. For example, the

perméébility of sand as measured during the field testing at

3"cm/sec near the

the Bethlehem Dam is about 3.0 x 10
surface and as low as 0.4 x lO-'3 cm/sec at a depth of 40 ft.
The permeability of the sand in question might therefore be

4
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4 cm/sec if'a similar reduction is.aﬁlumed

\ .

or even lower at greater depths during the later stages of

as low as 1.0 x iO-

dam construction. Under these circumstances, it would appear

281

advisable to lower the phreatic surface by including an under-

drain along the downstream slope of the starter dyke or
altarnatively by constructing the downstream slope itself of
free draining material. Therefore the phreatic,surface need

not as such depend entirely on the permeability of sand.

A method for locating the phreatic surface déwn‘
stream of the Starter dam based on the seepage flow thréugh
the dam has been presented in Chapte; V. Under the averade
construction conditions, howéver, this‘techniéue is likely
to give miéleading results, since drainage from the ‘hydraul-
ically placed sand is not included in the formdlation;- It
can be further added thaf the'q;antity of seepage frumithe
sand could,be substantial and may, therefore,'contrdi th@‘
location of the phreatic surface at least peribdically.
Althouéh the situation does not 1énd itself éo a proper
analysis, for_.all practical purposes, the préblem can be
solved by incorporating an underd}ainage system in the.design.
The phreatic Sﬁfface doﬁnstream of the starter dam can,
therefore, be ﬂaintaiped near theAbase of the daﬁ“by the
instalf&tion of undérdrains and again néed not deéend
entirély upoﬁ the Valueuof the sand-slime permgability"

. 3
ratio. . . ) , -
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R fhe materials handling requirement in item (ii)

" above can be evaluated by considering two conditions ~ one
that during sand placement all excess water must draln
vertically down wlthout ever emerging to the surface (thlS

is necessary to av01d possible segregation of fines) and

the other that the sand must drain rapidly so that mechan;cal
equ1pment can be operated on the newly placed sand withia a
reasonable length of time if necessary for purposes of

materials handling. A discussion of these two conditions

‘follows.

Condition I - Typically, sand is placed in a tailings dam by

,hydraulicrmethods. When cyclones are used to classify sand,
Vtwo alternate methods of sand placement may be followed

=~ one by direct underflow discharge from the cyclones placed
on the dam and the other by conventional hydraullc flll
methods by pPiping the sand-water mlxgure from the cyclones

placed on the abutment in a‘manner similar to that followed

at the Brenda’ da n the second alternatlve, when the. ¢

‘ I‘, N
sand is to be_placed oy the hydraulic fill methads, a }:
‘large amount of 7 ter has to be added to the sand for . *

transportatlon purpuses, When the sanghwater mixture is
discharged on the dam, the sand particles 1mmed1ately fall

to the'bottom whlle the finer particles remain suspended ‘ .
in the excess water and flow to a low area where most of |

the excess water is removed leaving a shallow depth of water .
and some flnes behlnd Figure 7.4 is. a photograph of such

!
e
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an accumulation of water on the otherwlse very clean sand h
and Figure 7.5 is a photograph of the thin coating of fines
left on the sand after th= water has evaporated. If this
method of sand placement fs to be followed, it is quite
obvious thet the sand must be extremeiy clean.tovavoid large
scale contemﬁnatlon of ‘the sand by these thin layers of .
sllmes which will be prime areas: for perched water tables
in the dam. This conclusion is in concurrence with the
experience available from conventional hydraulic fills.

‘ ,

If sand is to be placed directly from the cyclones.
located on the dam, a arger percentage of fines‘can_be
accepted in the §end eince.it'is_discharged,on the dam’ with
a much lower watet content. Although the sand is;pleced
as a elurtyqby this method, it is not reelly a case of
fhfdrauilc filling in the conventional sense; the difference
'being that in the conventional hydraulic filling, excess'
water is.allowed to flow at the surfece of the fill
resulting in possible segregation of fines carried by the
water. .In this case, however, the sand must be suff1c1ently '

pervious.so -that all excess water in the sand drains

vertically downwards without ever emerging to the surface. .

.

Ehdd

Consider a typical case of sand placement by this
gethod. The water content of the cyclone'underflow is likely
to be about 50%. On the ba51s of the experlences gained

durlng this 1nvestlgatlon, the initial dry denslty of the

[a]
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A

sand after-ﬁlacement can be estimated to be about 85.0 pcf
with a water content of about 36% when saturated. :The
permeabillty of the sand must therefore be large enough to

- drain sufficient water for a change in water content from 508
to 26% during sand placement. Conslder, for instance, sand
placement at the rate of a ft/hrf The amount of excess water
to be drained in one hour would therefore be' (0 19 x a) cu ft/
sq ft.' The rate of drainage in a downward dlrectlon would

be K x i where i, the hydraullc gradient, is equal 7] unlty.
Therefore, for complete drainage of excess water in the

downward direction, K must satisfy the following expression,

0.19 x « ft/hr

=
n

or K .0016 xo cm/sec : 2 ceeas(7.3)
It has been indicated previously that a sand permeablllty of
1.0 x 10 -3 cm/sec would be sufficient in a typical case to
malntaln a depressed phreatic surface in the sand dam. It is
obv1ous from Equation 7.3 that the rate of sand pla@ement

,.\,’

would be restricted to about 6 ft/hr for the above value

of sand permeability. On the basis of fleld observations,
it is felt that this rate of sand placement is likely- to be
‘more than adequate for construction at most dams. - ~ﬂ'

| -

‘Condltlon II - In some cases mechanical equlpment 1s requlred t

“to operaz.e on the newly placed sand for purposes of)materlalsxf

handling. To maintain a reasonable construction schedule,
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it may be hecessary in these ‘cases for the equipment to be

able to operate in an area soon after a lift of sand has

been placed. Consider a case where a 1lift of sand has just

been placed. It can be assumed that initially the sand is

| fully saturated. to a certain depth dependlng on the thickness

of the layer just placed

in a downward direction and the saturation front moves below

the ground surface.

- The sand will be fully saturated below

the saturatlon front and only partly saturated above 'it,

The experlences from the constructlon 1ndustry 1nd1cate that

construction equipment can be operated on the partly

Saturated sand if the water table is malntalned at a minimum

depth, of 3 to 4 feet

tlme must be allowed for th

A

Therefore, it appears that sufficient

a dlstance of 3 or 4 feet before equipment can be supported

on.the sand. The length of time t requlred for the

saturatlon front to move through this dlstance is obv1ously

a function of the permeablllty of sand and can be computed

from the follow1ng expression neglecting capillary effects,

Y W — ,
d x A x (W, We)

t =

Where A

and

62.5 x 100 x K

=

ceea(7.4)

distance through whlch the saturatlon
front moves,

initial water content in 3,

_final waterfcontent after drainage (i)p

With passage of time, water drains

e saturatlon front to move through

& B
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= permeability of sand in ft/hr. ",
For typical values of A = 4 ft, W, = 36%, W, = 15% and

Ya = 85.0 pcf, Equation 7.4 is reduced to

- .8 x4x21 _ 1.14 o
T TERS X I x k- TR PTS - L..(7.5)

Therefore, the time required to drain water to a depth of
4 ft would be about 10 hours for the sand permeability of -

1.0 x 10"3 cm/sec. It is felt that this rate of dralnage s

should be more than adequate to malntaln a reasonable

construction schedule at most dams.
- |
7.3.2.2 Summarlzlng Remarks '

[

It has been shown so far in this section that
sand w1th the permeablllty value of 1.0 x 10 =3 cm/sec is
more than adequately pervious to satlsfy ali p0551b1e
requirements from the view p01nt of de51gn and materlals
handltng prov1ded care is taken to av01d segregatlon of
rflnes durlng sand placement It should be noted that the’
above c1ted pérmeablllty value is at a relatlve density of . -
about*ko to 50% whlch is conSLdered typical for hydraullcally
placed tailings’ sands. Fhrthermore, the above cited
permeability value has been somewhat.arbitrarily chosen for
Presentation purposes. The actual value of the aceeptable

permeability at a glven site would depend upon the speclflc

requlrements of the prbject and can be evaluated in the
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manner $resented above. It is felt, however, that on the
bésis of the work presented above, the sand pefmeability of

1.0 x 1073 cm/sec can be considered a reasonable criterion

\

|

for quality control under average conditions encountered in

the construction of tailings dams.

It has been shown in Chapter III that the .
. ’ ) SN B
permeability of a tailings sand at a void ratio ¢of about

0.9 can be estimated from the following expression,

a2 ~ - | -
K - '].OODIO‘ v il 000-.(7-6) !

Where K = coefficient of .permeability in cm/sec,

&
=

and Dlo = effective size>in cm, .
"From this equation ‘and the permeébility value of 1.0 x 103
cm/sec,'DlO is estimated to be ébout .033Amm. Onithé basis
of these results a practical criterion of fines content can
be defined in a way that no more than 10% of the material
'-should pass the:#400 sieve.(D10 % .037;hQ). A review qf
~ the sands studied in thiS'iﬁveétigatiog’ihdicétes that for
wthe above criterion of fines content,‘fhe'percentaée of

- . ) v - ,
“material finer than the #200 sieve would range from 20 to 25%.

7.3.3 Density of Tailings Sands

7.3.3.1 .General

It has been indicated in Chapéer~VI that relgtive.
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densities of 50% to 60% may be needed .to elimihate lique~-
faction in areas of moderate seismicity (acceleration'< .1g).
In areas of high seismicity, even higher densities would

be needed. If these densities cannotibe achieved by

"normal” hydraulic placement of tailings sands additional
densification by mechanical equipment would obviously be
required. This would naturally add to the cost of tailings -
disposal. Therefore, it is 1mportant to evaluate the extent
of densities that may be possible to achféye by the hydradlic

placement of tailings sands.

7.3.3.2 Density of Convent10na1 Hydraullc Fills

Only hydraullc flllS der;ved from fairly clean

"
sands are of interest here. 1In his state-of-the-art paper

entitled "Hydraullc Fills to Support Structural Loads", °
Whltman (1970) describes this type of fill to be that
which is formed using borrow materials having less than 15%
fines (-#200 material). Other -investigators indicate that |
suitable i.ydraulic fills ceuld'be formed by using borrpw
materials with a somewhat higher percentage of fihes. See,
for examp’e —hmll and,Mansur (1973). |
g\. . It shc e recognized that the ac?eptable pei—”

centages\pf fines “ed above are those present in the borrow

materials’to be use< - h' iraulic filling.. It is generally
~

assumed that through . _per s iici- techniques, the actual

° amount of fines remai .nc in the sand fill can be restricted
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to a more desirable figure of about less than 10%. The
criterion, it appears, is to have'the»sand fill as oiean as
possible. Sand fills with less than S% fines content -are
frequently cited in the literature on hydrauiic fills.
-With regard to‘densities achieved in these fills,
the experiences cited in the Iiterature are summarized in
Table 7.1. These reported.values of relative densities,
however, should be regarded with some suspicion. Not only
can sampling influence the measured in situ density,
but also there has been a geheral lack of agreement upon
methods for determining maximum end miniﬁum densities. A
review of the literature on the subject, nevertheless,
indicates that with proper control of placement details,
a reasonably uniform fill of moderate density can be
achieved. In connection with the hydraulic fiils the
following additional points are noteworrhy:
rl//It is generally emphasized that the quality
" and performance of hydraulic fills are closely
related to the placemént techniques followed.
Recommended procedures for placement of hydraulic
fills are discussed by Turnbull and Mansut~‘
(1973).‘ It is especially\importaﬁr to avoid
ponding of.water where f;nes might settle out
to form soft pockeﬁs or layers. Furthermore,
material must not be bulldozed into low areas

w1thout subsequent slu1c1ng, otherW1se zones

R,

>

w



of low densities will result. S,
ii) To obtain optimum density, it is important
that the true water table is well below theA
surface of the fill so that there is downward

draxnage at all times.’ Densitles obtained

in the case of hydraullc flllS placed under

water are generally much lower than those
noted in Table 7.1.

iii) If-hydraulic fills resuire densities greater
than those noted in Table 7.1, the required -,
densification is generally accomplished by

conventional equipment.

-~
L

7.3.3.3 Comments Relevant to Tailings Sands

;Ih situ density resﬁltsrwith respect to cycloned

| tailings sands aie sumﬁarized in Table 7.2. The results
indicate’ that there is a large variation in the values of
relative den51ty at Brenda. dam where constructioh is carried
out by the hydraulic cell method.’ At the other two dams in
Table 7.2, the qonstruetion_is by on-the-dam cycloning and the

relative density varies over a relatively narrow range of

values, -

On the basis of the limited information included /
in Table 7.2, it appears that average relative den51t1es of
45% to 55% can be achieved by on-the-dam cycloning technique.

These values are comparable to thbse reported in themcaee-

N

c
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~

of hydraulic fill)sands (Table 7.1). It should be noted
however, that the values of relative density reported in
Table’ 7.2 for the Bethlehem tailings sand are equivalent to

only 89 to 94% of the maximum Standard Proctor Denaitf.

7.4 Suggested New Techniques

7.4.1 Efficient Use of Cyclone Classifier

It has been indicated earlier in this chapter that
the sand yield depends onythe amount of finesg accepted in
the sand as well as the efficiency of the separating
technique. The first of these two varimbles has been
discussed in the previous section; the second is discussed
here. Various methods of sepafating sand frdm tailings ;ave

. been described in Chapter II. Of all the methods discussed,
it has been indicated that the use of the cyclone for this.
purpose shows the most promise. Therefore, wéwwill confine
our discussion-here go only the use of the cyclone as a sand

classifier.

The c¢yclone has been used both as a classifier
. and a thickener in the milling process by the mining industry
for many years and a great wéalth of experience has been
gained in the oper-:cion of this device'iﬂ-thAt éapacity. But
.very little information has beén publishedlon its use as a
t;ziihga\clqbsifier. For instance, no information has been
supplied on the operation of the cyclone }n the ‘Tentative

< } )
Design Guide for Waste Embankments in Canada" (The Department
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of Energy, Mines and Resources, 1972).

( Recently, some work has been reported on the
subject by Hoare (1972). On the basis of some very costly
field tests, the following conclusions have been drawn with
regard to performance trends for the cyclone with a rope*
type discharge:
i) An increase in the“size of the apex will
Pncrease the weigh£ recerry as long as~tﬁe
ﬁnderflow forms a rope type discharge. Weight
recovery is the weight of the solids in the
underflow expressed as a percentage of the total
feed.
ii) An increase in the feed pressure increasgs the
weight recovery. | ~N
iii) An increase in the diameter of the vortex finder
decreases the amount of fine material in the
underflow.
iv) A decrease in the length ofﬁthe vortex finder
causes a decrease in the amountlof,fine‘mateg%g;

in the underflow.

~

* There are two types of discharge commonly assocfated with
a cyclone underflow - a vortex discharge and a rope type
discharge. A vortex discharge constitutes a wild spray
and a rope type discharge is a continuous stream flow
with spiral motion. For purposes of tailings classification,
it is necessary that the cyclone operates with a rope type
. discharge. ' :
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It has also been indicated that by altering tﬁe :
design and operating parameters, almost any desirablé
separation of the solid ﬁarticles can be achieved by the
cyclone glassifier. In addition to varying these parameters,
it is felt that for all practical purposes, the desired °
separation can. be most efficiently achieved by subjecting the
material to more than one stage of cycloning and/or by

recycling some of the material. This technique is ill-

ustrated by examples presented below.

Exgggle I

Grain size distfibu?ion curveé are presented in
Figure 7.6 for the materials ;Bﬁbciated with a cycloning
operation. It can be seen that the cyclone feed (tailings)
contains approximately 50% matefial finer than the $#200

sieve. The overflow (slimgs)’contains 67% fines and the

oy

underflow (sand) contains 18%. The weight recovery under
these circumstances is about 33%. It is easy to see that

the slimes contain about 42% sand sizes* and that this
percentage of éand will hot be available for dam construction.
In fact this material will be wasted in the slimes and will

take uﬂ much needed storage space in the ‘pond.

* The fines are defined as the materials which pass the #200
sieve. - The sand sizes are the materials which are coarser
than .06 mm according to ‘the M.( .T. grain size scale.
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It is_felt that bf directing the overflow product -
through another stage of é&cloniﬂg, significant amounts of
additional saqd can be reclaimed for the construction of the
dam. The actual increase in the amount of sand would depend ’
on the efficiency of the second cyclone. It is realistic to
assume, howé;;;, that the overflow product can be adjusted
to contain less than 158 sand sizes and that the underflow
product will contain about 20% fines. On the basis of these
assumptions,‘an increase in the weight recovery of 19% is
realized giving a total supply of sand of 52% for the
construction of the dam. It is equ;ily important to note
that the amount of slimes has been\reduced to 48% from the
previous 67% -‘é 19% decgrease. It would suggest that nowu
only 72% as much sand will be required to maintain the crest
level ahead of the pond elevation as comparqd to that which
would have been féquired had the second cyclone not been
inserted into the system. Therefore, the net effect of the
second cyclone is to increase the sand supply by almost 58%

(based on the weight of the sand) and reduce the demand by 28%.

