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LIST OF SYMBOLS

actuating force in stability analyses,

effective cross-sectional area of water in the

~voids of a partially saturated soil.

limiting ratio of the permeabilities of slimes
and foundation soil which will affect the
position of the phreatic surface.

resultant of effective cohesion for one slice
in stability analysis.

cohesion per unit of ares.

cohesion obtained from consolidated undrained
shear test.

cohesion obtained from drained shear test.

apparent cohesion of sample rebounded to zero
pressure.

cohesion obtained from undrained‘shear test.
effective cohesion.

apparent cohesion due to preconsolidation
pressure p.

depth of foundation soil.

grain size of sieve passing 90% of material.
grain size of sieve passing 85% of material.
grain size of sieve passing 15% of material.
grain size of sieve passing 10% of maferial.
void ratio.

factor of safety.

pore water pressure factor,
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(iv)

height of dam.
depth to point being considered.

maximum height to which all capillaries in the
soil are full.

permeability.

horizontal permeability.
vertical permeability.
permeability of slimes.
permeability of foundation soii.

Preconsolidation pressure: maximum intergranular
pressure that has existed in the soil during a

wetting and drying cycle.

total pressure at any point in the soil.

logarithm of the pressure deficiency in the
water expressed in cms. of water, '

intergranular pressure at any point in the soil.
pressure deficiency in the pore water.
resisting force in-stability amnalysis.

shear strength.

shear strength of foundation soil.

shear strength of remoulded material.,

shear strength of slimes,

shear strength of undisturbed soil,

pore water pressure.

negative pore water pressure.

maximum value of negative pore water pressure.



(v)

angle of inclination of the failure plane in
a slice,

density of soil.

dry density of soil.

submerged or buoyant density of soil.

total density of soil.

density of water.

angle of slope.

total stress normal to a shearing plane;
intergranular stress normal to a shearing plane.
intergranular stress in rebounded soil.
principal total stresses iﬁ triaxial test,
principal intergranular stresses in triaxial test.
shearing stress at failure. |

angle of shearing resistance or angle of
internal friction. .

angle of shearing resistance with relation to
rebound pressure, _

angle of shearing resistance from consolidated
undrained test.

angle of shearing resistance from dfained test.

modified angle of shearing resistance for
seepage conditions. v

angle of shearing resistance from undrained test.

effective angle of shearing resistance.



RESEARCH INTO THE CONSTRUCTION OF SLIMES DAMS

CHAPTER I. INTRODUCTTION

HISTORICAL BACKGROUND

In November, 1950, the Inspector of Mines, Bloem-
fontein, approached the Director of the National Building
Research Institute of the Council for Scientific and Indus-
trial Research, with regard to a ruling on the maximum
permissible height of slimes dams in the new Orange Free
State Goldfields. Similar enquiries were received from
the National Resources Development Council and from certain
mining groups. Several meetings were held with various
interested bodies, to discuss mainly the influence of slimes
dam building operations on water pollution and land usage.
At a meeting of the Consulting Metallurgists of the Chamber
of Mines on 28th December, 1950, at which the National
Building Research Institute was represented, certain pro-
posals relating to slimes dams in the Orange Free State,
put forward by the National Resources Development Council,
were considered. In April, 1951, the Chamber of Mines
appointed a sub-committee to maintain liaison with the
National Building Research Institute in connection with in-
vestigations into the construction of slimes dams. A
certain amount of research was done and another meeting was
held in January, 1953, between the representatives of the
Chamber and the National Building Research Institute. At
this meeting it was made clear that, although many slimes
dams had been built successfully and a large amount of
practical experience had been gained, no-one possessed any
exact knowledge of the mechanism giving strength to a
slimes dam.

v ‘ As a result of these and several other meetings,
the Chamber of Mines entered into a contract with the
Council for Scientific and Industrial Research in August,
1953, for an investigation into the stability of slimes
dams,



TERMS OF REFERENCE

The terms of reference of this contract were:

1. Scope. On behalf of the Transvaal and Orange Free
State Chamber of Mines the Council for Scientific and
Industrial Research will investigate the character of
the stability of slimes dams with particular reference
to the nature of the material of their construction and
the nature of their foundation.

2. Steering Committee. The Council will appoint a Steer-
ing Committee consisting of three representatives of
the Chamber and two representatives of the Council for
Scientific and Industrial Research.

The Steering Committee will ensure that the Chamber
is consulted on the nature of the investigation and on
the manner in which it reports on it.

3, Publication of Results. Neither the Council nor the
Chamber will publish the results of the research without
the written consent of the other party. Subject to
this limitation the Counecil reserves the right to
piiblish any results of the investigation which it may
consider to have scientific value.

4, Titigation between the Chamber and third parties. The
Chamber undertakes not to subpoena or require the atten-
dance of any officer or other representative of the
Council in any legal or other proceedings between the
Chamber and third parties for the purpose of giving
evidence in relation to the investigation.

- EXISTING METHODS OF BUILDING SLIMES DAMS

As a background to the whole problem of slimes
dam building, visits were paid to numerous mines on the reef
and in the Orange Free State to study the techniques in use.
Publications on slimes dam construction are rather scarce
but work by Thomas and Osterloh (1), Westwood (2) and
Stitt (3) proved most valuable. Further information was
obtained by studying the reports on slimes dams in the
Mining Commissioner's office in Johannesburg.
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The practice of slimes dam construction has grown
with the mining development of the Witwatersrand. The
techniques used are based mainly on personal experience and,
although the general principles are the same, considerable -
variations in details are encountered and the explanations
for many phenomena are also widely different.

In the early stages of development the metallur-
. gical practice consisted of a two-pulp cyanide process,
. using sand and slime, which were the products after

. hydraulic classification. The sand residue was placed on

- sand dumps and the slimes residue in slimes dams. This
process has changed, with more and more slimes being pro-
duced and less sand, until today most mines operate on the
- all-sliming process and produce from 80,000 to 200,000 tons
of slime per month. This residue is disposed of by buil-
ding slimes dams.

Starting a new slimes dam

In the layout of a new mine the main factors
demanding attention are the shafts, headgear, offices and
reduction works. The area available after these features
have been positioned is then allocated for the construction
~of the slimes dam. The dam layout is then worked out as
regards the positions of the delivery points, penstocks and
outer walls. As the slimes flows round the dam by gravity,
it is natural that the delivery point, which is therefore
the highest point on the dam wall, is very often placed at
‘the highest point of the surface topography of the area,
and the penstocks which drain off the excess water are placed
nearest to the lowest point of the surface topography.

, Fig. 1 is a simplified plan of a slimes dam,
At the beginning the following trenches are dug:

‘ A. The stormwater and seepage trench. This trench is
usually several feet wide and several feet deep. As its

name indicates, this trench collects the stormwater run-off

. from the dam and the seepage water coming from the dam and
carries these waters to a suitable disposal point.

, B. The toe trench of the outer wall, which is usually

9 feet wide by 3 feet deep, and forms the outer perimeter
of the dam itself. Between trenches A and B a strip of
about 30 feet in width is left open as a catchment to
collect material washed off the dam.



f/ DELIVERY

\@f / A STORMWATER TRENCH,/' CATCHMENT
547'/ 7 7 X
] ;IP:—/ / y) DAY WALL OR CARRIAG Y\AY. TOE TRENCH
<
d

/ NIGHT WALL/
| / ’ g
/ Y
- 4

C

\\
N\

|~
/NN N N NN

L

\

L

|
/

/

// | | {// ' / )
| / il
- > 'L/'

FiG. I.