To demonstrate the effectfof all these changes,
consider a hypothetical case in which 50% sand recovery is
needed to meet the anticipated construction requirements.:
It should be noted that the slimes in this case would be oﬁiy
50% of the total tailings. In the above split, it would
,Nm§an:50’tons of sand and 50ktons of slimes. - In the original

case of only one stage‘of cycloning the sand portion would

294
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be 33 tons and ;the slimes portion, 67 tons.‘ In this case, .
the amount of ‘sand required to proyvide storage space for-the
67 tons of slimes would not be only 50 tons but perhaps 67
tons if a proportional incre;sercan be assumed. Therefore,
there will be a total shortage of B4 tons of sand needed to

meet the new construction schedule. \,

£ \\

v A

The effgct of inserting the second cyclone into the
system is to increase the sand recovery to 52 tons or an
actual increase in the}amount of sand of about 58%. The
dverall effect, however, is equivaient to doubling the sand
Supply - going from a 33. ton supply and 34 ton shortage to

- no shortage condition. This may have been an example of

an extreme case, but sand shortages can be quite real at
most ~f the dams to be constructed by the downstream methods,
particularly in the critical early’ stages ‘of the operation.’
Brenda tailings dam, the first dam to be constriucted by
these methods in British Columbia and perhaps in Canada,

has had two aboqt lstfoot lifts of borrow material added to
its height in the first.two or three years of operatxon at

a significant addgtional cost to the project - Campbell and
Brawner (1971) cite an example of a large tailings dam.where
4sand recovery appears. to be of the order of 27% ‘and sand
shortages are anticipated in the first few years of
operation. -Galpin (1972) presents a case of another dam to
be built by the downstream methods, where low sand recovery

is anticipated due to the double cycloning specified for

295
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the project.

o

Exggk le IT | T,
y Grain size distribution results on samples taken
on JulyIS, 1973 at the Bethlehem tailings dam are presented
in Table 7.3. It can be seen that the sand recovery from

the first cyclone is about 30.5%. with the addition of

4‘

206

Cyclone II, the sand recovery has been 1ncreased to an overall i

(
50% - a significant 19. 5% 1ncrease in the sand recovery.

&
At the Bethlehem site, the tailings are initially
processed through a cyclone in the mlll and only the coarse
fraction remixed with a small amount of slimes is piped to

the dam for further cycloning at the dam. It is estimated

that only approximately 50% of the total tailings are

transported.to the dam. The rest is discharged directly into

the. . pond from the mill.

The above 19 5% 1ncrease in the sand recovery, -
therefore, is on the basis of the material piped to the dam
For an average throughput rate of a7, 000 tons per day for

the mill this increase. i sand recovery could ‘amount to

PP

Qabout 1y 000 000 cu yd of additional sand on a yearly basis.

g Onea dam where sand supply mlght be critical, this order of

,-~

increase in:sand supply could amount to a savi/g»of $500, 000

in a 81ng1e yvear at a conservative rate of $.50 per cu'yd

-

‘aSSuming;that borrow materials would have been needed had the -



~the cyclones. It is feifg‘however, that throogh the judicious
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sand supply not been adequagerpalt ib recognized that there
will be additiongl expenditures due to the second stage Of
cycloning. It is felt, however, that these expenditures are

likely to be rather inaignificant in view of the huge

anticipated savings._

Example III ‘

| ;drain size distxibution curves are shown in Figure
7.7 for tﬁe Brende mater::I;\hs received in 1972 It can be
seen that the tailings: contain about 44% fines (~#200
material), the underflow sand about 8% and the overfltw
slimea about 72%. Under, these Circumstances, the sand
recovery is about 44%. It is felt that by directing the
above slimes through another stage of cyclones, the sand
recovery could have been 1ncreased significantly, ‘as shown in
the previous. examples, without compromising the quality of
the sand. N =

l . S

More recent results (February, 1 ) received from

*he gite indicate that the sand recovery has now been
incggesed'to_aboutﬂsog, partly through increased coarse-

3

ness of the grind and partly through more eéfficient i e of .

use of cyclones, sand recovery can be increased‘further at

ﬂ]is site .
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it is intereeting to speculate thet if at a site
the design requ&rements are such thae sand with up to 20%
fines is acceptable, for a coarse grind such as that shown
in Figure 7.7, a sand recovery of about167%.can be expected
" provided sand losses in the slimes can be restricted to
“about 20%. That, for a production rate of 30,d00 tons per
day, would mean an increase of 1.5 million cu yd of sand
eupply for an increaee in sand recovery from 50% to 67%.
Furthermore there will be only two-thirds as much slimes

to store.

It has been shown in the‘previous section that a
significant percentage of fines is acceptable in the sand
used for -the construefion of tailings dams to meet all
possible_requirements relevant to design and‘mate;ials
handling. For average conditions likely‘to exiSt>at most
e.tailings dams, fines to the extent of 20 to 25% may be
acceptable in the sand with the overrldlﬁg&reqULrement '
the sand plaéement te hnlque should be such- that no thtf ’ ~
segregatlon of f{;es can occur. Furthermore, in this sectlon,
it has geén‘demonstrated thet threugh the judicious pse of .
eyclones;‘a relatively high level of sand recovery can beo
achieved. This also has the effect of reducing the amount
of slimes te be stored. For instance, for a typical taiiings
material with about 50% pa351ng the %200 sieve, sand recovery
of over SO%Vshould be feasible. At the present time, for '-“”:

a design criterion of limiting'the fines content to about

7



10% and a typical loss of sand sizes in the slimes of 30%,.

' the sand reco xy is usually limited to about 338, It can
be concluded, erefore, that the new methods presented here
-icould very well be the answer to the problem of sand .
shortages so frequently éxperienced in the construction of

‘tailings dams by the downstream methods. S

7.4.2 Methods of Accelerating Consolidation of Slimes

, The volume~of»elimes to be stored is another .
‘critical factor in the optimum deeign of a tailings dieposal.
Slimes are discharged into a pond in the form of a thin
slurry. After the initial sedimentation which occurs rather
rapidly, the slimes undergo consolidation which is a ‘slow and i
long_term process. The slimes will be consolidating during
construction and for many years after the completion of a

mining operation. The writer would envisage fairly- deep

lakes behind some of the large tailingS~dams in years to come.

It can be said that with increased consolidation
much more solid material can be placed within the same
initial depth. The height'of a teilings den required'to
provzde storage space for the slimes is, therefore, ‘a function
of the degree of consolidation of slimes that can be achieved
during construction. The higher the degree of consolidation |
of slimes during construction,‘thellower the dam height :
‘required to maintain crest level ahead of the (fnd elevation.

_There are various methods of accelerating the. rate of

"/ B " .
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consoliaation of hydraulically placed fine grained materials

(see, for example, Bishop -and Vaughanq~1972)

The case of’double drainage (ox underdrainage) is ‘ _\\
_of particular interest here. It has been ind1cateq in,
" Chapter V that in the central portion'bfla tailings pond,
consoliaation'occurs due to drainage of pore water in enly'the
”“vertical direction.’ Pore pressnre distribution curves are
shown plotted in‘FigureSIS.ZB and 5.3B for a constant rate
of deposition for the caseseof impervious and pervious bases
‘ respectiyely according to Gibson (1958). Since the effect
of consolidation can be best assessed in terms of increases
in effective stress, the above curves are presented again in
Flgures 7.8 and 7 9 but this time, to 1llustrate effective
stress distrlbutlons. It should be remembered that Figure
’ 7.8 presents results in terms ofiencess pore éressnres'and
Figure 7.9 in“iermsrof total poretpressures,. Effective stress
at a certain depth in the Aeposit,can be computed from the
. expressions given in the above figures. For insrance at x/h
= .5 for a‘denosit with the follewingbparameters, | | | s

h = 100 ft |

Y . = 95.0 pcf, o . -

]

32.5 pcf, and T



301

~ - ) ) < |
The -effective stress for the impervious base is 420 psf,
whereas in the case of the pervious base, the effective stress

. - Ty ' < -
would be-significantly larger, about 2400 psf. The sig-
nificance of the differences in effective stress from these
two cases can be best illustrated by an example.
v o
Consider a typical deposit of slimes with the

following properties'
Cv = 125 ft /yr = 3.9 x 10 -2 cmz/sec,

m 20 ft/yr,'

h = 100 ft, and

_‘_t = 5 yr. -
2, : .
The value of EEE for the above case would be 16. It can be
: [

seen fh Figure 7.8 that fo: ah impervious base, the effective
_stress in the top 50% of the deposit is zero. In the lower
half ofuthe deposit/, the avefage effective stress will‘be
about 300 psf. Iﬁ/the case of a pervious baseA(Flgufe 7.9),
the effectiveﬂstr 88 is zero only in the top 25% of the
deposit. In the/bottom’ 25% thickness of the deposit, the
average effectlvb stress is likely to be about 6000 psf and
in the middle §é%, it would be abogt 1000 psf. On the ba51s
'vof_oonSolidatignjcheracteristics_presehted is'Chapter_iIlkfor
the slimes, the net effect of all_thesefchanges ihveffectiVe ‘

stresses 1s that 20% more solids can be stored 1n ‘the case

of a perv1ous base within the same depth of slimes. 'I‘h;i.s'.vé__é

difference is 1ike1y to be greater with increasing depth o

e

/
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" of slimes. On the basis of the above discussion it would
appear that in a typical high tailings dam, the depth of
slimes may be only about 300 ft in the case ofvdouble”.

e

dreinaée as compared to 400 ft for the imgerviouS»baee;

On the basis of theoretica1~considerarions it has
been shown that a significafit amount of red@ction in dam ‘
'heiéht isipossible with double drainege. ihkeome‘casee bottom
.drainage may be feaeible naturally.due to a per#ious
foundation.’ In some other critical situations, insrallation
of én'ﬁﬁderdrainage system or vértiéal drains (for example,
sand drains) may be worth considering. 1In any event, field
meagsurements in suitable situations would be of,.@r_r,.e._m:_”_'_A,_h._;h,_\_____..._.*a‘_;r-w
assistance in obtaining better quantitative understanding
of the poasible effects of double dreinage with respect to '«—;»
the point in question. ' | '

b

7.4.3 Stability of Upstream Slope

Another interestinquuestion_can be raised in view -
of the aboveldiscussion._ If siimes are to undergo iarge '
amounte of post construction'sefrlements, what effecﬁ would
dam? In the case_of a dam constructed by the centrellne
technique, the stability of the upstream slope would oe
. very much dependent upon the. lateral support__ﬁ_rhe’adaotnxng T

slinmes. Typically, however, the slimes adjacent to the sand-g

sllme interface are 1ikely to have a high degree of con-
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solidation during construction due to lateral drainage inte
the sand. It is anticipated, thérefore, that the post '
constrqetign settlements would be rather small at the sand-
Blime interface and would gradually increase with increesing
‘distence from ﬁhis boundary. This point should be, never~’
‘theless, thoroughly;inveseigated in the case of a dam to be
conStfﬁcted by the centreline technique. |

o The above consideration would be a strong-point in
favour of meiﬁtainisg a relatively high sand to'slime perm- .
eability \xatio for an unimpeded drainage. A sand £§ slime
permeability ratio of 100 has been suggested in a previous
"—~~—-~Mseetien~ofethis chapter.ﬂdror the same reasons, an impervious

- seal against>the upstream slope of an embankment to be

constructed by the centreline technique would not. be
) i

recommended.

In conclusion, it is to be emphasized that the

stability of an upstream slope should be given due consider-
-

ation. At éhe present ti ity of an upstreah -

slope is rather hastily passed over. It would be wise td

remember that the failure of Barahona dam in Chile ln 1928 ////

was caused by thediggggki;ityﬂef—the’ﬁﬁsifegﬁ#slope (Doory

A’ﬂ*~"“’EHE#Alvarez, 1967).

.

7.4.4 Mbdified Methods of Constrqction \\\\\:“N

1]

It has been indicated previouslx,in this thesis,~‘
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that both existing methods of. .constructing a tailings dam
have some good points and some inherent weaknesses. Neither
method is faultless.l ) ~7
The upstreanm method is economical but it has_its
limitations from the: engineering point of view. It has
been shown in a previous section of this chapter that a safe
tailings dam can be built by this method following the basic
principles of esxth dam engineering and the proper . edures
of materials handling. But the height to which such n "

X

Gan be built would be limited. o
. ‘ .

LR

At the ptesent time, for the particularly high
tailings dams at the large low-grade open pit mines, downstream
- construction would generally be recommended. A dam can be
built by this type of construction to any height and to
satisfy all design regirements. Constructlon by this method,
however, is more costly than that by the previous method.
Moreover, sand shortages in this type of construction,
particularly in the early gkages of dam building, can further
add to the cost of the facility. Several methods have been

discussed previously to alleviate this problem.

It appears that a desirable methoc might be a
combination of the above two methods which will maintain at
least some of the economy of the upstream construction and

the engineerlng desirability of the downstream technique.



Two typical cases are selected for presentation purposes -
one of a moderately high tailings dam for a medium size

mining operation and another of a relatively high dam for

Ca laréeﬂopen pit operation.

First consider the case of a moderately high
tailings dam with a rate of pond build up of about 5 to 10
ft/yr. Typically, the dam should be built by the upstrean
method of construction as discussed in a previous section of
this chapter. But the ultimate height of the dam is
sufficiently large so that the upper portlons of the dam are
likely to be underlain by the previously deposited slimes near
;he base of the pond. It is assumed, howecer, that the
beach. length and the back ponding can be.controiled S0 that‘
no further inclusions of slimes_can occur within the

embankment sand.

It has been indicated thet it would be feasible
to maintain a minimum beach width of about 300 ft. In a
typical set up, as shown in Figure 7.10, essume a starter
dam of e height of abcut 30 ft. Subsequent dykes will be
placed as requifed in a typical uﬁstream.construction until
the dam reaches its ultimate heigh£ ihdicated by point A in
Figure 7.10. In the above construction however, as dyke 8
is placed, the height of the dam reaches a critical stage
in that the upper portion of the dam above this level will

be uﬁ&erlain-by previously erosited siimes if the upstream

08"
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method of construction is continued. From this stage onwards,
it is suggested that construction should be no longer |
continued by the upstream technique; it should be carried out’
by the centreline technique instead and the ultimate crest

of the dam will reach level B as shown in Figure 7.10. -

It has been suggested in the above example that
construction may proceed by the upstream technique until the
dam reaches a height of about 110 ft. That would mean
construction by the upStream technique during the first
several years of'operation while the sand supply might be
critical. After this, the construction is to be carried
out by the centreline technique but it is felt that at least
the sand supply is not likely to be a problem at this later

stage.

Now consider the case of a typical high tailings
dam. For presentation purposes, it can~be assumed that
construction at this site would normally be carried out by
the centreline technique. It is sugéested thet construction_
should commence in the usual way for the first few critical
years. In the later stages of operation when sand yield
begins to exceed the volume required for the normal centrelinev
construction, it is suggested that further construction should
be carried out by the downstream technique making sure that
length of beach is maintained to at least upstream of tne;

previous sand-slime interface of the centreline construction.
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As the crest of the dam reaches point A on the downstream
slope, it is suggested that all subsequent construction céuld//
be carried out by the upstream technique. .
.

It is anticipated that in the above sequence, it/
might be possible to construct the top 100 ft or-so of thé
dam by the upstream technique. In addition to the econ?éy
of the upstream construction in the later stages of the

operation it is felt that this will perhaps allow the

mining operator sufficient time to stabilize tﬁe downstream

slope with erosion protection before the end of construction."“*” "
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.

TABLE 7.3 Grain Siée_Distribution Results From
Bethlehem Dam (Sampled July 8, 1973)

sieve Feed Underflow overflow
Cyclone Size L N %
+65 6.5 15,2 ,
,_ +100 14.6 . 29.2 9.9
I . 4150 21.3 28.1 18.6
+200 14.1 12.5 15.7
+325 13.1 7.7 15.9
=325 - 30.4 7.3 ©39.9
Total 100.0 ‘ 100.0 ©100.0
+65 . 6.4
+100 9.9 27.4 1.3
. +150 18.6 36.3 11.0
II +200 15.7 12.7 16.3
+325 15.9 8.9 19.0
=325 39.9 8.3 52.4
‘Total  100.0 100

.0 100.0

-

NOTES:
1. Oggiflow product from cyclone I is the feed for
cyclone II.