LAYOUT OF SLIMES DAM BEFORE WALL BUILDING COMMENCES

.s)q‘(f




- 4 -

C. The trench forming the foundation for the boundary
wall between the day-wall and the night-wall, This trench
is also 9 feet wide by 3 feet deep and the day-wall between
trenches B and C about 100 feet wide.

D. 1is the boundary between the night-wall and the floor
of the dam. The night-wall between trenches C and D is
about 150 feet wide.

Naturally the main penstock is on the floor of the
dam, but in the initial stages a subsidiary penstock may be
erected in the wall area to cope with excess water until
the main penstock comes into operation. As soon as the
trenches are completed and the delivery line and penstocks
have been installed, the dam is ready for wall-building to

commence, A section through the lowest point on the wall
is shown in Pig. 2(a).

As soon as slimes is put on to the dam, it is run
along trenches B and C until they are full at the lowest
point. When these trenches are full, the slimes is allowed
to dry a little and then some of the slimes is dug out and
packed to form a low wall along each trench as shown in
Fig. 2(b). The next step is to run slimes into the day-
wall allowing it to bank up against the wall at B. As the
slimes dries out, some of it is used to raise the wall at
B and then more slimes is run in. °~ As the outer wall rises
it is extended along the slope as the trench fills up.

The slimes is put on the wall as a slurry and once the
solids have settled there is a considerable amount of excess
water to be disposed of: as the penstocks cannot yet be
used, a system known as '"open-end working" is used. A
weir, usually a piece of o0ld piping, is placed in the outer
wall at its upper limit where its top meets ground level

and the excess water is drained off by this means. As the
wall rises the "open end" moves up the slope with the end
of the wall,

After a period the wall at B will have risen so
that the slime level in the day-wall will be at the same
level as the wall at C, as shown in PFig. 2(c). From then
on the day-wall is raised further by depositing slimes be-
tween the two handpacked walls at B and C and by raising
these walls, The next stage is reached when the day-wall
is about 4 feet higher than the ground level at C, as shown
in Fig. 2(4). At this stage slime deposition is started
on the night-wall by running the slime against the inside
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of the day-wall. At the same time the day-wall is raised
to keep it 4 or 5 feet above the night-wall.-

The disposal of excess water from the night-wall
creates a slight problem. Sometimes it is removed by
means of an auxiliary penstock installed on the night-wall;
otherwise, one end of the day-wall has to be butted to
form an "open end" round which the excess water from the
night-wall can be led.

Pig. 2(e) shows the stage of construction when
the day wall has reached a fair height and the full width
of the night-wall has been filled with slimes. There-
after, the wall at D has to be handpacked as the wall
rises. Once the level of the night-wall rises 4 or 5 feet
above the floor of the dam at B, slimes can be placed on
the floor of the dam by means of a weir from the night-wall.
This slimes will form a beach, and the excess water will be
forced back towards the main penstock, as shown in Fig. 2(f)

By this method the dam continues to be raised un-
til the main penstock comes into operation. Auxiliary
‘penstocks at lower elevations may again be used to cope
with the excess water until the main penstock comes into
operation.

As soon as the outer wall has risen high enough
to retain an area large enough to cope with emergency con-
ditions, the dam may be considered to have reached the
normal operational stage. The outer wall may or may not
enclose the total area, depending on the slope of the site.

OPERATION OF AN ESTABLISHED DAM

Wall-building

On an established dam, the wall-building is
continued as in the initial stages, keeping the day-wall
4:or 5 feet above the night-wall and the night wall 5 or 6
feet ahead of the floor of the dam. Since the day wall is
the outermost portion of the wall, it requires the greatest
care in building, and is "loaded" with slimes during the
day, when there is full supervision, while the night-wall
can be "loaded®™ during the night. As a means of ensuring
adequate freeboard, most of the slimes is used for wall-
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building and only the excess material is placed on the floor
of the dam, However, since the amount of excess material
is usually large, constant care must be taken to ensure that
the necessary freeboard is maintained. If there is not
enough freeboard, the dam will be overtopped, with resultant
erosion and breakaways.

As the dam rises the day-wall becomes narrower.

When it reaches a width of about 40 feet, the inside edge

of the day-wall is moved back onto the night-wall and the

inside of the night-wall is moved back into the floor of

the dam so that the respective widths of 100 feet and 150

feet are again established. This stepping back is shown
in Fig. 3.

Penstock operation

The penstock, as explained earlier, is built to
remove excess water from the slimes dam. The penstock
intake, (situated at the lowest point of the dam), is a ver-
tical pipe which can be either rectangular or circular in
section and must be so designed that the intake level can
be varied. In the rectangular type, 3 sides are fixed and
the fourth side consists of horizontal slats which are placed
in vertical grooves. By adding or removing slats the level
of the intake is raised or lowered. In the circular type,
short sections of pipe are added to raise the intake level.

The penstock is raised or lowered to maintain a
pond area which will ensure that the water ensering the pen-
stock is clean, When a large volume of water is entering
the dam, the penstock is raised to slow down the velocity
of the water and thus keep it clean. When heavy downpours
of rain occur, it is very often impossible to reset the
penstock intake level; 1in these cases, measures are some-
times taken for automatic diversion of penstock water to
the stormwater outfalls while the high flow lasts.

vSize of dams

The areas of slimes dams vary from a few hundred
square yards for small emergency dams to several square
miles for the main dams on large mines. The area of a
dam is governed by the following factors: expected total
slime production of the mine, expected final height of the
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dam, and allowable rate of building. The last two factors
are, of course, dependent on the stability of the outer
walls of the dam.

PROBLEMS OF SLIME DAM CONSTRUCTION AND THEIR CAUSES

In many slimes dams, difficulty has been ex-
perienced in maintaining the stability of the dams. It
was, therefore, necessary to determine the nature of the
problem, or problems. The first step was to examine the
failures that have already occurred. As a result of this
survey, a report (4), summarising the various typessof
failures on slimes dams, was published in 1954.

This report showed that there were three causes
of failure of slimes dams viz. (a) Surface erosion,
(b) Seepage erosion and (c) Lack of overall stability
resulting in breakaways.

(a) Surface erosion. As the name implies, this problem
1s caused by the removal of material from the surface
of slimes dams and particularly the outer walls, by
wind and water. The material so removed finds its way
into water-courses, causing pollution, and leaves
gulleys on the dam faces. In the more serious cases
these gulleys extend well into the outer walls and
weaken the whole structure of the dam.

On many dams a hard outer crust is formed and no
problems arise as a result of surface erosion, Where
there is no surface crust or binding material in the
outer layers of the dam surface, erosion occurs.

(b) Seepage erosion. Seepage erosion is a common problem,
evidence of which can be seen at the toe of the dam.
Water deposited on the dam during slimes deposition,
or by rainfall, seeps through the slimes material to
the base of the dam. If the foundation soil under
the dam is permeable and free-draining, the seepage
water soaks straight into the foundation soil and is
carried away. On the other hand, if the foundation
soil is relatively impermeable or is not well-drained,
the seepage water cannot escape through the base of
the dam and flow is towards the toe of the dam, where
the water emerges. This seepage flow keeps the toe
of the dam wet and will erode channels where it emerges




from the dam, by removing the slimes particles in its
path. In severe cases, the seepage erosion progres-
ses so far as to seriously undercut the outer walls
of the dam and reduce their overall stability.

In some cases slimes buttresses have been built
over areas subject to seepage erosion, in an endeavour
to reclaim such areas, In a short time, however,
these buttresses have suffered the same fate as the
original wall, since the seepage water has now been
forced to find a way out through the buttresses.

(e¢) Overall stability. The overall stability of the dam
depends on the strength of the material of which the
wall is made. This strength determines the safe
height and slope at which a slimes dam can be built,
since, if a dam is built at too steep an angle or is
too high for the strength of the material, a portion
of the dam will break away and slide out. Numerous
slides of this type have occurred on Reef slimes dams.

As the slimes material is very loose there is always
the possibility that when a breakaway occurs, the
slimes will liquefy and flow out through the break.
The most notable case of this nature occurred at
Simmer and Jack in 19373 there was a similar occurrence
at Grootv§li Mines in 1956.
Such failures are very costly both in maintenance
on the dam and also because production may be held up
on the whole mine,

The aim of the research project was, therefore,
to find effective means of combatting these failures by
making the best use of existing knowledge and techniques.
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CHAPTER TII. SURFACE EROSION

As mentioned earlier a hard outer crust is
formed on many slimes dams while on others there is no
crust formation. This hard crust provides very good pro-
tection against surface erosion and also facilitates the
run-off of rainwater and prevents the water penetrating
into the walls and weakening the slimes material.

A full investigation into the formation of crusts
on slimes dams was carried out and the detailed results
were published in an earlier report (5) which is summa- .
rised in this chapter.

EXPERTMENTAL WORK

Several gold mines were visited with the objects
of obtaining information concerning the processing of the
ore and of examining the various slimes dams, The opera-
tions carried out at the mines visited represented a cross-
section of the types of ore-processing that are being used
in the Union, and also of the different types of slimes
dams that have been and are being built. The following
mines and their slimes dams have been visited:

Randfontein Estates - Randfontein

Daggafontein Mine - Springs

Blyvooruitzicht Mine - Carletonville

Welkom Mine - Welkom

Preddies North Mine - Odendaalsrus
- Marievale Mine - Springs

Government Gold -

Mining Areas Brakpan.

At each of these mines, snatch samples of various
materials of the slimes dams were taken for analysis. The
‘materials were analyzed for iron, calcium oxide, sulphate
‘and marnganese when it was present in significant quantity.

In addition to the above, some experiments have
been carried out into the possibility of achieving rapid and
suitable crust formation by the addition of ferrous sulphate
or ferric sulphate to finely-pulverised quartz to which
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pyrites had been added. Surface treatment, by spraying
solutions of these materials, and by using cement or lime
slurries have also been experimented with.

DISCUSSION OF ANALYTICAL RESULTS

The stability of a slimes dam is a function of

the seepage forces of water draining out of the dam, the
rainfall penetrating into the dam, the amount of under-
cutting and the erosion of the dam walls, and the method
of deposition and time of drying. The object in having a
hard, somewhat impermeable, surface crust on a slimes dam
is to increase stability by preventing rainwater from
penetrating into the slimes dam through the wall, and also
to present a fairly erosion-resistant surface, so that
slimes may not easily be washed away from these walls.,

The deposition of fine slimes in water channels leads to a
reduction in their drainage efficiency, as the channels
become clogged with slimes, Moreover oxidation products
of pyrites lead to contamination of water off slimes dams.

Examination of the results shows the following to

be the features of hard slimes dam crusts:

1.

2.

Hargd slimes dam crusts are characterised by high iron
(Fe2*) contents of the order of 5 or more per cent.

The percentage of iron in the crusts appears to increase
with the age of the slimes concerned. Thus 16 year and
20 year old crusts taken from Marievale and Daggafontein3+
slimes dams respectively, contained 11.8% and 13.6% ofFe

The computed compound composition of the crusts (based
on the assumption that any CaQ present is in the form
of CaSO4) shows them to consist essentially of a Fe2(804)3

< Perric oxide and/or hydrated oxide type of material.
The iron present in the form of Fe2(304§3 is generally
about 20% - 30% of the total Fel+ content. This percen-

tage of Fe3+ present in the form of sulphate, occasionally

increased to considerably higher values, e.g. Welkom
uranium slimes dam crust 15 months 0ld contains 95% of its
Fe3+ as Pep(S04)3 and Randfontein Estates 20-year old
gold slimes dam crust has all its iron present as
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The percentage of sulphur present as pyrites (after
removal of sulphate sulphur by acid solution) on hard
crust samples where such sulphur was determined, was
found to be practically zero. The only exception to
this was the 5-year old gold slimes dam base for the
pyrite extract slimes dam at Daggafontein. The

sulphur percentage of 1.0 may be unrepresentative and/or

- represent undecomposed pyrite in this particular sample.

The latter is possible since the high percentage of
pyrite in this ore may require a rather long period
of time for its complete degradation.

Fairly hard crusts, as well as surface materials
which were showing definite signs of crust formation,
had pyrite sulphur contents ranging from 0.2% to 0.5%.
This may represent an intermediate stage of pyrite
degradation.

The occasional presence of ferrous iron in hard crust
or in hardening crust could be expected as the forma-
tion of ferrous sulphate represents a step in the re-
actions postulated for the degradation of pyrites.

An interesting observation was that finely-pulverised
crust from 20-year old gold slimes dam at Randfontein
Estates which was computed to consist essentially of
Fe2(804)3, developed cementitious properties on
exposure to the air. Conglomerations appeared to

have some elastic properties, because if a conglomeras
tion was pulled away from the rest of the material

there was a slight rubbery type of resistance. A
markedly reddish-brown colouration developed in the
surface layers after exposure in the laboratory for
geveral days. This could not be due to oxidation since
all the iron was initially present in the ferric state,
and a hydrolysis of the Fe2?304)3 to form, under
atmospheric conditions, cementitious compounds con-
taining Fep03.xHp0 types of material must be postulated.
Since the crust was originally hard, it must be noted
that the secondary hardening of the finely ground
material indicated a cementitious compound different

in nature from Portland cement which does not develop
secondary hardening. Following on from this it was
found that the finely ground crust when exposed at
ambient temperature over saturated sodium chloride in
an evacuated desiccator (relative humidity 75%) for

two months did not develop the reddish brown colouration
and the cementitious properties of the air-exposed



- 12 -

material. A minimum relative humidity, and not the
presence of oxygen, may be necessary for the
cementitious compound causing the secondary hardening
of slimes dam crust, to form.

7. It is well-known that although Fep(S04)3 is very
soluble in water it dissolves extremely slowly, so that
if there is any present in a slimes dam crust it will
not readily be leached away.

When considering crust formation on slimes dams
built up with the residues after uranium extraction and
generally gold extraction as well, it must be borne in mind
that those slimes dams are very young, ranging in age from
a few months to about 2 - 3 years old, and it is, therefore,
rather difficult to assess the possibilities of crust
formation after this short period. However, the data
obtained at the Welkom and Preddies mines slimes dams, yield
some interesting information in this connection. Freddies
2-year old slimes dam formed a fairly hard crust, and even
the l-year o0ld portion of the slimes dam showed definite
signs of crust formation. The uranium slimes dam at
Welkom (made up of Freddies gold slimes and other gold
slimes, but not of Welkom gold slimes from which uranium is
not extracted) had formed a fairly hard crust after 15
months, and definite signs of crust formation were evident
even on 6-months old material. This implies that the
actual uranium processing itself is of little significance
in the subsequent development of surface hardening. Fred-
dies ore contained approximately 3% of FeSp, and there were
fairly high iron contents in these uranium slimes dam crusts.
On the other hand, Welkom gold slimes of known low pyrite
content showed absolutely no signs of an iron type surface
crust even on the 2 - 3 year old portion of the slimes dam.
The surface material of the Welkom gold slimes dam is also
characterised by a remarkably low iron content of less than
l%, Concerning the other uranium slimes dams of recent
origin, examined, it was found that the sulphur contents,
present as pyrites, are of the order of 0.3%. except for the
Daggafontein material which contained only 0.07% sulphur.
It, however, contained 2.9% of Fed*t.