Cyclone I  Cydlone II  Overhll
2. Sand Recovery 30.5% 28.5% 50.0%
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(After Ca.agrande and MaclIver, 1971)

Figure 7. 2a A Safe Tailings Dam Being
Constructed by the Upatream

Method
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Fiéﬁre 7.3 Grain Size Cubves For Hydraullc
: - Sand Fills ’



-Figure 7.4

Figure 7.5

Phqgto
on ot
place

Photograph

i

graph;illugtrati
herwise clean sa
ment by hydraulic

ng water accumulation

nd during sand
£il1l method.

illustrating a thin coating of

fines left behind after water has
evaporated. o ' o



Percent Finer Than

Percent Finer Than

Cas

M.I.T. Grain Size Scale

- Sleve Sige - T
100 le——go- ot T '
: L AN Y - ,
90 § ‘\‘ Cyclone ~
80 .. \ Ovorflow
H
70 1 cyolone ;\' 1
60 xflom \I |
50 - ' % ‘ ‘Cyclone ) ! p o
_ Peed . . S
40 : \\ .
30 ¢ ) A} S
- 20 , . —
10 . h :
0 - i ¥ _
+o Y ool 0001 ° ' 00001 -

Grain Size - Millimetres

Figure 7.6 ' Grain §ise Distribution Curves
T (reference Section 7.3.2.2 Example I)

uggggi.gxgég,sigg‘SQAle

S e e e )
- Sieve Size , ,
[ ]
100 o 0 Glﬂ.
90 - \CX
80 ' L Slimes .- - _
70 :":K : - '/ - g : ‘ .4 / v.‘
60 TR . :
. . 3 \ . . - X
Sq r A Tailings - ) Yol
. 40 i -
30 T NAN
—e Sand X 3
20 " TN
10 PR —
: 0 ’ : 1] if —
+0- o : ool 000 " 0-0001

Grain Size & Millimetres

Figure 7.7 Grain Si2e'Distribution Curves .
' (reference Section 7.3.2.2 Example III) - S



o

0.8 ; ;
‘ S - x u
0.6 \\ 0", = Y'h{(l-ﬁ-) - Y—TK}‘
128 \ v
0.2 L\
‘ uw/y'h o
Figure 7.8 Effective'Stress'Distribﬁtion
: (Impervious Base; h = mt)
l | . ' “*’_ﬂA,_,A_ v e
. ‘ /—' e
- v.o.8
\‘\..
0.6 o' =y h{(1-%) - ¥}
1 v Tt R yth
p}23 m2t
0.4 I T =16
v t ) v
. 4 , ‘
0.2 —A “
"”/,4b '//54
o | |
0 0.2 0.4 0.6 0.8. 1.0
Effective Stress Distributibn_

Figure 7.9

(Pervious Base; h = mt)

'g,?isﬁqk




a7

UOT3IONIIBUOD JO pOYISH Weea3sdn POTITPOW  o7°L eanbrg

aoe3xajuUI

uR(g I193I938
snotalad




a1 ¢

-

UOTIONIISUOD JO POYISH WRSIISUMOQ DOTJITPOKW

ha ¥

“IT*L oanbryg

UIRIPIIpUn ~

1 I93Ie3S
~o ‘ @
S~ UoOT3IONIFSUO) _
|aufIs3I3uUa)d g
, I obegs e |-
< , a 88wy TS
Avummkp/h
o .
- e - @0wIIBJUT
v SOBIIBJUT JWITS-PUBS JO \JHIHJHHHW
weax3sdn TeAS] I9jeM uTejuem L

03 Yoesq JUSTOTIFNZ y3TM
uoT3ONI38UOD wesx3sumMoq

IT sbe3s

Iy UoTIOoNnI38UO
96, uweaxys

Is W

spues

pon 4‘- L4
« .

*UOTIONIIBUOY anoybnoayy,
N © ‘umoys se g-g Uof3o088 30 weaxjzsdn

» PSUTRIUTRW ST 90RIISIUT SWTIS-pues Ieys ST . ) o ®

pouzsw sTy3 uy Juswearnbax BurprixaaQ - $330N
)

sowvyI9juUl

SuwWT1s-pues



CHAPTER VIII

CO&CLUDING REMARKS AND SUGCESTIONS

- -

FOR FURTHER RESEARCH e

] It has been shown in this thesis that tailings dams
have been constructed, in the past, with little or no;regard
to even the most basic engineering prlncxples whlch are |
commonly employed in the design of earth- f111 dams. For
‘ lnstance, ‘many talllngs embankments have been constructed
with side slopes too steep to provide an adequate factoir of
safety. Also, seepage control and bearlng capacity of
foundatlon materials have not been given due consideration.
-in many cases. It can therefore be said . that until recently,
insufficient attentlonNhad been paid to the safety of
talllngssdams. With the growing concern for the protectlon
of the environment and in view of the recent failures of
waste embankments, notably the Aberfan.diséster, the design
of tailings dams has come under critical review in the last
few years. It is now, generally recognized that the
tailings'embenkments must be designed as safe engineering
vstructures.-

' L

Most of the exieting teiiings-embankments have

been built‘by the upstream method using spigotting ﬁechniques

for gravity separation of materials. The upstream method is

319
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a simple technique which appears to produce economical
construction. Careless construction by this method, however,
has produced several unsafe tailings dams in the past.
Proper procedures of materials handling and construction

- by this method have been discussed in this tresis. But, the
height to which a dam can be built,by this method woulddbe
limited.mehegmethcds cf stability analysis for embankments
to be constructed by.this technique have been reviewed. It

has been shown that the recently published work of Bllght
(1969) on the subject is in serious error.

For the high’ tailings dams at some of the large low-
grade open pit mines, the newly eévolved downstream methods of
construction are generally recommended. This type of
construction is more'desirable from the engineering paint of.
view but it is also more costly than that by the method noted
previously. Modified methods of construction have been
suggested to combine the dconony or upetream method and the’e

"engineering desirability of the downstream techniquee,

The single most oritical factor which effects the
cost of downstream construction is the amount of sand avail-
able for construction'purnoses.- As in hjdraulic fills, the
-fines content in the sand appears to be commonly restricted
to a low value of 1éss than about 12%. It has been shown
in this thesis that a signlficantly higher percentage of

fines is acceptable in the sand to meet all possible
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requirements feievant'to design and materials handling. For
che average conditions likely to exist at~mos£ tailings dams,
» about 20 to 25% fines may be accepted in the sand with an
overriding criterion that the sand placement technique should-
be such that no segregation of fines can occur. It has been
furthet shown that through the judicious use of cyclones;'a
relatively high level of sand recovery can be achieved. 1In

a typical case, for instance, it may be feasible to increase
the sand recovery by as much as 50% by this method. Combined
with the new high percentage of fines, this would completely
change’ the situation with reepect-to sand supply at a site.
'Furthermore, this would reduce significantly the amount of“4
slimes to be stored and hence, ghe height of dam required

s

at any stage.

The rate of seepage flow through a tailings embank-
ment is generally computed by a flow net analysis assuming a
steady state seepage condition. =-In‘the fast rising ponds
behind some of the large teilingSvdams, it has been found
that the slimes are in an under-coneolidated condition. -The
rete of seepage flow is, éhereﬁore, controllec by excess pore
pressures in the slimes. A euitable.fbfmulatioh and an-
analytical solution is presented for computation_of seepage
flow in the above case. It has been further indicated‘that
an impeivious seal against the upstream slope may be only
necessary under special circumstances. eFurthermore,’in

the case of centreline‘construction, an impervious seal may
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have a detrimental effect on the stability of the upstreqﬁy

alope._” R —

It has been shown\by theoretical considerations
that double drainage can accele;ate consolidation of slimes
during construction and can have appreciable effect onrthe
height of dam required at a site. Further work, however,
is necessary in this area, particularly with respect to i\\\

field observations.

In addition to the usual monitoriné of seepage
contrcl cy piezcmeter‘installations, field neasur\ ts of
in situ density and permeability are needed to provide a
flexible approach to the final optimum design of a tailings
dam,d Existing methods of measuring these parameters are -
shown to be unsatisfactory in the case of tailings dams.
New method§ have Jeeniexplored,-and’suitaple equipment and
test techniques develoéed. In situ density is found using
a nucleer probe driven into the embankment and in situ |
permeabidity above the water table is deduced from a constant -
‘head‘infiltration tesu. Both tests have been applied under

P N
e T e

field conditions and shown to give reliableresults.

on the basis of limited field data presented in: this
thesis, it can be tentatively concluded that on-the-dam ‘
cycloning produces.fill'densities of 45 to 55% relative .

’dengity. These results are quite comparable to those
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>

¥ . ' .
generally reported for hydraulic fills.. Further field
. measprements are) however, needed before firm conclusions.

|
can be drawn.

A general review of earthquake effects on the
stabllity of tailings dams- has been presented in this thesis.
On the basis of a review of reported case histories and the
varfous criteria generally .recommended, it has been V
concluded that a relative density of 50 - 60% should be
sufficient to preclude liqhefaetion in the case of tailings
dams where design greund.accelerations are not }ikely to exceed
0xlg. Higher densities will be needed in areas of higher |
" seismicity. It has been indicated that earthquake induced"
settlements and shear displacements in the case of drained
tailings embankments are likely toAbe of insignificant -
magnitude and, therefore, are not ‘an issue in an otherwise
well designed tailingsvdam;

It should be noted that most of the reported cases
of earthquake related ‘experiences have been with respect to ~“<ﬁ
natural materlals. lFurthermore! most of the reported research
testing with respeet to liquefaetion studies has been
performed on uniform and clean sands, generally devoid of.-

~fines. Research testing of actual tallings sands to 51mu1ate

earthquake ‘effects is‘/therefore, needed

Another issue that deserves attention is the

(3
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criferion for compaction control. A minimum relatxve den31tyl

is frequently used for compactlon control 1n the case of
hydraulic fills of fairly clean sand (fines content lesa‘than
about 10%). For a higher fines content, a crrterion‘of"’
camparative compaction (for example, percentaoe of Standard ;. .
Proctor Density) is often recommended. In the construction
of‘tailings dams, if_a highvpercentage of fines is to be
accepted in the sand as suggested in this thesis, a furrher

clarification of this issue is needed.

Flnally, it must be empha31zed that performance
data from taillngs dams at the present time is rather scarce,
to say the least. Various new technlques and suggestions
‘have been put forth 1n this thesis whlch should 1mprove the
state-of-the-art of de31gn1ng talrlngs dams. Case histories

to record relevant performance data, however, are badly needed.
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. An engineering report can be required under the
authority of Section 7 (3) of the Mines Regulation Act cr
Section 6 (3) of the Coal Mines Regulation Agt to allow

a determination to be made of the stability of a tailings
impoundment. The engineering report should be signed by a
professional engineer specializing in the field of soil
mechanics and should contain the following: -

1. Maps and Drawings

(a) The map or maps should show the location of the -

‘impoundment ¢ A~-  the physical features of the 4 4
downstream are .ch might be affected by ar_xylg

: failure, and the upstream watershed draining
“ . .dam structure. ' '

(b) The drawings should show the layout in plan;
typical cross-sections of all embankments, and if
applicable, anticipated future extensions; and the
location and design of the spillway or diversionary
drainage to be installed at the termination of '
mining operations or on any prolonged shutdown.

_Embankment design should include information on
heights, top width, side slopes, freeboard, seepage
‘control, and protection of the embankment surfaces.

2 Design Anq%*gis ' ‘ L e
Sy ,

( An andlysis of the integrity of the proposed design.
The information should ‘include: - ‘ ",

y .

(a) Results of geologic studies and site investigation
including logs of -drill holes, field permeability
tests and ground water levels.

(b) Results of soil tests on foundation materials
including shear strength aqqﬁconsolidation test
data. , ‘

. (c) Description of the enginéering properties;of the
materials to be used for construction of the dam.

(d) Results of stability studies to assess:
. - Foundation stability and settlement
- Slope stability S

surface erosion control
Seepage and piping
Earthquake stability

O
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3. Hydrology | . o : L .,
- . , v

: . A hydrological assessment of the foundations and of .
- the structure is required, based an the location of. the im-
poundment.” This should include surface and subsurface

water conditions, diversion of watercourses, drainage and
runoff from the upstream basin, and erosion control. Also

included should be an assessment of the seepage through the

foundation or dam itself.. -

4, Construction -

o . 555 operating manual should be drawn up to show
construction specifications, rate of construction, and = /‘
control due to weather conditions. The supervision must «

- Be detailed to ensure that there is no possibility of error )

being made during site preparation and construction of the o

- dam. In particular the compaction. requirements must be set L

. out to make certain the fill material is placed at or near -
-optimum water content and in this regard details are required -

of the drying method or water addition. Density standards

.are necessary and in situ density tests of the fill shoald .

be outlined. . : . ‘ . T

5. Operating Control

. . ¢ - L
o " Adequate instrumentation and mg%itoring of 'ground YL
water and of seepage water should be provided. Any possible
settling or movement in the foundation or the dam structure
should be measured. Trained and adequate supervision .
to ensure the construction and operation of the i oundment
is carried out to specifications must be provided®. :
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Protective Shie{d for a
Nuclear Probe

A
4w

| Nuclear Probe in position
inside the access tube

30"

.~— Access Tube

‘/r—#ZOO mesh screen base

—-Drain or vacuum

19" | | -

Figure B.1 Nuclear Probe Calibration Set Up

&

'-—-E-rods rest on end plug for .
; driving pur 3%

F %

 Ex~Flush-Coupled

J Drill casing in 5. ft lengths.
- Couplings rebored to .have
minimum I.D. = 1.55°

20 gauge steel access tube
I.D. L] 1.55" )
o.D. a1.625"

End Plug with conical steel point

Figure B.2 ~Access Tube and Extensions

L=
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E-rod 0.D. = 1 5/16"

Mmimum IQD'. = 3/4'
*Added in 5 ft Extensions .

o
- .
10
A-rod _
4.5% 0.D. = 1.,72"
Central Rod of Siéﬁté
-Steel Sleeve \
e : o - \
SlébVél+a—'-; 0.D. 1.62
o Screen
In Retracted Position  1In Driving Poégtion
Figﬁre B.3 Piezometer with Retractable Sleeve
Ovér? Water
. Flow ‘ PpPly N : &‘
@Bleeder . Bleeder
falve : ‘ Valve
= :
- ) _
' ' o = to Piezometer
-5 Micron ) ~
Filter — & = s |

low Mefers

- Figure Ba4u*”cénstant‘ﬁead Permeability Aéparatus
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"-q .

FLOW FROM A POINT SOURCE

Discharge from a point source into an otherwise

dry soil is an axi-symmetrical seepage problem for Which; 

an approximate ahalytical solutioq has been given by
Palubarinova—xochinaA(1962).3 Becaﬁse tpis reference givgg;
only a brigf'staéeMEnt‘of results from ah earlier | |
uno tainablé Russian paper, details of the derivat;onwaze
szn here. _ oy ‘ ‘ ‘

A potential functién ¢ and thé,stream funqtion 4

are defined with respect to velocity components v, and v}'by

Ceeee.{C.la)

z 9z r ar — -
and
v = 3—2 = .1; _3.1 '-oo-(C.lb)
r ar r 3x

¢ is related to the piezometric head h and the
pressure by,

LD:/(.}V
® v eose (C. 2)

-~

0,; - kh = -—k.(B_ z)
Yw

e

. _ - S
nce the z axis is positive downward as shown in Figuré

"The potential and stream functions are: ‘ i«_ .

N | ’ ¢ =4 - = + .
L S Jzz + r2 ‘/(z+b)! +r

+ kz. ....{(C.3)



In (C.3) and

Thié affects

a The

either (C.3)

oL
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) | ‘ |
o kg, (z+b

- +
2 J&Z + r2 JQ;+b)2 + r2

C.4) positive values of the square roots apply.

ceeen(C8)

the signs of terms used! below.

resulting velocity components, derivable from

or (C.4) are, ' L.
Kq, (z+b)
kqz - , + K ....(C.5a)
2 2 3/2 2 = 2.3/2 it
(z° + &%) {(z+b)“ + r“} . :
kg -
kgr : 1
- - seess (C.5Db)
3/2 ; 3/2 .
(z2+r?) {(z+b) 2 + r?} |

e

The potential function repfesehts a source at the

' origin of strength

q =

Q, = -4% kay;

Y

=- ]

a sink on the

4 kiq,

z axis at z = -b of strength

r -

7

and a uniform field with velocity parallel to the positive

z axis. The "free" gtreamline is: ABC. (Figure 4.28).

Let ‘the stagnation point A (Figure 4.28), -be at

z =

/
4

-a, then,

v*l§E>K

g

o>

from (C.4) ' -



y - _kga + kg, (b-a) :
o oo T
Jaz \/(b—a) 2 ' ’

N
or \ '

‘i’oak(q+ql) ' | | | .(C‘&)_

is the value of ¥ on the }é}teamline. The equation of ’

" this streamline is, -

2 ‘ -, g4(z+b)
q+q =73 - a2 ¢ =L

Jz° + % (z+lb')2 + r2

oY ‘s ' v | /‘ .
%ﬁ 2 : : : . b .

9 el (CLT) -

r 2
z+b

As z + «, the half width of the region of flow bé,comes,

q+q1=

| S & 1

+

I‘zm

ataq T - A

o >r;° = 2Jq S .. (C.8)
A '{ ) ‘ '\.\J“.
" On the r g&is,’i.e. at z = 0,

-
To q1b O ddes {C.9)

TTh T e
| - b + T,

At>z = 0, r=rx,, the zero pressure condition is

G ’ =

® - kz =0 - eee..(CL10)



80 froﬁ (C.3)

q
- %— + 1 = 0
° b + ro2
from which
3 2 _ ' 2b2
o 2 2
q., —4a. ,
1 /
f

2.2 | q.b
q+qr,.=_.g_lz__ + 1

2(8,% - @) /;2+ 2b2_1)_

q -
from which | -
3/2
2 2 2 2
= -2
2 2
q q

on the z axis at z = -a, v, =0, so from (C.5a)

. q
- 97 - ___3;1?__ +1=0
a (b-a) '

.or -
az(b—q)2~- q(b-a)2 - qla2 =0

K]

eeess(C.11)

ceeae(Cil3)

Finally, for zero pressure at the stagnation point,

s + ka=20

349



8o’ from (C-j)

| q |
" - g 1 =
-3+ g =0

or

 eeesa(Cl14)

Now a, b anc q; can béJfound from gé;ations/(C.IZ), (C.13)

and (C.14).