Welkom 2-year old gold slimes crust contained
0.3% and its 15 month old uranium slimes crust 0.5% sulphur
present as pyrites, and some inside material (approximately
6 inches behind the surface) from this 15 month o0ld portion
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of the uranium slimes dam contained 0.7% sulphur as pyrites.

- On the basis of the evidence available thus far
it would seem that for any given slimes grading there is a
minimum percentage of pyrites, which is necessary in order
to form an adequate crust in any reasonable period or at all.
With increasing pyrite percentage the process of crust
formation will most probably be accelerated as more pyrite
is available. The surface pyrite content also decreases
with increasing age of the slimes dam, until it eventually
becomes zero. At any intermediate stage the surface pyrite
content is probably a function of the original pyrite con-
tent and the rate of decomposition. It appears that
sulphur contents, derived from pyrites of the order of 0.3%
- 0.4% may represent pyrite contents around the critical
range. Percentages of sulphur greater than this will
probably lead to increasing rates of crust formation with
increasing pyrite contents and increasing periods of time.

It must also be concluded that pyrite extraction
as such will not necessarily lead to the formation of
‘8limes dams which will not form crusts. Provided
sufficient pyrite is left in the material, crust formation
will in due course take place. Thus the Daggafontein and
Government Gold Mining Areas slimes, from which the major
portion of the pyrite has been extracted, show definite
- gigns of crust formation. This slimes dam at Government
'#0ld Mining Areas, which is only about 2 years old still
‘has a pyrite content of about 1%. (Original pyrite content
‘before removal of the pyrite by flotation was about 9 - 10%).

The problem, therefore, occasioned by the develop-
ment of uranium and pyrite extraction from gold ores, is
probably not so much the inability of these residues to
‘form an erosive resistant crust, as one of decreased
stability. This is the result of having to cope with
‘greater tonnages of material due to monitoring of old slimes
‘dams, as well as one plant having to deal with slimes from
"geveral sources and also the fact that these new slimes
-'have a greater water/solids ratio than before (i.e. of the
“erder of 1.5 tons of water per ton of slimes solids).
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LABORATORY EXPERIMENTS ON ACHIEVING RAPID CRUST FORMATION
ON SLIME MATERIALS ’

Very finely pulverised clean quartz sand (surface
area 3673 sq.cm./gram) which had been prepared by ball-
milling, was intimately mixed with very fine pyrite as pre-
pared in the flotation plant at Government Gold Mining
Areas. This pyrite contained 80 - 85% FeSp, and in terms
of fineness is typical of pyrite normally present in slimes
dams. This mixture was used as the slime material in
these experiments. Initially an attempt was made to de-
velop an accelerated laboratory technique for crust forma-
tion by utilising hydrogen peroxide as an oxidising agent
for pyrites. It was considered that such an accelerated
technique might permit the rapid assessment of the crust
forming potentialities of slimes of varying composition.
This was, however, not successful and this approach was
abandoned.

Pats of slimes material with various additions
were prepared in bakelite moulds by mixing with water to
a stiffish consistency. These pats were 7 cm., diameter
at the bottom surface, 6 cm. diameter at the top surface
and 4 cm. in height. The pats were subjected to about six
wetting and drying cycles under laboratory atmosphere con-
ditions. After an initial drying period of 3 - 5 days
they were well wetted by gentle spraying with water and al-
lowed to get fairly dry again before the next wetting.
Surface treatments of these test pats were also carried out
immediately after preparation of the relevant pats and con-
tinued for 4 - 6 cycles of wetting and drying.

DISCUSSION OF RESULTS

Admixture of 3% FeSO04.7Ho0 to a slime containing
14% of pyrite resulted in a rather promising crust being
formed. A poor yellowish flaky crust, which exhibited a
tendency to peel off and also showed some whitish-yellow
efflorescence, was formed when 3% of FeS504.7Ho0 was added
to the finely pulverised quartz without pyrite addition.
On the other hand with a 123%cpyrite content and only a 13%
Pe504.7THo0 addition, only poor crust formation resulted,
with this crust also exhibiting some brownish-white efflo-
rescence and a tendency to flakiness. The above results
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seem to imply that the presence of some pyrite is necessary
for the formation of a suitable crust when FeS04.7H50 is
added to the slimes material. An appreciable minimum
quantity of FeS0,.7H20 also appears to be necessary to en-
sure crust formation.

Ferric sulphate, Feo(S04)3, as an additive to
slimes materials, did not con%er any good crust-forming
properties in these tests. A 3% addition of this material
to a slime containing 14% of pyrite resulted in a weak
yellowish-brown crust being formed. This is in contrast
to the 3% addition of FeS04.7Ho0 +to a similar slime
material, when a good crus% developed. When no pyrite

was present in the slimes even a 6% addition of Feo(S04)3
caused the development of a brownish efflorescence rather
than any real crust. With a 124% pyrite content and 6%
Feo(S804)3 content in a slimes, a yellowish-brown
efflorescence was formed.

Surface treatment of slimes material containing
144 pyrites, by spraying with a 5% solution of Fen(504)3,
resulted in a firm and hard darkish-brown crust developling.
Spraying of the same slime with a 5% FeS04.7Ho0 solution
produced a rather weak yellowish-brown crust. This crust,
however, appeared to harden with age. The effect of spray-
ing the solutions, therefore, appears to be contrary to that
found with the admixture of the solids, when FeS04.THpO
produced the best crust.

Surface treatment with an ordinary Portland cement
slurry and with a high-calcium lime slurry to a nominal
thickness of 1/16 inch, led to the formation of hard but
somewhat brittle crusts which adhered fairly well to the
underlying material.

X-ray diffraction data have been obtained on some
gold slimes dam crust samples from the Government Gold
‘Mining Areas slimes dam. Before examination these were
~enriched by settling in alcohol where the coarser quartz

articles settled first. The major detectable constituent
%excluding quartz) was coquimbite, the hexagonal form of
332(Soi)3-9320= According to the literature this compound
erystallises in hexagonal plates by evaporating to dryness
a solution of hydrated ferric oxide in an excess of
"sulphuric acid. Such conditions will be achieved in
practice in slimes dams during the process of degradation
of pyrites. It is possible that this compound may play a
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role in the cementing agent of natural slimes dam crusts.
Some further X-ray diffraction data have also been obtained
on samples of experimental crusts which had been scraped
away from the test pats. These were generally enriched by
settling in alcohol prior to examination by X-ray diffrac-
tion, Coquimbite was found to be present in both of the
good crusts, i.e. 3% FeS04.7Ho0 addition and spraying with
5% Fe2(804$ solution. FeS04.4H20 was a common consti-
tuent of virtually all the crusts examined, including those
where only Fe2(304)3 was added to slime containing no pyrite.

Although the reaction taking place in actual
slimes dams and even in these laboratory experiments on
crust formation appear to be rather complex, it nevertheless
seems that there are possibilities of producing in a reason-
able period, crusts on slimes dams that will not normally
develop them, or on those that will only develop them very
slowly. A possible way of achieving this is by dusting or
spraying ferrous or ferric sulphates or a mixture of these
on to the slimes dam walls. The crusts formed might be
similar in appearance and properties to the natural type
that normally develop.

CONCLUSIONS

On the basis of the results of chemical analyses
it is concluded that hard slimes dam crusts are charac-
terised h¥ high Fe3+ contents of 5 or more percent, the
.actual Fe’+ percentage increasing with age. Generally
about 20 - 30 percent of this iron is present in the form
of Pes(S04)z with the balance of the iron present as oxides
and/or hydrated oxides. The hardest crust contained scarce-
ly any pyrites although fairly hard crusts contained 0.4 -
1.0 percent of pyrites.

The actual processing of the ore for uranium,
gold and pyrites has not direct relationship to crust
formation, in that such slimes still contain the minimum
pyrite content of about 0.7 percent apparently essential
for the formation of hard crusts. However, because of the
recent development of uranium and pyrite extraction greater
tonnages of slimes material at a higher water/solids ratio
than the normal gold extraction process are being deposited
at certain mines and this aggravates the problem.
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Attempts to form crusts on a laboratory scale on
small test pats have shown that it is possible that dusting
or spraying the surface with ferrous or ferric sulphates or
a mixture of these may lead to the formation of adequate
crusts in a reasonable period. X-ray diffraction data
have shown that the hard natural slimes dam crusts as well
as the harder crusts which were developed during the
laboratory experiments, contained coquimbite, the hexagonal
form of Pep(S04)3,9H20. Surface stabilisation of slimes
dams by coating with a cement or lime slurry was also found
to be promising in these experiments. Further research
along these lines on pilot slimes dams may perhaps be the
most useful future approach.

RECOMMENDATIONS

(a) If the pyrites content of the slimes is below 0.7%,
‘ crust formation may be encouraged by the use of
additives.

(b) Gullies should be filled before they become serious.

(¢) The planting of suitable vegetation on the slopes
: of dams.
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CHAPTER III. SEEPAGE PROBLEMS

ANALYSIS OF SEEPAGE FLOW

- Wherever water is impounded behind an earth em-
bankment, some of it will penetrate through the embankment
as seepage water. The amount of water flowing out and the
rate at which it flows will be determined by the permeabi-
lity of the material in the embankment, the hydrostatic
head causing flow, and the length of the flow paths.

If water is placed in a dry dam, some of that
water will immediately start to penetrate through the voids
in the embankment and work its way to the existing water
table. Initially the water will move vertically downward
until its path is blocked by some impermeable barrier, and
then it will move horizontally as well. This horizontal
spread will continue until the water finds its way into the
water table. Fig. 4 1illustrates the above process
diagrammatically.

Behind the advancing waterfront there will be a
saturated zone of seepage bounded by the outer, or upper,
flow-line, which begins at the intersection of the water
level in the dam and the inner face of the dam wall. This
boundary is known as the phreatic surface (something
similar to ground water level). As the zone of seepage
advances the phreatic surface will alter to suit the flow
conditions. Eventually, after the percolating water has
reached its goal, the seepage flow will come to equilibrium
and the phreatic surface will remain constant.

The equilibrium conditions that are reached for
any particular head of water and set of drainage conditions,
are known as "steady state seepage". The position of the
phreatic surface, flow-lines and equi-potential lines for
the "steady seepage™ case, under any set of conditions, can
be determined theoretically by mathematical processes.

The solutions can be obtained graphically (6?, by relaxation
methods (7) (8), or by model studies and various analog
techniques. However, when the conditions become very com-
plicated an accurate determination of the flow net becomes
exceedingly difficult to obtain, and when conditions are
almost infinitely variable as well as being complicated,
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derivation of an accurate solution becomes virtually im-
possible. ‘

By way of illustration, the flow nets for various

simplified slimes dam sections will be considered. The
following assumptions will be made: .

(a) The slimes material, as placed on the slimes dam,

is uniform, homogeneous and isotropic, and in particu-

lar has the same permeability in all directions.

(b) The foundation soil is a uniform homogeneous, isotropic

material.

(¢) There is a permanent pool of water on the floor of
the dam which is maintained at a constant level.

(d) There is no water on the dam outside the pond.

. The effect of these assumptions will be dealf
with later.

Case 1.

The slimes dam is built on a deep layer
of material having a much greater permeability
than the slimes, and the water table is deep.
Water will seep vertically down through
the slimes into the more permeable material
where it will percolate down to the water
table. As the voids in the coarse material
will never be filled with water no flow net
can be drawn in this zone. This case is
illustrated in Fig. 5.

Case 2.

The slimes dam is built on an impermeable
layer of soil. No water can escape into the
foundation soil and so all the seepage water
must flow through the wall of the dam. This
case is shown in FRig. 6.

Comparing Cases 1 and 2 we see that in Case 1, where there
is full drainage, the outer portion of the wall is left dry,
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while in Case 2, where there is no drainage, seepage
water is passing through the greater part of the wall
leaving only a small dry area at the top.

These two cases represent the extremes for the
slimes dam being considered. There are an infinite num-
ber of intermediate cases where the position of the
phreatic surface will be governed by (i) the ratio of the
- permeability of the foundation soil to the permeability
of the slimes material in the dam; (ii) the ratio of the
depth of the permeable layer below the dam to the height
of the dam; %iii) the position of the water table and the
natural drainage of the site. These factors are very
closely interrelated and it is exceedingly difficult to
separate them. However, in the following pages an at-
tempt will be made to treat each factor on its own and as
a start, the effect of the ratio of the permeabilities
- between foundation soil (permeability and slimes
material (permeability kgg will be considered.

Case 3., Fig. 7.

The permeability of the foundation soil
is the same as that of the slimes material
and the depth of the foundation soil, Df is
1/3 of the height of the dam Hy. The
ground-water level outside the dam is level
with the foundation soil surface.

Case 4. Fig. 8.

The permeability of the foundation soil
is twice that of the slimes material and the
depth of this layer Df is 1/3 of Hg. The
ground-water level outside the dam is level
with the foundation surface. =

Case 5. Fig, 9.

The permeability of the foundation soil
is 5 times that of the slimes material and the
depth of the layer Df is 1/3 of Hg. The
ground-water level outside the dam is level
with the foundation soil surface.
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Case 6., Fig, 10.

Permeability of the foundation soil is
10 times that of the slimes material and the
depth of this layer D¢ is 1/3 of Hg. The
ground-water level outside the dam is level
with the surface of the foundation soil.

Cagse 7, Pig. 11.

The permeability of the foundation soil is
the same das that of the slimes material and
the depth of the foundation soil D¢ is 2/3 of
Hy. The ground-water level outside the dam is
level with the surface of the foundation soil,

Case 8. Fig, 12.

The permeability of the foundation soil is
twice the permeability of the slimes material
and Dr = 2/3 H3. The ground-water level out-
side the dam is level with the surface of the
foundation soil.

Case 9, Rig. 13,

The permeability of the foundation soil is
5 times the permeability of the slimes material
and Df = 2/3 H3. The ground-water level out-
side the dam is level with the surface of the
foundation soil.

Case 10. Fig. 14.

The permeability of the foundation soil is
10 times the permeability of the slimes material.
The ground-water level outside the dam is level
with the surface of the foundation soil.

Cases 2, 3, 4, 5 and 6 refer to a dam where Dr is
1/3 of Hy and the ground~w£%er level outside the dam co-
incides with the ground surface. The effect of the varia-
tion of the ratio of the permeabilities of the slimes
material and the foundation material on the position of the
phreatic surface for this dam, is shown in Fig. 15.

Similarly, CGases 2, 7, 8, 9 and 10 refer to a
dam where Df is 2/3 of Hy and the ground-water level out-
side the dam coincides with the ground surface. Fig., 16
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combines the phreatic surfaces for these cases, showing the
effect of the ratio of permeabilities between the slimes
material and the foundation soil on the position of the
phreatic surface.

It will be seen from Figures 15 and 16 that the
phreatic surface becomes lower as the ratio between the
permeabilities of the foundation soil and the slimes
material becomes greater, until the case where the founda-
tion permeability k2 is equal to about 5 times the slimes
permeability ki, after which any further increase of the
ratio makes very little difference to the position of the
phreatic surface. It thereforecbecomes apparent that for
any specific dam section with a certain depth of foundation
s0il and a fixed position of the ground-water level the
position of the phreatic line will be lowered as the ratio
between the permeability of the foundation soil and the
slimes material increases until this ratio reaches a
limiting value, of B, above which no sensible alteration
in the position of the phreatic line will take place.