From (C.14),

(S >,l' s ' . ' b
‘%ﬂ b - a =-._E.].‘___. '
; ¢ . q+ ql;

Substituting into (C.13),

1

. 2.2 2.2
#g?bz 93 b _‘/qql b

2.2
9°q,b

(@ + q)*

2 _ 3
qq;b” = (q + q;)

3
b2 _(q + q;)

9,

Equating (C.12) to (C.1l5) gives

g . ¥

(q + ql)z (g + ql)2

(g + ql)

ees..(C.15)

e



-, 3/2 o
2(q+ay) (g 2-a?)  2(ay =) (a+ay)?
q 9

) // s
. : q

/
Now let,

a = dq,/9

N '- ;
.80 the above becomes

]

... (C.T6)

2a(at+l) («2-1) - 2a(a2-1)3/2 - (a+1)7 = 0

2(a2-1)372 - 244 -
« +1
2a(a2-1)3/2 - 244 -
This has the solution,
a = 3.54870
Thus . :
% . 3
b2 _ (a+ 1) q
’ a
b = 5.}4987.]2{ "
X
and a = (l : %) Ja
a = 1.13216 Jq

2

. ... (€.19D)

xS

veeos(Ca20a)

N

.

o

3 4 262 + 20 + a3 + 30 + 3a
0 . v
3 502 #5a+1=20 ...(G.17)

cee.(C.18)
Y G eeme &C.lQa)
L
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'«~ '

c+...(Ci20D)

or a = 0.31938 Josk, ‘

and * r 2'8 b

-

.= (o + 1)3/2 e

_a;,i, (ct,2 - l);’

. R
eveel (CL21)

r
(o]

r =

. = 1.51249 /g

| R “
Since . r,_=2J/q , equation (C.8),

-2 = 1.76
, T = TTI3718.@ T 1.7665a

Therefore the potential and stream functj

s o = Ka (- 21802 o _2.7686 .., 5y (e.23a) .

N

‘ . . o 2 SN ’i w e “
“g v = ka? (. 07802, 2.7686 (24B) . ... (c.23b)
”\v(i 1—__-R2_' '/(z+11.5)2, + RS '
s »‘3} ‘ ‘ . :

;vhere, ' iR S )
' . ’ . N o ) . )k
= 0.7802 . (C.24a)

/

s

-  eee..(C.24Db)

dy
-5 = 2‘.\76‘86

a
Z=z/a;." . .
' ......(C.24§)-

. R =r/a - , . :
: | -

ceaeee (C.24c)’-h‘
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head permeabilitY-apgpratus to be described later in this
chapter in conjunction‘with field testing. In this manner,

the test was allowed to proceed under a constant head

Y
0,”v~cond1tlon and~the rate of discharge recorded with time.

) R 4 P 3
) we ‘test was allowed to continue until a steady state

ficondition was reached or at least nearly so. To ascertaln

L}

C the degré% of reproduglbillty p0381b1e. the test was
e }

repeated several tlmes\uhder different heads. The resulté*;

are discussedybelow;,

/ ' : : ) l'% N T .
S, ‘ LA - 3 -
. - s ) SO

RN S - o

N ~ ,: As discussed pr%V1ously ‘in Sectlon (4 5. 3 2) in

Ty

the above constantﬁhead test the rate of discharge has

ﬁu
a hlgh 1n1tial value and decreases thh time, ultlmatelyﬁ

= o ©2

158

reachlng a constant value after a long tlme. Thlsgyltlmate -

For

contant rate Sf dlscharge can then be used in Equation

»

(4. ll) to compute @hﬁucoeff1c1entupf permeablllty. "To get

h a- constant rate b

be contlnued for several hours, wh%ch ,s not always con-
o
venlent, partlcularly in the field. This will become

.

obv1ous.1at€r in thls chapter. Typical discharge versus

3 -
‘tlme plots are. shown in Flgureiﬁ 31. It -can be seen in ‘this
- "‘l

flgure that the rate of dlscharge drops off rather rapldly

in early stages of the test from the 1n1t1a1 hlgh value and

+ -

then. decreases more gradually at a reduced rate thereafter.
The results are "also shown plotted in Figure 4.32 in terms

of’q*Versus t—%, These appear to ~sult in linear plots ,

“and’ are in general agreement w1th the work of Al Dhahir

AR
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. ; . i ‘ - .'?\- i .
(1967) arnd the following rather well established relation-

v

e
$5

R

T

Y T \ Nw,
- The Finear nature of the g vérsus t

S

' ,Equationt(4,1l)'to

< .
3’,
gl i o

e

shipﬁfrom the theory of infilttation in unsaturated‘e611§mw.
by Philip (1957):
Q= at* + Bt - con.. (4.15)
¥

where Q-is cumulati#e infiltration, A and B are

constants, and t hﬁ time slnce 1nf11trat10n commenced

and, the rate of Jdaﬁgffat&on,_

wf
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° ,qr=*%%=!mt”+3y : '
-A B ANE \'tkb - . ] ) . B
or qg=A't "+ B o o A € S K )
D | @ . ¢

-~

. \ ) ' - F Fae
=% plots is used to an
A) :’ ) RS .
advantage 1n estlmatlng ultlmate q, atft by extrapolatlng
# :

the regults to t %'; 0 axis. The q is then used”in .
' b : .
pute the Coeff1c1ent of permeabijity.

>

AR ~,

In situ permeablllty vaIues measured durlhg

-

the model plezpmeter studies are~presented 1n Table 4.5.
) .

‘For cemparisonxpurposes, the;yalues of permeability

4 model,plezometer tests range from 3.7 x 10 -3 to 5.5 x 10

determined in the laboratory permeameter as. dlscussed in.
Chapter_III for the talllngs sand used in the above
studles are also glven in Table 4, 5.' At void ratios

obtained in the model tests, the permeablllty values from
-3

cm/sec whereas those from permeameter tests range frq@
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1 x 1073 to 12 x 1073 cm/sec. These results indicate U —

that permeabiiity“values from the model piezometer tests 2
are one-third to one~ha1f of . those obtained by permeameter

tests. This appardiit.dscrepancy in thé results is either

due to the differenées11n degrees of saturation or the

-

Jlfferences in the soil structure belng obtained in these

™~

 two typesvof tests orjbqth., In view of these possible

variatigns, the above discrepancy is not of any concern. .

. ‘
+
.

It is felt that the results from the model pie-
zometer tests‘répresent the effctive coefficient of petiﬁ*

eablllty under the preqai&:ng test conditlons,‘51mllaf to a

W

: R
large extent to those likely to exlst in the- fleld.,‘The‘
measured values may, therefore, be- considéred somewhat

iqdicative‘if those which are to be'measured in‘thleield,
all other things being equal. *
7 W ’ . ‘.: g

‘In the lagt test, food dye was added to the 5

water supply in an attempt to establish the shape of the

14

wetted zone.around the piezometer. Fagure 4.3; is a
~§hetograph'6f a cutaﬁay section iliustrating the same.

S It shouldibe'pointed out that this'figure is presented

to show~the generai shape -0f the wetted zone which certaiﬁlyA

confirms the results of the theory and the flnlte element A

" ‘;x‘ -

4,4,

analyses but no quantltatlve conc1u51ons can be drawn -as .

the lntroductlon of Qdye' tended to plugtup the '‘sand w1th

time., It also confirms that the test container was
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o

sufficiently large so that the boundaries of the wetted

zone were not interfered with.

1 5.3.6 Field Eqpipment and Test Procedure
| ) A constant head permeabiiity apbaratus was designed
for use in the{field. A schematic sketch illustrating the
details of this apparatus‘is presented in Appendix B.Q‘A
noteworthy featuge of the apparatus is that it‘is equipped
with a series of flow meters so that the rate of discharge
can be recorded at any.instant of time”byvobserving the

. N o . n
position of the indicator in an appropriate flow meter. A
photograph of theﬂ%bove‘eq&ipment while in/field use is

] .
shown 1n‘{igureﬂé$34 A S5-micron filter was provide
“~ & NN

system to prevent the fine suspended matter in ;
entering the piezometer and possible plugging of soil. Figure
4, 35 is a photograph of a badly plugged filter after being
used in a permeability test and another one in new condition.
L S :
\ - -

' A l'5—inch diameter byass piezometer with L/D

o

~

-
~

ratio of three has been de51gned for use in the field. -
The details of the piezometer are illustrated in Appendix B.
The piezometer is essentially similar‘to that reported
by,Parry_le?l)’in that it‘hasxa;steel sleeve with a

conical point covering the porous element during driving. -

~The outside diameter oflthevsleeve is 1.62 fnches and the

/

piezometer lS attached to a 10- foot length of A~ rod Wlth

outside diameter of 1.72 inches. The piezometer is driven

LA - oL "
R Y . PPN «.f”

161
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into the ground using the’ drop hammexr and tripod arrangement

described in Section 4.4.4.5 for driving density tubes
(Figure 4.19). After the first.10-foot length of A-rod

is driven, 5 foot exten310ns of E-rod are added as requlred
to achieve théédesrred penetration. All rod coupllngs have~
N T s :
' been suitably modified to provide pressure tlght 0~ r1ng

\
. connections and to give a minimum 1nner dlameter of 3/4 & <«

\
1nches so that head ‘'loss in the plpe dur;ng a test can be @

!
N ey

~ kept to a minimum.

er T

;g.v e After. - the plezometer tlp 1s drlven to the deslred
e L ‘
depth the rods are retracted through ‘a distance of approx~‘

1mately Q 1nches to w1thdraw the porous element from 1ts

protectlve [ ‘

zometer rods 1mmed1atel§$ﬁ%€Er belng retracted.

2

The piezometer standpipe is then.filled with

water and connected to the constant head permeablllty

.162 . -

28

T
Py
X

-5

apparatus and the test is contlnued in a manner 51m11ar iy

Y '

to that used in the model piezometer studles. . Except
for some of the tests at very shallow depths or where high

, rates of dlscharge (in excess of 1 usgpm) dére eqcountered

whlle filling the plezometer, all tests were performed in. ¢

..

the manner jescrlbed above. At these shallow depths and/or A

pipl&areas of hlgh rates of dlscharge, a constant rate of

- e
)

x

dlscharge was fed 1nto-the piezometer standpipe and the

rise in water level was recorded with time until a constant

-

] ) . . ,
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¢

dep sﬁonly.~ Subséquent testlng was undertaken ln fb73

r4.5,327 Fleld Testlng and Presentatlon of Results

4.4.4.5, a.prellmlnary testing" program was undertaken in

.

(or at least nearly so) water level was. establlshed
Head versus t % plot (Flgure 4, 37)re§u1ted in a linear - ' @’4
relationship andjhm was obtained by extrapolation as in {

the case of g versus t_!5 plots'(Section 4.5.3.5). ;qs

]

v

—

In conjunctlon w1th work descrlbed in Sectlon

" the fall of 1972 t0uassess the Sultablllty pof the perm—

eablllty equlpment under actual fleld conditlons. Tests

I\I/ A" h -~
.weregpérformed at all three dam 51tes. The test !gsults

from Brenda, however are con51dered unreliable due to the

lnexperbence&w1th the equlpment at the ‘time of the testing . °

-

and hence, are not 1ncluded hereln. Test re lts from o ”-°N

Bethlehem Qnd Cralgmont dams are summarlzed in Table 4.6. | a;gfl

=

As can be seen,.results of dupllcate tests show a remarkably
high'degrée of';eproducibility. 4
S - v A

, | o } -

The above testlng was restricted to shallow , (/;;

| \

to extend the in 51tu permeablllty,measurements to greater
depths (a max1mum of 62 feet below gxound surface) Tests

were performed at selected depths at 2. to 3 typlcab . s --~

'locatlohs at each dam’ site. 'The: results are presented.in ’

Figures 4.21A, 4.22, 4.24 and 4.25, | S

i



%ﬁam 31te and cannot be assessed quantltatlvely.

4.5.3.8 Discussion of Results ' : i

R

® The results from Brenda talllngs dam are shown

in Flgd?es 4:21A and 4.22 and range from 1.9 x 10 -2 to

2.5 x 10 > cm/sec. Figure 4.24 presents results from -

Bethlehem dam ranging frome}.0 x 10_3 to 0.4 x 103 cm/sec;

and Figure 4.25 shows results from Craigmont dam ranglng

from 1.8 x 10 -4 to 0.4 x 10 -4 cm/sec.

\
Generally speaking, there are four variables

whlcﬁ can influence the permeability values as measured
j _

at these da@sj- grain size distribution, density, structural

“r’ N
details such as stratlflcatlon, anlsotroPY: non—homo-

geneltle%,ﬁr@c., ‘and degree of saturatlon obtalned durlng a

3
\‘\Z\—‘d

the above figures. Typical samples were collected from

<

.. variations-at the test locations are shoWn in

varlous depths during the field 1nvest1gatlon and grain. size

determinations made in the laboratory. Results are shown

plotted in Flgure 4.38. An approximate idea of the range

- of variations in graln 51ze distributions can be obtalned

from these results.' Tﬁe structural details are essentlally

-

a- functlon of the method ofrsand placement followed at a

¢

,degree of saturation obtalned;during a test cannot be

> ¢ . s
evaluated. . St

At Bethlehem dam measured petmeability values

LJ

range from (Figure 4.24) 7.0 x 1073 to 034 x 10°3 cm/sec.

'&;mllarly,
I

A,: L
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review of this figure indicates that densities at this
site range from 85.5 to 9l.§ypcf. For the tailings sand
tested in the laboratory, permeability values for this

range of densities vary between 3.0 x lO—3 and 0.9 x 10

cm/sec. In  view of.thégz results and the possible vari- d 13'
atlons 1n grain size drStrlbutlon of materials (Figure 4. 38;Qiﬁﬁé
the measured'values of 7.0 x 10 -3 to 0.4 x 10 3uc¥/sec for

the coefficient of in situ permeability are ihdeég

encouraging.

In viey of the expected large variations in grain
size distribution of materials at Craigmdnt dam due to the
upstream_eonstruction and as shown in Figure 4.38, the
measured permeability values of'lfg X 10”4 to 0.4 x.10_4
cm/sec are within a remarkably narrow range.

©

Measured permeability values at Brenda dam show

-2 % - _ :
the largest range (1.9 x 10 2"to 2.5 x 10 > cm/sec). The /

sand at this site is twice cycloned and by 1r the coarsest

» B
and the cleanest of the materials encountere. . at the thrse i

dares 1nvestlgatedpdur1ng this study.v Whereas the ;values yf

4"‘.

at the 3pper end of the range appear to be entlrelyf
reasonable for the sand in question, the values at the /

low end of the range appear rather low Flgure 4. 38 ;

S—,

shows the graln size dlstrlbutlon curves for samples obqalned .

« \

romf51te c in Figure 4 22, On the basis of the laboratory

l .

)

est results shown in Flgure 3.10 and the test result&
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S i
i , J
from Bethlehem dam, a ranqe of permeablllty values of

2.0 x 1072 6 3.0 x 10 4ﬂ%m/§ec can he Justlfled for the

ahgve range of grain size dlstrlbutlon and the dens;tles

shown in Figqure 4.22.

- O .
A close examination of the results in Figures

4.21A and 4.22 indicates that condltlons encountered,at
‘ these locations can be subdivided into three categories:
i) areas of nominal densities (under 50% reiative
density)'at shallow depths; typified by
depths to 25 feet 'in Figure 4. 22A and to 13

_ feet in Figure 4. 22C; 7

ii) -&teas of P& densities (in excess of 60%
: ”k

ﬁﬁ%a%nve den51ty) and full or nearly full

B Lr

saturation typified by depths Between 8 to
17 feet in Figure 4.21a; and
iii) areas of high densities and low saturatien,

typlfled by depths below 25 feet 1n Flgure

- 4.22A and be%o 13 feet’ 1Q,Flgure 4.22C.

-y S . oA
' . B 3 .
. ' "2 . .' 4 . » )

~ Wlthln areas in category (1) above, the measured

perﬁaablllty values range from l 9 X 10 =2- te 2.9 x Bb-3i -

[} : : o, /

\Fm/sec —"a reasonable range of values for: the sand in

'

R questlonJ T s A = IR
: : T~ . - o

| , n f J
¢Within areas‘in category (11), the measured

#

pe}meaggllty values are as low as 1.6 éﬁio cm/Sec.- some-

>
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"
-

what low but perhaps still accepiable in view of the.