The determination of this limiting factor B is
not simple but, for the purpose of this investigation, it
is enough to know that such a limitation exists. It can
therefore be seen that the presence of highly permeable
foundation soil will not necessarily ensure adequate
drainage of the dam if other factors are unfavourable.

The second factor to be considered is the effect
of the ratio of the depth of the permeable layer to the
height of the dam. Comparing Pigures 15 and 16 it will
be seen that there is very little difference in the
positions of the phreatic lines for the same permeability
ratios. This shows that the effect of the depth of the
permeable layer alone, on the position of the phreatic sur-
face, is very small.

Combining the above two conclusions it will be
seen that if the dam is built on a deep layer of highly
permeable soil, this will not necessarily ensure that the
dam is adequately drained; however, it has definitely
been shown that a relatively impermeable layer, or very
shallow layer of not very permeable material, will cause
seepage trouble.

The third factor to be considered, is the effect
of the position of the ground-water level, which cannot
really be considered on its own as its position is depen-
dent on the conditions of natural drainage of the site.

As the ground-water level is itself a phreatic surface in
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the foundation soil, it cannot be considered as an end
condition for the phreatic surface in the dam, since any
additional water seeping from the dam may also influence
the position of the ground-water level. The position of
the ground-water table and the natural drainage of the site
are affected by the topography and geology of the site.

In view of the infinite number of combinations
of the various influences that can be found on any site,
it is impossible to deal with them geparately and to
analyse the effect of each on the §Z8epage water in the dam.

It has already been shown in Pigures 15 and 16
that where there is no sub-soil drainage (ko = 0) the
phreatic surface intersects the outer wall of the dam

above the toe. As the drainage improves (i.e. kZ/kl in-

creases) the point of intersection of the phreatic surface

and the wall moves down until it coincides with the toe of

the wall. The point of intersection of the phreatic sur-

face and the outer wall of the dam will remain at the toe,

irrespective of permeability ratios, as long as the ground-
water level outside the dam remains level with the founda-

tion soil.

If the natural sub-surface drainage of the site
is sufficient to cope with all the natural water from the
site plus the additional seepage water from the dam, the
ground-water level will be drawn below the ground surface
at the toe of the dam and the phreatic line will pass
through the base of the dam into the foundation soil.
As the sub-surface drainage improves, the point of inter-
section of the phreatic surface and the base of the dam
will move in towards the pond until, when there is
unlimited sub-surface drainage, the condition shown in
Fig. 5 1is reached, Some of the possible phreatic surfaces
for conditions varying from an impermeable base to unlimited
sub-surface drainage, are shown in Pig. 17.

As was stated in the opening paragraphs, the
phreatic surface is the upper boundary of the zone of
seepage flow, It will therefore be-seen that where the
phreatic surface passes through the toe of the dam, or
intersects its outer face, seepage water will flow out
through the toe of the dam and lower part of the wall.,
This phenomenon is commonly called "weeping". This
seepage water erodes the slimes material from the toe of
the wall, undercutting the wall and endangering its stabili-
ty. Seepage erosion van therefore, be expected where the
phreatic line emerges at or above the toe of the dam.
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Prom the foregoing study of flow patterns in
slimes dams it can be stated that there will definitely
be seepage problems under any of the following conditions:

(a) where the foundation soil is relatively
impermeable, i.e, has a lower permeability
than the slimes material, e.g. solid rock,
clay, sandy clay, shalej

(b) where the water table is very shallow, in
other words, water-logged groundj;

(¢) where natural drainage conditions are bad,
e.g. vlieis, pans, marshy ground.

The examples given are fairly obvious but other
combinations of unfavourable circumstances may not be
easily recognised and it is recommended that the site for
any proposed slimes dam should be surveyed by an expert
on drainage problems and should be zoned into areas of
good, medium and bad sub-surface drainage.

If drainage conditions are bad or likely to be=
come so, the solution to the problem is to provide
artificial drains which will trap the seepage water inside
the dam and bring it out of the dam without damaging the
walls., The practice of removing seepage water from soil
embankments by the use of artificial drains is standard
practice in the design of earth dams for water storage pur-
poses.

THE USE OF ARTIFICIAL DRAINAGE

One form of artificial drainage is suggested by
the rather uncommon case where there is a fairly deep
layer of reasonably permeable soil under the dam but, for
some reason, the ground-water level is high and thus pre-
vents adequate drainage of the dam. In this case, by
digging a deep drainage trench round the outside of the
dam, and by keeping the water level in this trench low, =
the phreatic surface in the foundation soil and consequent-
ly in the dam, will be lowered. The effect of a trench
in permeable soil on the position of the phreatic surface
is shown in Pig. 18.
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This method has been used successfully with one
of the slimes dams at Robinson Deep which is founded on _
jointed and fissured rock. The trench drains the channels
in the rock which in turn drain the slimes material.

The other form of drainage, which is the one used
in earth dam construction, involves the provision of arti-
ficial under-drains under the dam itself, These drains
are usually incorporated in the original design of the dam
at those places where seepage flow is expected.

The simplest under-drain is the toe drain. This
is a bank of free draining material, usually crushed rock,
which is placed to form the toe of the dam as illustrated
in Fig. 19. The toe drain catches the seepage water before
it emerges from the dam and thus prevents seepage erosion
but it does not lower the phreatic surface much. The toe
‘drain will only be effective if it is big enough in propor-
tion to the cross— sectional shape of the dam where it is
to be used,

It is not only necessary to prevent the seepage
water eroding the toe but also to keep the zone of seepage
as small as possible inside the dam. The reasons for thig
requirement will be made clear in the chapters dealing with
the shear strength and overall stability of slimes dams.

Blanket drains consist of a layer of free-draining
material placed under the dam from the toe inwards, as shown
in Figures 20, 21, 22 and 23. In these figures it will
be seen that the phreatic surface is lowered and that all
_the seepage flow enters the drain in a very short length of
drain. Figures 20 and 21 show how the phreatic surface
becomes lower as the drain is extended further into the
dam. Comparison of PFigures 21, 22 and 23 shows that with
a drain, as is the case without a drain, an increase in
the permeability of the foundation soil will result in a
lowering of the phreatic surface.

The effect of using under-drains has been clearly
shown; it now remains to consider the requirements neces-
sary in the design of an efficient drainage system, namely:

1. the drain should be large enough and have sufficient
gradient to pass all the seepage water without
flowing full;

2. the drain should be protected against becoming
blocked or choked.
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Considering (1) the amount of seepage water that will
enter the drain can be calculated from the flow net. It
is then necessary to ensure that the size of the drain,
the size of rock used in the drain, and the hydraulic
gradient will be sué¢h that the drain will not be water-
logged. It can be seen from Figures 20, 21, 22 and 23
that most of the seepage water enters the drain in a very
short distance near its inner end, the rest of its length
being used simply to carry the water out through the dam
wall., This leads to another type of drain, of sufficient
capacity to catch all the seepage water, and built inside
the damj; the water is then channelled out of the dam in
drainage trenches or pipes as shown in Figyr24. In this
way, a relatively small area of drain can be used most
efficiently.

The protection of the drains from clogging or
choking is most important. If the drain is allowed to
become clogged by slimes material, the effect of the drain
will be nullified. It is possible to exclude the entry
of fine-grained material into coarse-grained material by
the design of properly graded filters, as outlined in the
next section. It is also necessary to take precautions
to aveid slimes material being washed into the drain at the
toe by stormwater and run-off. A third probable cause of
trouble, about which very little is known as yet, is
clogging due to precipitation of insoluble substances, e.g.
the oxidation of iron salts in the seepage water, leaving
a deposit of iron oxides in the drain. It is suggested
that some allowance should be made for this factor by making
the drain larger than is absolutely necessary, so that if
part becomes clogged, the remainder will still be adequate
to handle all the seepage flow.