-
values obtained at other sites. Within areas of the
third category, the measured Qalues of permeability range

as low as 2.5 x lO°5/gm/sec ~ extremely low value for the

-
e

sand in question;(/lt §§\§urmised that the soil structure
in these areas_mdst be such that deairing is inhibited
during a teet resulﬁing in low degrees of saturation around
the piezometer‘tip and hence, the low permeability values.
However, it should be recognized that only a limitedt

number of tests were performed as Qert of this study and

the results presented herein erefnot by any means conclusive.
It can) however, be said that'atigethlehem dam ‘where density
condltlons are fairly uniform: due to the oq-pam cycloning,
the meausred permg%blllty values ﬁa§1 w1th5q -a’ reasonable
narrow range and that wide varlaﬁigaziln'me%sured perme-
abllltles at Brenda dam reflect the nonunlformlty in - the
sand fill due to the 1rregular compactlon belng applled as

"Rk

part of the hydraulic cell method. - ‘%@;'

<7

y .

. . v oL .
4.6 In Situ;Pore Pressure Measurements in the Slimes
®/ il - b
' 4

-

4.6.1 General e
3

. ) For C‘ values (coeff1c1ent of’ consolldatlon) of v
J N a R ’
sllmes glven in Flgure 3.31 and the high rgtes -at whlch }

~

slimes are llkely”toAbi deposited at sQme .of the larger
mines (for eXample Bethlehem and Brenda), analyses écéordingA
to Gibson (1958) indicate that the slimes are likely to .

be underconsolidated with high excess pore pressures. This
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/
will be dealt with in more degail in the next chapter. ' A

field testing program was undertaken Bp measure in situ

pore pressures in the slimes. Pore pressure measurements

were taken at Bethlehem and Brenda ponds. No such

measurements were made at Craigmont mines as the ‘pond

t‘k“:r“" °
was inaccessible for testing with the equipment avallablem : )

A

In addltlon to the above measurements, remolded
r

samples were obtained with a 51mple piston sampler to .

7

limited depths. Estimates of in sltu den81ty were made

at selected test locatlons from recovered samples and alsov
from measurements taken with éﬁé nuclear (depth-m01sture)
probe., All pertinent detailskfollow ‘

4.6.2 Equipment and Test Procedure™ - : '

All. testlng was -carried out from g tloatlng raft

’

A Geonor-type plezometer was used for the purpose. It

v

con61sts of a 30 mm diameter cyllnder of porous brorze
connected to a central shaft- by top and bottom end pleces.

The bottom plece is conlcal in shape and the top is ;; ‘%%

threaded to f1t standard E-size drllllng rod The porous

element is connected to a k inch plastlc tublng

N » . - -

1

Inltlally, one end of the plastic tubing was e
connected to the p1e20meter and the other end pulled through
a suff1c1ent number of 5- foot sectlons of E-rod The

S

plezometer Was held under water and the system dealred,
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filled with water and the top end of the plastic tube
attached to a préssure gauge mounted on a board placed on
the raft Extensions of E-rods were added as required and
v,the plezometer pushed into the sllmes to the desired depth.
Pore pressure readings were recorded from the pressure ' L&
gauge with time until a constant value was achleved- This
usually required a period of .several hours and quite
'fre‘quently, thefst was allowed to stabilize overnight.
tPgre pressure measurements were made by thlS method to
a maximum depth of 80 feet below the surface of the
" slimes. Fiqure 3,39 is a photograph of the raft and the set l égi

-up for measurement of pore pressure5¢used in this testing.

4.6.3 Presentation of Results

r

At Bethlehem tailings pond sore pressure measure-

Ve

mgnts were made at‘selected depths at a site located approx-

v/

. LS
imately 1nuthe ‘middle of the pond Results obtained are . - T

* N)
presented 1n Figure 4. 40.

.}

[ o ~%
- . X

~

-Pore pressure-measurements were made at Brenda
) .

'ftalllngs pond at three test ngatlons approx1mat¢ly in

the mlddle of the valley as shown in Flgure 4.41. ?151tu

den51ty measurements were made at test locatlon P-2 th

the a1d of the nuclear moisture préobe. The results obtalned

4 S

are shown piotted in Figures 4.42 and. 4.43. Samples were

obtalned from selected depths at all three test locatlons

and water content determinations were ‘maded the results were

4 S



essentially similar at equivalent'depths for all test
locations. 1In situ densities were computed from the above

water contents, for' ease of presentation, however, on

results from test location P-2 are shown plotted in Fi e

4.42

- 4.6.4 Discussion of Results

Measured pore pressures are shown plotted a3
a function of depth in Figures 4. 40A, 4.42A and 4,43,
_Straigﬁt ‘lines representing hydrostatic pore pressures are

W
.also szown in these figures. Wet den81t1es ( 'y t) as

compu‘ed from readings taken with nuclear moisture probe
and from water content determinations made on the recovered
samples are~presented‘in Figures 4.40B and 4.42B.

'A%though there is an apparent scatter in the den51ty
&
results yet for the purpose of demonstrating the order of

magnltuie of measured excess pore ﬁressures, 1t appears

reasonable to use average llnear variations of wet density
= J

with dépth as shown in these figures. Overburden pressures '

have been computed using the above linear variations of-

-

den31t1es at the depths where pore pressures were measured

The results are plotted in Flgures 4 40C and 4 42C.»

»;Hydrostazic pore pressures are aIso Eéotted in these flgures
s

against erburden pressures. ’It i nteresting to note that

»

unlike most cases 1n soil mechanics, hydrostatic pore
ir \_r

”pressures plotted agalnst overburden pressures produce non-

linear plots. This results from thg?fact hat wet density
: 1 : ) : . s L R
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of slimes is not constant but varies with depth.

For comparison purposes, a / -degree line is
.shown in Figures 4.40C and 4.42C. It can be seen in
Figure 4.40C that the results from ﬁethlehem tailings
pond ploé essentially alon? the 45—degrée line indicating
that the slimes at this site have hardly undergone any
consolidation to a depth of 80 feet where estimated total

depth of "slimes is 150 feet.

Similarly, results from test location P-2 at
Brenda tailings pond indicate little or no consolidation
to a depth‘of about 25 feet where estimated total depth
of slimes is about 70 feet. The results indicate an increas-
ing degree of consolidation with depth below the. 25 foot

level as shown in Figure 4.42C.

Results at test location P-3 (Figure 4.43A) at
Brenda Mines indicate a similar pattern to that describe
above for P-2. On the bther hand, at test location P-4
which is situated closest to the crest of the dam (at a
distance of about 950 fee:) 't was not possible to pﬁsh
a piezometer below the depth of 17 feet under the weight.
of three men and the values measured indicate excess pore
pressures of only slight maghitude (Figure 4.43B). A higher
degree of consolidation is to be expected in the slimes

near the dam at Brenda Mines for reasons discussed below.
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it appears that the combihed overflow from the

cyclones (designated Brenda slimes in Figure 3.25)
contains up to 30% sand sizes where samples recovered from
the pond generally contain less than 5% sand (¢ < rou.
example results of sample from P-2 in Figure .2°F° T .is
indicates that the large portion of sand and onarse =-.t
sizes'must drop out on the beach. The length of the
beach can vary according to the time of year. Furthermore,
from time to time{total tailings are discharged into the
pond, introducing more coarse materiAI in the beach area.
On the ba;is,of the above observations, it can be concluded
that coarser material or at least layers of it are present
in the beach area, which will tend to accelerate drainagé

and hence, the largef degree of consolidation.



Summary of Preliminary In Situ

TABLE 4.1
Density Tests Performed at Brenda
Dam in 1972 '
s ' | A Dry Density - pcf
Test Site Depth - ft Nuclear Method Conventional
- ensometer
A-1* 4 86.5
Sk 85.5
A-2* 4 89.5
5 85.0
A‘B* 4% 87.5 K -
5k B8.5 -
B 2 83.5 82.7
6 83.0
C 2 82.0
6 84.0
10 83.5
15 85.5
D 2 83.5 ’ 83.3
5 88.0
6 86.0
9 84.0 ‘
10 88.0
13 89.0
14 84.5

* Sites A-1, A-2 and A-3 were located at distances cf
about 5 feet from each other.

173
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TABLE 4.2 Summary of Laboratory Density
Results Before and After Driving
of Access Tube

After Driving

Initial by Tube by Nuclear

Trial No. Parameter Measurements Probes
I Ye T pcf 110.0 111.5
W § 29.7 29.7
Yq ~ pcf 84.7 86.0
I1 f = pcf 95.8 95.5
w - % 11.0 11.0
Yq ~ pef 86.3 85.5
IIT Yo T pcf 98.5 97.3
w - % 13.1 13.1
- pecf 87.2 86.0

* Water content was determined by measurements with the
nuclear probes at the end of the test,
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TABLE 4.5 Summary of Results From
Model Piezometer Studies

e 4
Mcdel Piezometer Permeameter* 1
Test No. Head K-cnm/sec K-cm/sec >
Void Ratio x 1073 x 103
.97 . 1 24" 3.7 12
.97 2 29" 5.5 12
.94 3 25" 4.0 11

.94 4 15" 5.0 11

/\

* From Figure 3.10
¢



TABLE 4.6

=

Summary of Permeability Results

~

trom Preliminary Field Tests

Depth Below
Ground Surface

Dam Site Test No. ft K-cm/sec Remarks

Bethlehem A-1* 8 2.8x10:§ Test locations
A-2 8 3.lx10__3 approximately
A-~3 8 3.9x10 5 ft apart
B-1* 8 3.0 Test locations
B-2 8 3.2 5 ft apart

Craigmont A-1** 9 l.5x10:2 A-1 and A-2
A-2 v+ 9% l.6x10_4 approximately
A-2 11% 3.4x10 5 ft apart
B-1** 10 3.4x10:2 Water level at
B-1 12% 4.7x10 7% ft below

ground surface

* Test Sites A and B were located approximately 100 ft
apart along and 30 ft upstream of the crest of the dam.

** Site A was situated at a distance of 30 ft upstream of
crest of dam and Site B 150 ft upstream of Site A.
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to Prince Geo

to Jasper

Kamloops

Bethlehd
Mines

m

® Crai

ont Mines

Brenda
Mines

o}

Kelowna
Peachland

to Vancouver

—_— - — e —
~___..._____~._—_-—.——____.__—_———

@ i’ridicates approximate

Scale 1" = 34 miles
location of Mine

Figure 4.1 Map of British Columbia‘
Showing Mine Locations /
|
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TIMATE LMITS
OF SAND FiL.L
TWMATE SAND CREST

Y 3 = = T T I
UPPER MAIN om7\/
PLAN

ad

~_~ULTIMATE SAND CREST

Figure 4.2 Brenda Tailings Dam (After Klohn
and Maartman, 1973)
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Figure 4.3 Tailings Disposal Concept at
Brenda Mines

Figure 4.4 Brenda Tailings Dam June/1973
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2

Figure 4.10 Brenda Tailings Dam - Hydraulic
Cell Construction
. A - Cell ready for sand placement
B - Cell during sand placement

Y el

) . .
Figure 4.11 Craigmont Tailings Dam

~
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- Spigotting from along
-the timber forms

B - Excess tailings dis-
charged from over-
head pipes.

Note - back ponding

C - Note cracking of slimes
in back ponded areas
during off season

D - Close up of cracked
slimes.

Figure 4.12 Craigmont Tailings Dam - Method
'of Construction
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Figure 4.13 Correlation betweeé relative . density and
standard penetration resistance
(After Gibbs- and Holtz, 1957)
\\'. . N - ’
. D-Beroren, 967

‘\'I \
1
‘\
h “ \ \ C-Corogrande, 1968
|l‘ \‘ 1 . M-Schuttze ond Melzar, 1965
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Figure 4.14 Comparisons of several correlations between
relative density and standard penetration
resistance (After Lacroix and Horn, 1973)
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Figure 4.15 Nuclear Equipment during
field use.

A\
87,
r

See next page for Figure 4.16.

Figure 4.17 Tamp and Auger Method of
Installing Access Tubes
A - Tamping
B - Lowering auger inside the
tube between tampings.
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1 1 |
Bethlehem Tailings
Dam
— lx — ud —
2
i ® L ® -
0 5
Dd-%
Brenda Tailings 1T
Dam .
x driven Dd-% x driven
e tamp & auger e tamp & auger
| 1 L
90 100 80 90 100
Dry Density - pcf . Dry Density - pcf
110 T
©
g
9
m% 100 | ,
> -
> M
owm
- 0
2% A
0 3 Brendla Tailings
QZ g9 |- Dam —
>
4.Q pai
a= =l 8
~ —-
.-
i 1 1
80 g0 90 100 110

Dry Density - pcf
(by Drive Cylinder Method) ,

Figure 4.18  Comparative Density
Tests
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Tripod and drop hammexr

Figure 4.19
arrangement

Figure 4.20 A density sample by drive
cylinder method inside the
protective casing.
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Figure 4.27 Coordinate System
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Figure 4.31 Typical Discharge Versus Time Plots
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Figure 4.32

g Versus t 7 plots
(Based on Figure 4.31) -
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Figure 4.35 Photograph showing a 5 micron
’ filter
(befo;g and after test)

e

Figure 4.36 -Photograph shoﬁing piezometer
rods being pulled up to with-
draw porous -element from sleeve
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CHAPTER V

SEEPAGE THROUGH TAILINGS DAMS

e

5.1 Introduction

v

 dams are“cohsidered here:

i) Atbfhe preseht time, the.rate of seepage
through a tailings dam is estimated from a
flow'net construction assuming a steady state
seepage condition. »

ii) 1In the construetion of a tailings dam by

downstream methods, an impervious seal is

generally employed against the upstream face- ...

J—

of the dam to minimize seepage flow through
an embankment. Various techniques of employing
this seal have been described in the literaturé

as discussed in Section 2.4.3.5 of Chapter II.

The validity of the above methods has been

questioned in a general sense in Chapter I1I; a detailed
discussion on the subject is presented here. i

3

A e
SRS B

It should be noted with respect to item (i) .above

that some relatively low tailings dams are built at suffi-

ciently low rates of construction for complete dissipation of

214-

The following two items of seepage through/tailings
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excess pore pressures. Seepage flow through these dams can
;'be-adequately represented by the conventional techniques |
applicable to steady state condltion (Kealy and Busch, l971)
and 18 not an issue here. Where pond levels rise at. rather
rapid rates, however, slimes stored behind the dams remain
in an under-consolidated conditlon with excess pore pPressures,
Seepage flow through tailings dams under these conditions is’
the subject discussed in this chapter. Furthermore, to
Simplify the problem for presentation purposes, discussion
will be limited to the tailings dams constructed by the
downstream methods’only, although some of the comments made

here are equally appllcable to dams constructed by other

methods.

g
-

5.2 Seepage Due to Consolidation of Slimes

.5.2.1 oOverview e T
2verview

After initial sedlmentatlon of solids into a very
loose soil, the sllmes materlal is subJected to the long
term process of consolidation. In_the central portion of
a tailihgs pond, the&process is of only oneFdimensional
consolidation, i.e. due to drainage of pore water from the
slimes in the vertical direction only. Whereas intthe
material immediately'upstream of the sand dam, consolidation
is of two—dimensionai type, i -e. due .to pore water dralnage
vertlealI§ as well as horizontally through the sand dam.

It is shown on the ba51s of the work of Glbson (1958) that
in the slimes immediately upstream of a dam, dissipation of

-

2.
e
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- excess pore pressures due to vertical drainage is rather

small as compared to that which occurs due to horlzontal
drainage. There fore, for all- intents.and purposes, con-
solidation in this ione is'aisogessentially of one-dimensional
nature but in this case due to horizontal drainage through

the dam. It is hypothesized'that seepage through atailings

dam is due to this horizontal drainage from the consolidation

of slimes.

7/

5.2.2 Congolidation of Slimes in a Tailings Pond

The results of in situ pore pressure measurements
presented in the previous chapter indlcate that the slimes o
contain hlgh excess pore pressures beyond a ce{gain distance
from the sand dam: It has been also indicated‘previously
that the progress of consolldatlon in the slimes can be
assessed by analytlcal methods presented by Clbson (1958)..
A brief description of Gibson' s,presentatlon follows.
W1th1n/the framework of the usual assumptions made &
in the theory of one- dimenslonal consolldat1on;‘G1bson
(1958). presents an analytical solution for estimating progress
of consolldatlon in a clay layer which is increasing in
.thlckness w1th time. The problem as shown .in Figure 5.1
has been considered where h(t) and Hkt) are specified ) o.l?
functions of the elasped time t since dep051tlon commenced, B
and the initial thickness h(o) of the layer is taken as zero.

Numerlcal values of excess pore water pressure u have been
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evaluated for the following two different rates of deposition-_
i) constant rate of deposition, i.e., h'= mt

ii) thickness of ‘deposit proportional to tk 2

|

f.e., h = Ath,

Gibson suggests that for any other rate of :
depositlon, values of excess pore pressures can be computed
by numerical integration of the ‘governing equatlon. Results

for the above two rates of deposition are presented in

Figures 5.2 and 5.3; a brief discussion follows.

For an impervious'base, the results are shown

~ plotted in Figure 5.2 in terms of u/ y'h versus x/h for
various values of A/2/Cy and m/E/2/Cy; where ' = ¥ - ¥y
and u isiexcess pore pressure. Similar results are
presented in Flgure 5.3 for a case of pervious base but in
terms of ﬁw/ ieh versus x/h Qhere P,is the total pore-

water pressure and H(t) is equal to h(t).

A review of Figures 5.2A and 5.3A where rate of
dep051tlon is proportlonal to t* indicates that the
distrlbution of excess pore pressure through the thlckness‘
of the depos1t is controlled only by the time 1ndependent
parameter A/2J€ and it follows therefore, that the average :
degree of consolidation of the layervzs independent of tlme.
For the constant rate of deposition,ihowever,'the dis-

tribution of excess pore pressures is controlled by the time
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dependent parameter m/’i’:/Z/Cv and the average degree of
consolidation of the layer decreases with time giving

its lowest value at the end of deposition.

It is of interest to note from Figure 5;2Aiand
5.2B that at any given stage duriﬁg depésition of sl#mes,
equivalent values of parameters A/ZJCQ'and mJE/;/Ev produce =
almost similar distributions of excess pore pressures where
m represénts an average rate of deposition to that point
- since deposition commenced; The same can be said about
" Figures 5.3A andw5.3B.' Therefore, if A is equal to mJ£ as
illustrated in Figure 5.4, the disEribution of excess pore
pressures can be reasonabij assesséa by assuming a constént
rate'bf deposition for a deposit which in fact follows the
relationship h = At% or any other relationship between this

and h = mt.

The pond levels have 5een shown ploited against
»piﬁe in Figure.5.5 for Bethlehem qu Brenda tailings ponds.
The ‘average rates of deposition have been esﬁimated'in the
period for which records are available as shown in the
abdve figure. - |

The value of C_ for Beéﬁlehem slimes at initial
high void ratios is estimated from Figure 3.31 td be aboﬁt

3

1 x 10 cmz/sec or 34 ftz/yr. At the test location in

the pond, the estimated depth of slimes is 150 feét as

-
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showh‘in Figure 4.40. It follows, therefore, that at a
constant rate of deposition of 20 ft/yr.(Figure 5.5B) t is

' equal to 7.5 years and parameter m/f/ZJEv_equal to a value
of 4.7. It is obvious from Figure 5.2B that for this value
of mJE/Z/Cv, there is hardly any consolidation within the
top 70 percent thickness of the'deposit and very little
below that. The results from field measqremente as given

in Figure 4.40 indicate no consolidation to the investigated
depth of 80 feet which is equivalent to.about 53 percent

of the total thickness of slimes at the test location.

The value of C, for Brenda slimes at initial high

void ratios can be estimated to be about 5 x 10”3

cmz/sec‘er
170 ftz/yr from Figure 3.31. At test location P-2 in‘the
pond, the estimated depth of sllmes is 70 fee& as shown in
Flgure 4.42, It follows, therefore, that at a constant

rate of deposition of 30 ft/yr (Figure 5.57) t is equal to
2.3 years and parameter m/t/ZlC equal to a value of about
'Al.8. For,thls value of parameter m/E/ZJCV from Figure 5.28B,
there is no consolidation within_abeut the top 35 to 40
percent thickness of the deposit, and there is an iacreasing
degree of consolidation belaow this leVeI The results from
fleld measurements (Flgure 4 42) lndlcate no consolldatlon
to a depth of about 30 feet whlch 15 equivalent to 43 percent
of the estimated thickness of sllmes‘at the test location.

On the basis of the above"discﬁssions, it is
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con¢cluded that in the later stagés,of disposal of ﬁailings,
slimes in the central portions of the pond exist in an

under-consolidated state with high excess pore pressures.

5.2.3 éonsolidation of Slimes Near the Sand-Slime Interface
©'5.2.3.1 General | | ’ |
It has heen'indicetea previously,~that siimes in
the central portions of a pond are subjected to one-
dimensional conseplidation with draihage in vertical direbrion
only. Near ‘the sand-slime interface, however, the
ﬁaterialsvare subjected to two-dimensional consolidation
withvdraihage occurring both in horizontal and vertical
direetions;i But d1831pat10n of excess pore pressures in |
slimes at the lnterface can be treated as a case of one-
dimen51ona1 consolldatlon due to horlzontal dralnage of

pore water through the sand-sllme interface.

e
s

~—3 243_2 The Governlngfblfferentlal Equatlon i _ o

The follow1ng assumptlons are made in thlS
formulatlon in addltlon to thoseAusually adopted in the

theory of one-dlmenSLOnal consolldatlon.

4

i) the’ slimes pond is seml-lnflnlte in horlzontal

_extent i.e. 0< X < = (see Figure 5.6),
ii) thereAis no vertical drainage; all drainage
is in the horizontal direction through the
san&-slime,interfece at x = 0, N ‘ —

iii) the current thicknesslaf h(t) is a.specified'

P




the base,

or

function of time /t since deposition commenced,

1

and the initial thickness of the layer h(o)

is equal td zero,

For a thin horizontal layer at a distance y from

oy = (h~-y) \f
3o
D A ”

3t . Tt

&

eeea(5.1)

and the basic equation of one-dimensional consolidation is

But Equation (5.2)

80 that

2
2P vy 2aE
w W ceeaa(5.2)
—7 =% m—
X
where Pw = pore water pressure, and
E, = unit strain in y-direction.
can be rewritten ag
32P ae‘ .
w o ly 1 - e eses(5.3)
sz K 1l+e 5t g

where e is void

e = e(of)

ratio and a function 6f a',

221



or . e de _ 3g! ee...(5.3a)
it do” at . ' I

' Therefore from Equation 5.3,

2 . , :
? Pw - _ tg_ 1 e x 90! 15 35)
2 K l+e 230! 3t : . N
IxX :
or
2 o | :
P
. = _‘Ef‘(mv) 3o’ “weese(5.30C)
3x2 . K at. :
where m_ = coefficient of volume compressibility.
Hence,
2 ‘\’ &,
. P ~
¢ w_ 3ot . eur.(5.4)
a = R N “
v ax? .3t o .
NOW, . 0' =g "{Pw\ n
. , 3P o
or . .80' _ 3¢ _ . W -ee..(5.4a)
3t PR :

2 - L . .
3 P :

o 2w e e v (5.4Db)

v ax2 3t at -

_3_0_ - _q-tl_ o . ) .'.' i -bo.o(5.4c) "-"
a3t e d& L '

222



223

Hence, 2
' 3P P
w w dh
CV —;-;fa'a——E Y.t_—dt cessa(5.5)

..-{"

~ Equation 5.5 is the goverhing differential4eQuation in
terms of P (the total pore water pressure) . Tt is of
advanfage to rewrite Equation 5.5 in terms of excess pore

pressure u where

c
]
e
1

(h-y) ¥, (5.6

-

From Equations 5.5 and 5.6, the governing equation can be

written as

C 2%y =3 _ - ) dh

v ax? ot Te T Yy dE
or . o " \

c 2%u_au_ _, dn | e (5.

v 2 9 Y dE - L - L

ax .

where y' =y, - o x-

-and u (x,0) = 0 - e (5.8)
u(0,t) = -y, (h-y). ’ ceeen(5.9)

:5.2.3.3 solution for a Constant Rate of Deposition

. For a constant ;;}e,of depositioh m, Equations

5.7 to‘5.9 can be rewritten as:
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2 . : .
a°u _ du _ ., :
Cv ';;‘2"‘ _at Y m } . oao.o‘(SclO)

0, - < ceee.(5.11)

]

u . (x,0)
and u (0,t) = -ywmt . : h ceees(5.12)

To determine distribution of excess pore pressures
in the thin layer dy at-‘a height of y from the base, réquires
a solution of Equation (5.10) consistent with initial and

boundary conditions (5.11) and (5.12).

For a semi-infinite solid, Carslaw and Jaeger

(1959) give

2. 6c X , teesa(5.13)
2J/Kt

v = 4kt ‘i
’ ' r'« N,
. "}

as a solution of the differential equation of heat conductioh,.‘

2%v _ 2

. _ v :
K —5 = 3¢ vee-.(5.14)
aX .

N

with initial and boundary conditions:
v (x,0) =0 | 3 vee..(5.15)

v (0,t) = kt ) cer..(5.16)

where k is a constant,

By taking, v = u:e-y'mt ceese(5.17)



our Equations (5.10) to (5.12) can be rewritten qﬁu, L

c v _aw, I veeen(5.18)
V o2 ot ‘ : _
v (x,0) =0 e s en (5419)
and v (0,t) = - tht ﬁx v oo {5.20)

[ By sUbstitutipg Cv‘for“K and (-ytmt) for kt'in
Equation (5.13) to (5.16), we can write a solution to .

Equation (5.18) consistent with initial and boundary‘

conditions in (5.19) and (5.20) as:

. y .

v =4 (- ytmt) izerfc
' 'ZJC t

v

But from Equation (5.17),
u ~-y'mt

v =

Hence, Equation (5.21) can be rewritten as: | : .

Veese(5.22)

u=y'mt - 4 vy mt ierfc X ‘
2/t
v
which is a solution to our governing:differential equation'
{(5.10) consistent with the initial and boundary conditions
(5.11) and (5.12).

)

S a2y

| od

)

.
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5.2.4 Rate of Seepage

5.2.4.1 General Formulation ' o
The rate of seepage qy-from element dy (Figure 5.6)

at the'sand—slime interface can be determined from

o _ 1 au, | ~
qy - K _a_w. (Tx-) o. (lodY) oo~--(5-23)
X= .

But from Equation (5.22),

- :
du —4tht (- ierfc —*— ) - 1 ]

l

X
~r ' 2l 6 2/ct
- | ; -
°F - Ye -Zierfc —= ]?
N 2| 2 [T E
v . v
Hence at x = 0,
su _ Y™ [zierfc(o)] . - L....(5.28) :
>/ Coa -

v

But from the tabulated values in Carslaw and

Jéeger (1959),
2ierfc (Q) = 1.128.

.Tﬁerefore Equation'(5.24) reduces to

vy, mt v
Ju t . ; ‘
(3§)x=0 = = (1:128) . _ : .....(SfZSL

h'4
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" Hence from Equations.(5.23) and (5.55)

- ytmt
b9, =K —  (1.128) dy

yw vtv N : :

. V4

or F

qy = 1.128(K) (-—Q’EL-(h-y) dy eveee(5.26)

Ywic :

v .

bBy ihtegrating Equation (5.26), the total/discharge Q per

lineal foot of dam can be computed from

h

- o :
Q= 1.128(K) (-8 F-:-/(h—y)!s dy
- Tw Cy % .
Y _
or Q=128 (5 B (Zn 32
Yw CV
Y |
or . Q= (.75 (=5 /AR (kn) ceeeo(5.27)  F
R Yw cv )

Equation 5.27 can be reWrit;en in terms of dimensionless
parameters Q and mh as: ' : o o g
Kh - C : o
v Y
. Y . _—
Q tF : ‘..-.-(5.2
= 75 r=[— »
Kh = "7 vy
| - Twle,
C R “umerical Examples ‘ “
To der- ate the use of the seepage equationﬁg
(5.28), two mu =x -  -xamples are considered. 1In the

first example the .ate of seephge_through a typical tailings

fus
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dam computed by Equation (5.28) is compared with that obtained
- by conventional steady state seepage analysis. in the

second example, the.seepege through’Bethleheﬁ tailings dam_:
is cemputed from Equation(5.28) and compared with that

measured in the field.

Example I ’ ,

For the first example, a large tailings dam
presently Under construction in British Columbia has been
selected The dam is being constructed by the centrellne-
technique using cycloned sand A schematic section of the
dam show1ng an.approx1mate_flow net‘fer the ultimate dam
has beeﬁ presented by Klohn (1972A) and is reproduced here

~in Figure 5.7.

It shou}d pe pointed out tﬁat physicei dimensionsA
have been added to the dam by the writer and were not
included in the original sketch by the above author. The
follow1ng typical values have been selected on the ba31s o - &

of the work previously reported in this the313°

m = 20 ft/yr,

c (slimes) = 5 x 1073 cm?/sec = 170 £t/yr,
K(slimes) = 5 x 107° cm/sec £ 1.0 x 107> ft/min,
yt(siimes) = 95 pcf,

. and from Figu{e 5.7

h = 200 ft.
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The rate of secepage per. lineal foot of dam at the section

shown in Figure 5.7 is computed from Equation (5.28) as:

' h (L75) (L& -
= K . wainmotn ——
Q (-75) 5 /f’v; | ) ,
or Q = 1.1 x 1072 cu f£t/min/ft.

The rate of dischérge Q, howevéi,”is qsuaily computed from

the flow net construction as folléws:

where ng = humber of flow channels

v 5 ~ < '
ny = number of equipotential drops

From Figure (5.7)

ne = 5 agg,
; -
| ng = 77 ‘ .
Hence, Q = % x 200 x 10-5 =‘1.4 X 10-3 cu ft/min, ft..

It is noteworthy that the rate of dﬁscharge,computed
from Equation (5.28) is higher by almost one order of .
magnitude than that obtained‘by the conventional flow net

technique. . ,
B 23
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Example II

'-Beﬁhiehem'ggilings dam has beenfséleéééd for the
second exémple. The description of the dam has been.in-
cluded previously in Chapter IV. As of July, 1973,‘the
‘mag}mum depth of slimes against the dam in the céntre Of,
theﬂ&alley was about 180 ft. Therefore, the depth of slimes
_iéufaken r§nging from zero near the ends of the dam to. a
maximum of 180 feet in the centre. The follﬁwing typical
values are selected for use in this analysis on the basis
of data presented previously in this”;heéis: |

‘m = 20 ft/yr,

‘yt(slimes) 95 pct,

c,(slimes) = 1 x 1073 cmz/sec'= 34 ftz/yx,
' 6

K(slimes) = 2 x10°° cm/sec = 4 x 107 ft/min. -

As - the depth of slimes varies j5along the lenéth of the dam,

s : .
the rate of discharge Q is computed at typical sections with

varyiqg depth of slimes from Equation (5.28) and an avefage

valueidetermined as follows: . _ . 2

Q@h =45 £t = 264 K

Q@ h=090 ft.-= 750 K

Q@ h =135 £t = 1380 K,
- 180 ft = 2110 K.

230

'From these figures, the average rate of discharge is estimated

eo be
Q = 4.5 x 1of3'éu ft/min/ft , . >
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and for an estimated length of dam of 4000 feet, the total
discharge;is

0, = 4.5 x 4000 x 10”3 cu ft/min

of Q. 18 cu ft/min.= 135 usgpm.

For comparison, the seepage flow through the.

~-above ‘dam from steady state analysis is only 8.5 usgpm.

Accordlng to the d18cussions held w1th the mlll staff

‘(Walmsley, 1973) seepage collected downstream of the dam

as of July, 1973 was about 200 usgpm. Of this, about 100
usgpm was estimated to be seepage through the dam and the’
remainder from the ground water dischargeﬂih the area. B

5.2, 5 Comments on the Theory and Results .ﬁ l

It has been shown that the seepage flow computed

by the new method presented in this chapter is considerably . -

larger than that estimated.by.tﬁe conventional analysis

but quite comparable to that measured at a typical high

tailings dam; In view of the simplifyin§ aeSﬁmptions made
in this proposed model, however, the implied agreement

between the measured and computed values of seepage flow in

Example II mightvbe somewhat fortuitous.
v i B

LY

Of the many assumptions made in the formulation,

those of'constant'cv and constant K are particularly note-

worthy from the point of view of input parameters in the

final apalysis. Both'of the§e~parameters are'functioas of .

231
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void ratio as shown in Figures 3.28 and 3.31, and will vary
with change ln void ratio as consolldatlon progresses. - It
would be a simple matter to express K at the sand-sllme
\ interface as a functlon of depth in the 1ntegratlon of
\@quatlon (5.26) to obtain the final Equation (5(28).
%he formulatlon of the governlng equation can be made more
pﬁec1se by adoptlng a non-linear theory such as that
presented by Barden and Berry (1965) and solutlons can be
obtauned by numer1ca1 integration using flnlte dlfference

technxques.

\
\

It is felt that the formulatlon based on the above

non—linear theory, is llkely to be rather unwieldly and

beyond the needs of current practlce., The 81mp1e formula—

tion presented here can be used to estlmate possiblejmaximumhs‘

flow through a taillngs dam durlng_construction by tai .ng
conservatively averaged values for Cv and K. 'SubseQuent to
completion of -tailings disposal, the flow through a dam will
decrease with tlme as the consolidationtof slimes progresses,:
ultimately reaching a constant. low value that can be

estimated by the conventional analyses.

i

5.3 Seepage Flow Due to Free Water Agalnst the Sand Dam -

5.3.1' General

" In the prev1ous sectlon, at the sand-slime interface

the water level was assumed to be at the surface of the
slimes. A situation may- -arise, partlcularly durlng a period'

s
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-of high spring run—off, when a shallow depth of free water
may pohd'directly against the sand face. This will result
in an Increased’ seepage flow through the dam. The problem
has been investigated in this study; the details are

presented below.

5.3.2 Analytical Approach

It has been indicated previously in this chapter
that the convent10nal analyses for steady state seepage B .
condltlons are not applicable in estlmatlng seepage flow k o
through a hlgh tallings dam. Steady state seepage analyses
can, however, be used for est;mating additional flow through

a dam due to a depth of free water against the sand dam as

follows.

| - ,The conventronallanalyses are used to determihe the
'i”discharge rates through.a tailings dam with and without a
depth of free water. _The dlfference between the two dlscharge
rates can be con51dered to represent the additional flow

due to the depth of free water., T.as quantlty can then be
"added to the quantlty of flow computed by the new method
:descrlbed in thls chapter, to arrlve at an estlmate of

vtotal flow through the dam for a depth of free water against

the sand dam.