DESIGN OF FILTERS

In the design of drains it is advantageous to use
large aggregates so that there will be large void spaces
to facilitate the easy flow of the seepage water. At the
same time, precautions must be taken to see that these voids
do not become blocked by the ingress of fine material and
this is done by placing one or more layers of filter
material between the finest material and the coarse rock.
The efficiency of the filter will not be determined by the
number of layers used, but by the ratio of the particle
size gradings of the various layers to one another.
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Research has shown (9) that the following
relationship defines a good filter material

D15 (of filter) D15 (of filter)

(1)

5 -~
Dgy (of finer material) D15 (of finer material)

where D15 = 15 per cent size and Dgr = 85 per cent size.

The firs% term implies that to prevent the finer material
being washed into the pores of the filter layer, the 15 per
cent size of the filter material must not exceed 5 times

the 85 per cent size of the finer material. The last term
covers the second requirementi; +to keep seepage forces in
the filter to permissibly small magnitudes, the ratio of
the 15 per cent sizes should be greater than 5. The 15
per cent and 85 per cent sizes of the materials are found
by carrying out particle size analyses according to
A.S.T.M., B.S.S. or other recognised soil mechanics labora-
tory standards and plotting the results as shown in Fig. 25.
The Dgs and D15 can then be read off.

Material A in Fig. 25 has D85 = 0.014 mm, and
Dy = .0048 mm. Material B has DS% .240 mm. and Di5 =
%gmm The ratio of the D5 of B to the Dgs of A is
AoAnP A
tn6Far6r8 3% = 4.3 and the Dy5 ratio of B to A is “8%m
= 12.5. Material B would thus be suitable for use as a
filter layer with material A,

It will be noted from Fig. 25 that both material
A and material B are fairly uniformly graded, i.e. the range
of sizes in the material is small. However, it is possible
to obtain materials which have a wide range of particle
sizes or which may be gap-graded i.e., consist of two or
three separate particle sizes without the intervening par-
ticle sizes being present. These materials might not be
filters within themselves and if they are used as filter
layers the finer fraction of the material may be washed out
into the next coarser layer of the filter, allowing fines
to be washed into the layer, from the preceding layer,
thus causing its breakdown and the breakdown of the whole
filter. Research work at the University of the Witwaters-
rand (10) has established that for a material to be a
filter within itself it should have a uniformity coefficient

of D85/‘.D15 not greater than 5 or of D90/'IDlo’not greater than 7.
(2)
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In Fig. 25 the D85/1)15 ratio for material A is

%6%%% = 2,9 and for material B D85/])15 = *%%% = 4,0 which

shows that these materials are both filters within them-
selves., Material C in Fig. 25 has D15 = 0,06 and D85 =

2.0 and therefore a uniformity coefficient of %‘%G = 32,

which shows that the material is not a .filter within it-
self, Both material B and C comply with the condition
set out in equation (1) but while material B complies with
the condition set out in (2) material C falls well outside
this 1limits; therefore, only material B could be used as a
filter layer with material A.

Ideally, the various filter layers should be of
materials which fall just inside these limits so that the
smallest number of layers will be required. In practice,
however, it is usually most economical to use readily-
available local material even if this entails using one or
two additional layers. A practical example of the design
of filter layers is given in Appendix 1l: Experimental Wall
at St. Helena Slimes Dam.

The drain must be protected along the bottom and
sides as well as along the top, when the foundation soil
is permeable, since there is Jjust as much danger of foun-
dation soil being washed into the drain as there is of
slimes material being carried in.

REVIEW OF INITIAL ASSUMPTIONS

In the beginning of this section the following
assumptions were made: )

(a) the slimes material, as placed on the slimes
dam, is homogeneous and isotropic, in particular
has the same permeability in all directions;

(b) the foundation soil is a uniform, homogeneous
isotropic materialjg

(¢) there is a permanent pool of water on the floor
of the dam maintained at a constant level;

(d) there is no water on the dam outside the
pond .
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It is now necessary to investigate the validity of

these assumptions and their effect on the conclusions
drawn in the earlier part of this section.

(a)

The mineral composition of slimes is mostly quartz
and the other minerals present depend on the ore

that is being milled. The grading of the slimes is
kept fairly uniform on any particular mine but does
change from time to time. As the walls are built

up of layers of ‘slimes deposited during a long period
it is easy to see that the material will not be iden-
tical in each layer., A typical size distribution c
curve for slimes in Pig. 26 shows the considerable
range of particle sizes in ordinary slimes.

According to the sedimentation principle expressed

in Stoke's Law the coarser particles will settle out
first and the finest particles last, resulting in
horizontal stratification, due to size, within each
layer of deposition. This stratification can be
clearly seen in any specimen of slimes taken from the
top of a dam.

The permeability of a material is related to the
grain size of the material and, therefore, there will
be a different permeability for every size stratum
within each layer. As the stratification is horizon-
tal, the permeability in a horizontal plane in each
stratum will be uniform while the permeability in the
vertical direction cutting across the strata will
vary considerably. When flow in the vertical direc-
tion is impéded by the strata of fine material it
will tend to follow the horizontal direction of the
strata of coarser particles. This stratification
cannot be numerically assessed as such but its effect
can be gauged by treating the slimes as a uniform,
homogeneous material with differing horizontal and
vertical permeabilities.

The flow nets for a typical section, with horizon-
tal to vertical permeability ratios of 2 and 10, are
shown in PFigures 27 and 28 respectively. The
permeabilities of the foundation soil are assumed to
be same as for the slimes. These figures can be
compared with Pig. 7 which shows the flow net for the
same cross-section with a permeability ratio of

%h/kv = 1. The phreatic surfaces for the three
different kh/kv ratios are shown in Fig. 29 where it
will be seen that the phreatic surface is pushed
outwards as kh/kV increases.
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Although this horizontal distortion will occur in
all cases where kh/kv is not unity, the basic effects

of drainage layers, ratios of permeabilities, etc.,

on the position of the phreatic surface will be the
same for the stratified material as for the homogeneous
isotropic material originally considered.

Not only do foundation soils differ from one dam site
to another, but they may also differ from one section
of a particular dam to another section of the same dam.
As in each case one particular section of a dam has
been considered, it is reasonable to assume that the
foundation soil in that particular section is uniform,
although it may be anisotropic. In each case, the
foundation soil c¢onditions will have to be evaluated
carefully before the seepage conditions in any section
can be assessed. Nevertheless, this will not affect
the basic principles already stated.

Around each penstock there is usually a pool of

water on the floor of the dam and thus where a large
dam is divided into several sections with separate
penstocks there will be several pools of water, The
assumption, however, is that there will be a pool of
water for each specific section considered and this
will hold for each case. The level of the pond will,
however, be subject to fluctuations owing to the level
of the penstock intake setting, the amount of slimes
being put on to the particular section of the dam,

and stormwater collection in the pond. A study of
the flow nets shows that the inter-section of the
water level in the pond and the inner face of the wall
is the upper 1limit of the phreatic surface and, there-
fore, as the level of the pond rises and falls, the
phreatic surface will be adjusted to follow. The
higher the level of the pond, the higher will be the
position of the phreatic surface.

In the case where, in dry weather, a section is not
worked and the pond dries up, the main source of
seepage water will be removed and the zone of seepage
will shrink until all the seepage water in the wall
has flowed out, whereupon seepage will stop. As
soon as water is put in the pond again, seepage will
start once more.