’

L

)

5.3.3 Analyses.ahd Results

. In this~study, a typical high tailings dam has
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' been selected as shown in Figure 5.8. Tre analyses have
_been c«rried out using the flnite element Program previously.

’ descrlbed in Chapter IV (Section 4.5.3. 4)

For a water level at the surface of the sllmes
against the sand-slime interface (Figure 5. 8A) seepage flow
through the dam is computed to be 1.5 x 1073 cu ft/min/ft. |
It is interestihg to note that this figure shows an excellent
agreement with that estimated by the flow net construction
for a tailings’ dam with an equivalent height of seepage face
in Section 5. 2 4.2 (Flgure 5.7). It shows, therefore, that
due to the impeded drainage through the slimes, the quan:tity
of Seepage flow is not affected significantly whether the
water level is at the sand-slime 1nterface or at a short

distance away. -

For the case of a 5-foot depth of water above the

 slimes at the sand—sllme 1nterface (Flgure 5.8B) the seepage

ca

flow through the dam is. estlmated to be l 4 X lO 1

Cu ft/mln/ft larger by almost two érders of magnltude than
that computed for the prev;ous case of ho free water above
the slimes. The seepage flow through the sllmes at the
'_sand-sllme interface;: however, is 1. 6 X. 10 3 ‘cu ft/min/ft -
(see Figure 5.8B); only—silghtly largér than that from the

v previous case.' It can’ therefore be sald that almost all

the . addltlohal flow occurs through the fage of the dam above

v -

the slimes where water 1s 1n dlrect contact Wlth the sand.

\ -
o
O .
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In view of the above it appears that the seepage
flow through the sand-water interface can also be computed
:Fon the basis of the work presented by Harr (1962) in his
chapter on "Seepage from Canals and Ditches". Of particular
interest here is his treatment of seepage from triangular-
shaped ditches based on the Russian work of Vedernikov (1934)
as shewn in Figure 5.9. fThe rate of seepage from the ditch
can be computed from

g = K(B + AH) e el (5. 29)

where values of B, A and H are as deflned in

Figure 5.9,

- .

indditional flow qa°through a tailings embankment

due to a depth H ft;of free water against the sand can be

computed by dividing Equation (5.29) by 2 as follows:

q

_9-K g .
a=3=% B+ aH) eeeee(5.30)

The values of parameters B, A and Hifor the problem
‘,shown in Figure (5.8): and from Figure (5.9) are : ' .
B = 20 ft

H

5 ft
A =1.8, for a = tan" 1(.5) = 26.5°

Hence, .
q, = 1.45 x 1071

cu ft/mln/ft
'whlch shows a remarkable agreement with 1.4 x 10 ;

" cu ft/mln/ft computed by the flnlte element analysis.
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5.4 Phreatic Surface Within Sand Dam

It has been indicated previOﬁ;iy in Chapter II
(Section 2.4.3.5) that an impervioue'seal against the up;
, stream face of the dam is considered an'eesential pertmof
:the de51gn for the follojigg\two p0551b1e reasons:
o

i) to minimize the seepage flow through a dam for

LI

for stabiliﬁy consxderatlons.

So far in this chapter, the me’ ods have been *“
discussed for computation of seepage flow through a tailings
dam; the subject of phreatic surface in the sand dam is

discussed below.

, in a typical tailings embankment, che phreatic
\.surface can be Yocated for all practical purposes according
\to the "Dupult Theory of Unconflned Flow". This theory is-
appllcable to the class of problems where the slope of the -
phreatlc_surface is relatively flat and is based on the
folloying assumptions (Dupuit, 1863):
\ i) for smal{ 1nc11nat10ns of phreatlc surface,
the streaml;nes can be taken as horizontal, and.
ii)” the hydraullcegradient is ‘equal to the slope /y
of the phreatic surface and is invariant with

i

depth . R . . ey

D2 - . -



Although the nature of - these assumptions appears

-~

paradoxlcal, 1n many ground water problems, solutions based

.on the Dupuit assumptlons compare favourably with those

obtained by more rigorous methods. Moreover, Charny (1956)
has shown that the discharge quantity is correctly prodicted

by this formulation.

Wifhin»the framework of the Dupuit assumptions,
for a two-dimensional flow on a horizontal impervious
boundary (Figure 5.10), Harr (1962) derivéé ﬁhe following_

two equations:

— 2 - 2 - 2 X “oo-o-(5u3l)
h "/%1 (hy - h3)% S
2 2 - ' .
hy - h ;
R _ ceee(5.32)
2L Y

Equation 5.31 descrlbes the 1ocat10n of the phreatlc

surface and Equation 5.32 glves the dlscharge rate.

L

Numerical analeeS»oarried out by the writer using

finite element techniques indicate that Equation 5.31 can

MRS AT . oeoa

also be reliably used to determlne the locatlon of the

phreatlc surface in the above problem prov1ded

'L > 4(h; - h

hy) veve.(5.33)

and h, > 0. ' o wee..(5.33a)

2



In the case of a typical taillngs dam for which
the .rate of seepage q has been determined by methoda pre-
viously discussed ‘in thisg chapter, the upstream height hy

ecan be determlned as follows.

From Equation 5.32,

b}

B2 - p2 - 29L : : el (5.34)

1 2 K

Generally speaking h2 is likely to be much smaller

than hl'and can be safely assumed to §é»zero. Therefore,

Equation 5.34 reduces to ' ®
_[2qL | o .
hl % ‘ ‘ J , """(Sf35)

, T
Now for example, in‘the‘caee of the tailings dam

.shown in Figure 5.7, q has.geen estimated in Section 5.2.4.2

(

-? cu ft/min. The other quantities in the rlght

as 1.1 x 10

‘hand side of Equation 5. 35 for this dam as shown in Figure

5.11 are

SN

L = 370 ft

-2

K =1.0 x 10

Il

ft/min.
Hence;wT ,
“hy = /800 = 28 ft.
The phreatic surface downstream of the starter dam
- AR 4;7_4' ‘ r .

can theh be estimated from ‘Eduation 5. 31. The phreatic

usq;fgqewalongrthe starter dam has beenvfopnd by finite 

238 .
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element analyses to be essentially parallel to the sﬁppe. ‘It

‘is of interest to note that the depth of water along the

1Y

~In thf?#qeotion,‘only the flow on a horizontal
S ‘ \\ . i S P
impervious base has beeh\tseated-according to Dupuit theory.

starte(\\\\ in the above example lB only about 2 ft.,

~ Py

This theory can, however, be eq ly adapted to the flow on
\ .
~.
a sloping impervious base as discussed in-detail by Harr

(1962).

5.5 Impervious Seal

It has been indicated previously that in the

construction of aﬁtaii“ngs embankment by downstreaﬂzg
PN - :
methods, an impervigus seal is employed against the upstream

e
R

R AR 2N

slope to minimize seeoage flow through the dam.

4

¢

/ | For the consideration'of an impervious seal, the
problem of flow through a talllngs dam can be. subdivided
into three catego&les* | |
i) when slime-water egunty is ponded directly
against.the”sandfas typified by the situation
at the Bethlehem talllngs dam,k \ ' A |
ii) when a shallow depth of water (less than 5 feet)
is ponded agalnst the sand above the slimes for
a short duration such as dun}gg perlods'of hlgh
spring run-off, and af '

¥

iii) when a significant depth‘of/water (IS;or .

i

- | a “vg'
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/ 20 feet)lls likély to be ponded against the
sand continuously as in the case of a dam
‘where slimes are . discharged at a point remote -
‘ from the dam as described by Hoare and Hlll .
(1970) N
- It‘shoﬁldwbe recognfzed at this point that the
need for an impervious seal at a given tailings dam should
" be assessed in lightlof particular details of the project
as the requirements may vary w1th the nature of the materials .
belng used. The comments included below serve .to present ::
_-typical situations and appIy ohly to the . .merical examples

discussed preViodsly in this chapter.
. 0 ’J

' In the classaof problems covered in item (1) above,'
‘'the rate of dlscharge through a typically high taillngs dam ;. .

‘'is about 135 usgpm as dlscussed in Section 5 2.4. 2 For

this order of flow, the phreatlc surface is malntalned near L

{ the base of the dam as. shOWn in Flgure 5. ll. Most talllngs i}

dlsposal systems today are designed to lnclude a catchmeht o

area downstream of the dam where seepage - water lS collected )
o . Y ' Fd

m;; and pumped back 1nto the .8ystem. It appears, therefore,

~

LI .‘ L \

prohlem.‘ In v1ew of these con51derat10ns 1t can perhaps be

Jwéald that the cost of an 1mperv1ous seal is not Justlfled

1

Tme

“in the class of problems descrlbed above. o
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.\‘5

Theoretical analysee presented in Section‘5;3
indiéate that additional flow through the dam dﬁe to a 5~
foot depth of water against the sand above the sliﬁes ls
1.4 x 10-;“cu ft/min/ft. For a‘typical length of 4000 ft_;
of dam, this will result in an’additional flow of 560
“cu ft/mln or about 4,200 usgpm This is a substant.al
increase over the. dlscharge .rate of 135 usgpm discussed
in the prev1ous paﬁagraph Therefore, 1t“ﬁppears on the
ba81s of the above ahalyses that an 1mperv1ous seal, in
thls case,‘may ge‘warranted It is felt, however, that there

is likely to be sufflclent amounts of fines suspended in

the water agalnst ‘the dam, partlcularly 1f the water level

rises gradually and the slimes are belngtdischarged from

along the dam. Under these c1rcumstances, the flnes w1ll

sediment to the bottom and form an 1mperv1ous seal. The
A

‘actual design mlght depend upon the experlence galned through

B

- on-going observatlons on the prOJect ) . o

4 ;Lor the class of broblemé’covered in item (iii)
abqve,~the discharge rate for a depth of 15 feet of water,
for example will amount to 12 500 usgpm. W1th no suspended

fines in the water due to the remote dlscharge of slimes, it
&

is felt that-an }mperv1ousjsea1 is 1mperat1ve in this. design.

{ S
@ mc 5

A o ) %
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- Figure 5.1 Md&ing Boundary Problem
, © . (After Gibson, 1958)
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Figure 5.2 U/¥'hVersusx/h (Impervious Base)
: (After qibson, 1958)
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Surface of Slimes

Pw =0
, u =EO{ , .
. Slimes ' DA ~ Sand

h(t) Ye = unit weight of.slimes_‘_pw_- 0

dy — -
‘ B - Y);;ezéaog/

y /Sand-sllme In

////// Imperviou_g Base -] . ////./_//// -

X

Figure 5.6 - Consolidation of Slimes @ Sand-Slime

Interface
. ; ‘f“ . _
Blimes ' - . LT
) Cv;=_= 170 ftz/yr

K=5x 10° cm/sec

, AT

/ :q(.froni flow net) = 1.4x10 3cu ft/min/ft
. 9q(from eq(5.28)) = 1.1 x 102 cu ft/min/ft

Figure 5.7 ' Approximabe Flow Net for a4 Typical
Tailings Dam (After Klohn, 1972a)
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q-= K(B + AH)

Figure 5.9 Seepage From Triéhgdlﬁr Shaped y
Ditches (After Verdernikov, 1934) -
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© Figure 5.10 Two Dimensional Flow Problem
/ ' by Dupuit Theory L

i

[



. 249

s

(L*Gg 8anbtg mocwummmmv . : , ;
Emo sbutrel Tedtd4Ay ® ut 8dBFINS OTIESIIYJ I1°S @anbta

<

L 0LE=T : 5

e 1ﬂw

201 ood

13 8Z='Y

Tl S _ ooezIaUT m
S ‘,‘; - ) . . SWTTS - puesS—

Kzosyz 3Thdng Eouwu\

soe3INg OT3IELIYJ _
| sosATeuy
JUSWSTI-33TUTS WO
- L apezang
.,v oT3eaIYd
b |

weqg I93Ie3s

I

uu\:ae\uu no _, _0TXT'I
oom\em _0TXxS




*<?/ CHAPTER VI " .
3 - . . }

i
1

EARTHQUAKE EFFECTS ON THE
= STABILITY OF TAILINGS DAMS

6.1 Overview
'it has been indicated previously that in seismic
areas, the tailings dams must also be designed to withstand
shock loading due to earthquake“tremors in addition to the
usual sthblllty con31derat10ns under statlc loading
conditions. It appears that with regard. to earthquake
effects on the stability of tailings dams, ~rnsideration n
must be given to s%e following factors- %
i)_'p0531b111ty of failure by liquefaction;
ii) ;earthquake 1nduced shear dlsplacements 1n
:slopes of dry cohe51enless 801ls,land
viii) earthquake 1nduced settlements in a deposit -

of dry sand or in wet sand after pore

/ '~ pressures are dissipated.

-

Failure by 1iquefaction ie of intereétfin the
de51gn of talllngs dams since the flne to medium gralned
.talllngs sands are. partlcularly susceptlble to llquefactlon
w;en‘subjected to earthquake-shaklng. When the tailings

- dams are eonstructed-primagily of these materials, the

consequences of failure by liquefaction can be very severe o

2507 e N
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(Dobry and Alvarez, 1967). I

A reviey ofbthq case histories where_liquefaétionr
has occurred indicates thkat liquefaction occurs only Qhenn
materials are relatively 1oosé and saturated or at lgast
nearly satJ;ated Drainage and densification, thefefore,
would seem to be the logical protectlons against llquefactlon.
Den31f1cat10n of soil has been recognlzed as a yrotectlve
measure against liquefaction since Casagrande QI/SG) first
introduced the concept of critical void ratio. Accordlngly,

a series of‘empirical guidgs have been employed by various

engineers and will be discussed here.

As an alternafive to dénsifibation, it would
appear that the drainﬁge of soil might‘bé”used effectively
to preclude 1iquefaction; The construction of a tailings
dém‘can be adapted.to the use of this technique. 1In a .
tailings dém, by judicious sélécpibn of materials and
‘installéfion of adeqﬁate anderdrains, the phreétic surface
can bg maintained éell‘éway from the outside slope and near
the base of the dam. Under these circumstances, large |
“portions of the saﬁd dam are p;rtly saturated and as such
arevhot likely to be susceptible to liquefaction.

‘The slbpe would, hqwever; be subjected to the

ol

"'péssible shearing distortions caused by the earthquake R

induced ground accelerations. ' ‘ ’ L .
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‘If the sand is 1n a relatlvely loose condition in
the above case of ‘a taillngs dam, the material would also
be subjected to settlements induced by the vibratory loading

of an‘earthguake.

In addition to the above considerations, liquefac4
tion of slimes is another aspec£ of the subject i. question.
In cufrent practice; it is generally assumed that the slimes
in a tailings pond liquefy ‘during a seismic shock; the
embankment “is designed accordingly to wiihstgmd increased
hydéostatié pressuré égainsf'the‘upsg;eam slope. Whetﬁér

the s;imes aétually liquefy or remain in a slurry form as

v

disg gsqq in the previous chapter is ofAlittle'éfactical
siéggiicance in;this‘gase since, in either event, the design
wouigéincludeifuli hYdro&tétic pressure oftliquid siimés
agaiﬁs{ the upstream face of the embankment. Liquefaction

of slimes, therefore, is no lohger an isgue for further
discussion in tﬁis chapggr;ft;ﬁ :

s

6. 2 Criteria to Preclude quuefactlon of Sands‘

6. 2 1 Den51f1cat1on

To preclude llquefactlon of sand, it is generally
con51dered sufficient to increase 1ts den51ty above a certain
_ threshoId value. A serles of empirical guldes have been
establlshed as sumﬁarlzed 1n Table 6.1. On the ba51s£9f

t .
the experlmental work of Castrof(l969) and many years of

- experience, Casagrande (A.) considers that orainary sands
: / ~ : 5

R ¥
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with a relative density of more than 50% would be safe against
llquefactlon (Green and Ferguson, 1970) In view of ‘the
analytlcal laboratory and field data, Seed/gnd Idriss (1971)
present their findings on the subject in terms of ranges of
values for relative densities dependent upon the maximum
anticipated ground accelerations. Their results'for the
sites consisting of sand-with a water table about;§ feetj

below the ground surfate are summarized in Table 6.2.

With regerd to the criteria cited above for
elimination of liquefaction, the following points are note-
worthy: - ‘ : o .
i),fSome of the criteria,'ﬁor enample.that\which
» is attributed to Casagrande, refer to failnres
by liquefaction associated with‘large‘sCALe ’
shear dlsplacement such as flow failures inir
the cases of embankment instability. The h
crlterla presented by Seed and Idrlss, on the'
other hand, refer to the onset of 1 o efactlon
. nn the case of level ground where shear % .
dlsplacements would be virtually nonexmstent,
and therefore mlght tend to overestlmate ‘the
densitles required to avoid llquefactlon if
applied to .the case of embankment 1nstab111ty.
‘See Youd (1973) for’ further clarlflcat*on of the

deflnltions for varlous classes of llquefactlon.

-
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is

.‘felative density 18 valid to avoidmliqueﬁaotion -

densities. 'Ifhe_refo\i:e it is)entif‘rev.ly pﬁble
gs’

'5that~there miéht‘be inherént difference

'U" ‘ i ,‘. i 254 o

The above. criteria eXCept those of:8eed and

Idrlss (1971), and D Appolonia (1970) are all

:inclusive in uerms of earthquake intensities.

For example, if Casagrande 8 criterlon of '50%

¢,
=
v

mfﬁﬁ

under-a severe~earthquake it would appearﬁtob

- be conservative for sites which are likely ta

Al b

“be’subjected to only moderate intenuity of -

ground shaking.;

"

The values of relative dénsities citedjabove

in Tables 6.1 and 6.2 cannot be compared o

quantitatlvely, sxnce 1t is morc ran likely

that these 1nvest1gators had us < ieﬁent

test procedu:es to.determine the .imiting . ‘.

? nc’
w» J

their computed relatlve denSLties for g given

% >\,‘ T
v«f—"

test dens1ty;_f

)

.o example, Castro determlned o

Pl

his maximum; §§n51ty by

,...Hammering fofcefully the -ides of the
mold and also over a plate on top of every
one of three layers.‘

While Seed a.d Idriss fdllow the same procedure

as that.followed by Lee and Seed~(1967), which

oy -

_"...By vibrating saturated sand 1n a mold
‘until 1t ‘reached constadnt volume

.Neither method is according to ¢he ASTM procedure %

for determining mayimum density (ASTM D-2049-69)

e ' o o

s
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to th( ASTM procedure.

S 255
o %

Lo
~

although the Seed and Idriss technique could

» -3 L ..
be.coqgtrued as being the.closest. Minimum

density determinations, by both of thesef;f
5o

PO

. 1nvest1gators have been essentially accordlng

N & d '
applylng these cr1ter1a to a practxcal

gproblemq it should be remembered that 11que-~

faction could occur in-a burlediloosejlayer

and in turn cause'instability in the overlying.
’ ¥ \K .

dense materlals (Ambraseys and. Sarma, 1969) -

-

Th the case of taxllngg dams to. be constructed

RtE

_in selsmlc areas, therefd&e 1hdiusrbns of -

¢ q,’\>
loose materlals of any exteﬁt\should be av01ded
: N -
at.all costs..;7ﬂ“,y"' R

S - Nl )
e g . LN .

| o '

!

o

In view-of the criﬁerla noted ‘above and theg

ﬁertlnent data for ;eported casa%ﬁgf 11quefa¢t10n and non-

llquefactlon (seed and Idrlss, lé\i

. & bp'
to 60% relatlve den31ty shouldwbe sufflcrent to preclude

ﬁ#, 1t appears that SD

‘.

Qﬁllquefactlon in the case of the angular tallrﬁgs sands
_where design acceleratlons are not llkely to exceed 0. lg.‘

‘In areas of high selsm1c1ty (acoeleratlon gggaﬁbr than 0. lg),

o& -
however, hlgher den51t1es may be requlred- each_ cése must

be assessed on 1ts own merrts. ‘ .'_ “_

+ | . : -
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a,

6.2.2 Confining“Pressure

LN

It has been demonstrated that the hlgher the
confln g pressure, the greater the numner of cycles of shear
;stress f a glven/magnltude for inducement of llquefactlon

(S&ed and Lee, 1966). Thls trend is also, valld for densxty.

Y

Accordlngly, it appears that there are two basic approacﬁ@s o

in developing crlterla to preclude 11quefactlon.]
3 ! o T
i) tom;ngreaseﬂdeusity,‘and |

e e T T A TR K
ii) to incgpéase. confining pressure.

b ( f.. ' 3
- For most cases, 1ncre-

,*\

practical. Nevertheless D' Appolonla (1970) 1nd1cates thae L
\ .
,thereaare“a nﬁmber of ‘Cases wheue surcharglng\the surfaCe

and 1notGES1ng ‘the contact bearlng pressyre b&neath thed

S

:‘?foundatlons will lncrgase the- conflnlng press%ﬁe suff1c1ently

<

to prevent llquefadtlog , Burke (1973B) 1ndlcates that L&

) such a technlque pas beep used to reduce llquefactloai' ,‘iéﬁzn
B .
potentlal in the case of nuclear pow

o

¥ ¥, . #a . v
’7.?&" on. ﬁ other .hand Seed and Peacock (1971)

j&3

'summarlze the work of many lnvestlgators to 1nd1cate that A

L

for a partlcular sand at a known relatlye den51ty, the llque—

-

-

faotion potent1a1 in a- glven number of cycles of shear
strees is a function of stress ratlo (T/U ) 1ndependent of-

the conflnlng pressure where

T = applaed dynamic shear stress,

and’ ‘ da = initial -confining pressure.

{ ‘
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Consider, for example, an efement of soil- at a

w \~

depth of h ft below the ground surface. If the water | kf

Y table is assumed at the ground surface, the effectlve
: A
;derburden stress is v'h. Theréfore the average initial
- stress is - ) 3
,.\" - ’ -M ‘ﬂ'\‘ ! ‘3\) b7
. 1+ 2K . TS,
g y'h ( 3 ) - ceees(6.1)
- J i
4 -where vy' Y ‘[
and . - Ko = coeff1c1ent of earth pressure at rest.
. .
| o It is generally accepted that the shear stresses

IS

” developed at any point 1n a soil dep031t durlng ‘An earth-

.quake are due grlmarlly to the upwardqpxopa tlon of" shearf "QQ

waves in the deposlt. Therefore the shear stress due to a

8 - . . - B - N oL ~ .on
.ground .acceleration a can be computed by ' I
oy S T
P - ; o , ' ~- _— B ,..,\', -
e w1t = y'h a/g v | B ; C o eena s (602) 000
. . where g = acceleration,of gravity: Lo
L. : . o, e e ) o . )
. Hence the stress ratio from Equations 6.1 and 6.2 is-
- » / ) - -
LA 4 SO ) :
. o ; 3 o \ v .
T _.a A . : ‘ .
_—= = ( - ) - "' . ) ’.'..'--(-6.3) V“
. oa g 1+ ZKO : S e . .
g~ ~_. ' ) «
Now if a unlformly dlstrlbuted surcharge 1oad P is applled
&

at the surface of the dep051t, the effectlve overburden .,;* .

,;;Vewstress at. the“pOlnt in. questlonrnlllﬁhenx_hrﬁmf after excess

‘ pore pressures have d1531pdted. The average 1n1t1a1x
. ) . . .. | . Q‘“ Y I ’ . '
o » . e bmeta £ 3\ .
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. '&f} b
[K
. v
.

W

confining stress will be

1 +‘2Ko
o, = (y'h + P) ( 3 ) eon..(6.4)
and shear stress g
'Z"!' - ( Y'h + P) a/g N -.-‘..(6-5)

Therefore the stress ratio will again be
’:. "‘ B "
B == 2 g | . (6.6)
* 3 g ‘T + 2K ~ R

a

Since the streas ratio does not change on the

»

application of surcharge load, it appears from the work of

«-SGed and Peacock (1971), thatﬂthe llqugfactlon potentlal

'%yfyt the p01nt in questloh Goés not change. ] -
- : N . . . @ L ‘w »3,'.!. ‘ . .
V. D S \4\, " . , T ‘ . ?.
< , .. . ;3_ kS - . f
Any . further discussion on the subject is beybdnd
_ : . - A :

‘the scdpe of this thesis; it is felt, hbwévér, that in

view of the above conflicting evidence, the ‘issue of

[N

1ncrea51ng conflnlng pré%sure to reduce lljuefactlon

Rotentlal.has not been Tesolyved to the p01 t where it can
Sy Tt hd . Ld

be rellably used in de51gn.

A

"

6.3 Earthquake Effects on Dry Sand Slq(
ﬂi,

. 6.3.1 Gengral

N
..

.Since unsaturated sands do ‘not llquefy, it has

258

o e

W»ﬁ

been‘indlcated that dralnage ofiwﬁter from the hydraullcally ,

s

placéd ta;lings sands can be used to- elimlnate llquefactlon.'ﬂ

s 4 . " e ) P . @
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S5 a dam, hoWevér, may

»:5 \. < -

. ' ,
If the sand is of a relatively high permeability and the

seenaéé through the dam is hept to a minimum, the'phreaﬁic
surface can be malntalned near ; the base of the dam as
dlscussed in the previous chaﬁ;er. The large percentage of
sand in the embankment 1s:%herefore unsaturated and at .
relatlvely low water contents ?measured water contents at o
_the Bethlehem and Brenda dams generally ranged from about

5 to 15% except where perched water tables were engouptered).
‘The slopes comprised of unsaturated‘sands,jhowever,'Qill be -
subjedted to earthquake induced defornations which.are

dlscussed here. -} . - : Sl TP F -
- e Lo e oo . 3
S A\ 5 o, - o — .
) ) b S : > . '

It should be notedvthat the zones of-saturation‘

Jgubject to 11quefactlon and

kS c.

,;‘should be treated accordl gly as disc ?ggd preVLously in
a—) N

- - -

. b
° f .
2 ) -

6.3.2 Stability of Dry Sand Slopes

(7

this chapter.

</

6 3 2.1 Review of Previous- Studles

Strlctly speaking we are\lnterested in the be—

hav1our of s}gpes of unsaturated talllngs sands under the'

+

!

earthquake loading condltLons. However, since the ta;llngs
sands are sufflclently clean and the caplllary pressures l
negllglble, the unsaturated talllngs sand 1n thls caseamayr

treated as a dry:coﬂgslonless materlal. Analysis of—the’v‘,

stablllty%of slopes in, such matergﬁxi under ‘the 1nf1uence of

ground acceleratlon 1nvolves two steps-“

259 -
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BN

i) the determinaiion'of‘yielé‘acceleratiOn, or
‘the,acceleretion a# which sliding will 'begin

‘.-to occur, and

eii) the ﬁetermination of deformatiOns that will

.o
%

result; 1f the 1mposed acceleration exceeds - <%

J

;the yleld value. Ty
'w b . / T
Using the sllding blogk analogy for cohesionless

N
agaterigls, Seed and Goodman” (1964) show thatythe x;eld B

accelerat;on'ay can bé expressed by the equation” -
o ) : e 4 .
oy e
Uiy : . o . _
M - , . [ I

N

where ¢*

w

angfe of shearing re51sﬁance\\f saw
!
I

"o ;vlncllnatlon of slope, and -
e“3= lncllnatlon of ground acceleratlon
toward the slope below the hbrlzontal
. ‘ ’ | ' :
o ‘ ) . w R g 1’4 A aAR I ‘ : ’ :'”'.("‘{'
XN et ‘ . . . ¥ : f}

\ = For a horizontal ground acceleration this #xpression reduces
to - : , .
) AN a

a, = tan (8' - a) 9. ., e (6.8)

——

JFor a SIope subjected to ground acceleration,
N . N . ~ N
- to - . . :
yielding‘hill begin'when the acceleration’exceeds the

ST gy ’

“value a_. The exééﬁf of the ensulng dlsplacements will
: ' 4 :
depend on the nature of the ground motions and the stress

.
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o~

. 643.2.2 Comfents Relevant’toiggillngs Dams * %

It has been assumed in the above studies that the: um

mater\Als are suff1c1éhtly dense so that the dlsplacements

~

occur only due to sliding in a manner similar to that of

o a block sliding on an 1nc11ned plane. It 1s’felt<that

the above approach is equally appllcable‘€%<the slopes
containing sands at lower densities, provided consideration

is also given to the settlements whioh might occur due to

the vibratory loading of an earthéuake. Tth aspect of | .\

g\earthquake effects on dry~sand is discussed later in this o

chapter. o g ‘ ' :\
v \
! - - R . ‘ ‘_\\
\

It has been indicated that the ground acceleratlon o)
e
. must exceed the yleld v;?.;\before any yleldlng or, slldlng T,

" can occur. Iﬁ\the case Q';**typlcal talllngs dam, consider

a downstream slope\bf about 22 (2 5 to 1.0, horlzontal to

‘w

vertlcal) and a ¢' of 35 From Equatlon (6. 8), the yleld

acceleratlon in a horlzontal direction. 1s

: a_ = 1:an,,(35‘/o - 220) g = .23q
) y o . ‘»“,,0 ) R

[Ty R o i

S
»v.. N 4

Therefore the dlsplacements due to sliding are

likely to occufbonly 1n/areas of extremely ltigh’ selsm1c1ty e
TN * LN
(a > 23g) Accordlng to the analyses presented by Newmark

v

(1965), for an extremely severe earthquake (a7-5.Sg) of a
- long duratlon, the maximum dlsplacement due. to<slld1ng for

the above slope w111 be less “than about l £t "On the basis
) - , .



“occur in dry or m01st cohe51onless soils as a result of the

' ¥ v L
thls earthquake. . . ‘ A

of the above observations lt can be concluded that generally
the earthquake induced displacements of the type ih question
would not be an issue in the design of tailings dams.

”

6.3.3 Earthquake IndUced'Séttlements

s . In addltlon to the slldlnggglsplacements dlscussed

in the previous section, 51gn1flcant\settlements can also

AN

compaction induced by the earthquake shaking. Seed and- q%§}

-

Silver (1972) outline a procednre for estimating these v

settlements. The proceduré'takes into account the initial

r

. density of the deposit and the initial stress conditions as

' A . - .
" well as the intensity and durdtion of an earthquake. The

proposed prOcedure5has nrovided reasonable values of
)

settlement for sand layers in shaking'table tests.

Lo . -~
. - : ) . fod

A typical example of the use of the method is

prOV1ded for a 50 ft thick sand deposit hav1ng a relatlve S
den51ty of 45% subjected to a maximum base‘@cceleratlon

»
of about 0 35g as recorded on a 51te 1n the San Fernando

earthquake of 1971. ,The\computed settlement of 2% 1nche

’1s generally con51stent w1th the settlements observed'ln

p\ . . - ’("., »
<&

-

n/ffi ' -
Y

L Fferent sand w111 clearly have dlfferent

L)

c‘hpaﬂtlon ,haracterlstlcs‘ Each.case must therefore be
= v .

asséssed sepzrately. - For“attypicalgtailings”dam;“waevef;"

%
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where relative den51ty of hydxaullcally plaaid sand is
llkelykto -be about 45%, ‘the. above computed sd&tlements are
extt * ated to obtain a rough estimate of*%he ant1c1pated
settlements. Accordingly for a 300 ft high tallihgs dam,
the egtimated settlements under an equivalent earthquake
will be abeut 12 inches. The settlements-of this magnitude
are not likely to pose any serious problem ih the deeign
oftﬂ&hwsdmmg ‘

¢ %

6.4 Summary of Conclusions
1. "On the basislcf the(iLformatioh preeented in

this~chapter .it has been concluded that a relative density

"of 50 - 60% should be suff1c1ent to preclude llquefactlon

fn the case of tailings sand whéﬁe design celerations
£ ,‘7 H-'\

* are not likely to exceed 0. 1g."f§§§ geas of high selsm1c1ty, J

higher den51t1es may be required. ‘Inclu51ons of loose B

materials of any extent should be avoided in the case of

tailings dams to be constructed in seismic areas.
/

»

I

2. It has been 1nd1cated that as anpalt) natlve tQ

7

den51f1cat10n, dralnage df talllngs sand may b used .

effectfggly to reduce llqhefactlon potentlal.

) S N . -
. ) - ' K dv ) oon ;{&ru\-
( b ; | ‘ ?
l. It apaéars that earthquake 1nduced 1nstab1 1ty
- bJ % o
in dry éphesxdnless slopes only causes shallow, dlS Bgements ST

1y

_of 1n51gﬁ;;1cant magnltude3 :éﬂﬁ'.&';f‘};_h
(%)



4, Earthquake induced settlementg are likely to be

of iqqgghﬁ&}cant magnitude in the case of %alllngs dams.

.\»7‘

o
“
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' CHAPTER VT
,
SYNTHESIS OF DESIGN CRITERIA

4 AND MATERIALS HANDLING

7.1 Introduction ‘ b

' | Design requirenents, construction methods and
\\*procedures of materials handliné to be followed at a eite
are three closely rplated aspects: of constructlng a talllngs '

S
dam. It is futile Zoudlscuss one without a reference to

Fer st A

- the other AWO. Foﬁ”presentation purposee in thls chapter}ﬁa 

} dlSCUSS’)H on the design crlterla ang materlals handl&hg

~requ1rements w111 be d1v1ded 1nto three sectlons under the

following head%ngs- _
&
B i) upstream method of construction, . o

’d

;&}i) downstream methods of con§tructidﬂ and

;ii) suggested new technlques.

n Co - >
| .

The class of ﬁroblems'to be discuésedﬂin'items (i)

- . . .

"and (11) w1ll relate to the conventlonal methods of construct-

‘ion s indicated by the heedlngs.f The class of problems 1n‘_.--

~ ,
1tem (111)&n111 relate to the new technlques to presented

>

on the basis of the observatlons made durlné thls research

v' (‘ o - . 258 - ‘-“w/ v [ ) ??::; N -
] : . \‘D. ‘ B N . ‘sfbg) . , .
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