Wherever slimes is being deposited on the walls and
during rainy weather there will be an accumulation of
water outside the pond. As long as the water remains
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lying there, it will seep into the wall, as shown in
Fig. 30(a), and when the water on the surface of the
outer wall has disappeared, the zZone of moisture will
move down towards the base of the dam and some of the
moisture will be drawn up by capillary forces, as
shown in PFig. 30(b). As the wetting of the outer wall
is a periodic occurrence it is conceivable that there
will be a number of these zones of moisture represen-
ting different wettings moving down through the wall,
This moisture will eventually be picked up by the zone
of seepage or be collected by the permeable sub-strata
or a drainage layer. These zones of moisture will
only affect the phreatic surface slightly when they
enter the zone of seepage.

However, if the water remains almost constantly
on the outer wall or if the wetting is very frequent
with only short dry periods, the moisture zones may
become linked to form a large zone of saturation
which may even extend throughout the wall and steady
seepage conditions may be set up as shown in Fig. 31.
In this case, the water level on the outer wall
determines the phreatic surface, with the result that
the whole wall becomes a zone of seepage.

It is, therefore, obvious that as long as the outer
wall is kept fairly dry the position of the phreatic
surface will not be materially affected, but if water
is allowed to lie on the outer wall for any length of
time the whole picture will be changed.

This examination has shown that, while the
initial assumptions were not absolutely valid, the differen-
ces between them and the actual conditions in slimes dams
do not materially affect the conclusions drawn

PRACTICAL APPLICATIONS OF THE RESULTS OF RESEARCH ON SEEPAGE

1l, Site Investigations

Foundation conditions play a major role in seepage
problems. in slimes dams. It is, therefore, essential that
a survey be carried out on the site for any proposed slimes
dam so that the zones of good and poor drainage conditions
can be defined. In some cases it may be desirable to
shift the dam to a completely different location, but it
is recognised that this is seldom possible, because of the
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other factors governing the choice of the site for a slimes
dam. Nevertheless, by using the results of the drainage
survey intelligently, the likelihood of seepage problems

can be limited, and a minimum amount will have to be ex-
pended on protective measures.

2. Layout of the Dam in relation to Site Survey Data

It has been shown that for seepage problems to
occur the foundation drainage conditions must be inade-
quate and there must be a pool of water on the floor of the
dam to supply the seepage water. Therefore, if the pool
can be kept away from the areas of bad drainage and can be
located over areas of good drainage, seepage problems can
be reduced or avoided; the seepage water from the pond
will then find its way into the well-drained foundation
soil and be carried away before it has a chance to reach
the badly-drained areas and create a problem there. .

The obvious conclusion is that the penstocks with
their ponds should be located on the best drainage areas.
It is realised that in the initial stages, due to topo-
graphy of the site, it may be necessary to use auxiliary
penstocks located on unfavourable soil until the main
penstocks can be brought into operation. However, with
suitable location of the delivery pipes and controlled
building of the walls, there is no reason why the pool of
water on the floor of the dam cannot be maintained at any
desired point.

In areas where the drainage conditions are bad,
artificial drainage must be provided.

3. The Use of Drains in Slimes Dam Construction

Depending on the results of the site survey, a
variety of combinations of the various types of drain can
be used to control the seepage flow. The methods outlined
here are a few which appear to be the most economical for
dealing with particular situations.

(a) Where the whole dam is founded on unsuitable
material a blanket drain can be located under the
wall adjacent to the pond to lower the phreatic surface.
At the points far removed from the pond some seepage
may occur but the phreatic surface will be low and it
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will only be necessary to protect the toe with rock

toe drains. The position of the two types of drain

in relation to the pond is shown on the plan in Fig. 32.
Section A.- A shows the blanket drain adjacent to the
pond with the collection trench and outlet for taking
the water away. Section B - B shows the toe drain in
use where the phreatic surface is lowy the further
section B - B is removed from the pond the lower the
phreatic surface will become.

This is a similar type to (a) but the blanket drain is
replaced by longitudinal drainage trenches inter-
linked with cross-drains., As will be seen in section
A - A in Pig. 3%, the phreatic surface will be drawn
towards the first drain which will collect all the
seepage water while the second drain will be mainly a
standby in case the first becomes blocked, and will
also help to collect water moving down through the

~dam wall.

In both these cases care must be exercised to see
that the cross-drains and drain outlets are placed so
that no water is trapped in the drain by an adverse
gradient.

As an extension of method (b) the drainage trenches
can be taken into the dam to encircle the area of the
pond, as shown on the plan of PFig. 34. This will
result in the whole zone seepage being confined +to
the area surrounded by the drains as shown in

section A - A} with the result that no drainage will
be necessary on other parts of the dam unless, of
course, there is another pond on the dam.

Herringbone drains are used to drain large areas of
ground and have been recommended (3) for slimes

dams because of this reason, and such an installa-
tion is shown in PFig. 35, However, it is felt that
there are several drawbacks in using herringbone
drains as compared with blanket or longitudinal drains
and cross-drains, The main drawback is that there

is only one outlet drain through which all the water
collected in the system must pass. This means that
the location of the drain is governed to a large
degree by the topography of the site as every point

on the system must be made to drain through the single
outlet drain and also a blockage in the main drain
will put the whole system out of operation. Secondly,
if the side-drains are spaced far apart seepage flow
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may be set up in the zones between the areas of in-
fluence of the side drains. Finally, those portions
of the drain immediately below the pond will draw a
large amount of water due to the short flow path, and
as a result, larger drains will be required than for
those skirting the outside of the pond. Bearing
these drawbacks in mind there is no reason why an
efficient herringbone system cannot be designed.

Many existing slimes dams are beset by seepage

problems and there is a good deal of visual evidence

of unsticcessful attempts to cure this trouble. The
usual method of repair is to build a buttress wall
against the affected area on the outer wall of the

dam. Pig. 36(a) shows a section through the origi-
nal wall with the phreatic surface, and the area where
the seepage water is emerging. A slimes buttress
built against this wall will in no way alter the drain-
age conditions of the foundation under the wall and will
act either, as shown in Fig. 36(b), as an extension of

the dam, with the phreatic surface passing into the
buttress and the weeping occurring at the toe of the
buttress, or, as in Fig. 36(c), where the buttress is
not very high, weeping will occur at the point where
the buttress joins the main wall and also at the toe
of the buttress. In either case the problem has not
been solved but the area of the trouble has simply
been moved slightly to a new location.

In some cases rock buttresses have been used but
very often these are either filled with slimes during
construction or become filled with slimes washed in by the
seepage water, Once the rock buttress is filled with
gslimes it behaves in exactly the same way as the slimes
buttresses mentioned above.

The ideal solution would be to under-drain the
wall itself but it will be readily appreciated that this
would be extremely expensive and, from the practical point
of view, almost impossible, A suitable solution is,
therefore, to use a buttress wall of slimes with blanket
or longitudinal drains. The buttress should be raised to
a height where the danger of the conditions outlined in
Fig. 36(b), developing, is avoided. This buttress can
even be carried to the full height of the existing wall
~and from there on be used as the outer wall in the normal
‘way, as shown in Pig. 37(a).
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If it is decided to use a rock buttress then a
filter must be placed between the rock and the slimes to
prevent the slimes being washed into the rock; on no ac-
count should slimes be used to fill the rock voids. A
rock buttress with filter is shown in Fig. 37(Db).

So far, practical experience with a blanket drain
has been gained at St. Helena (see Appendix 1) and immgituw-
dtmas drains (rock-filled trenches) have been used effective-
ly at Luipaardsvlei and Durban Roodepoort Deep Mines although
it was impossible to obtain any information about the design
of these systems. Herringbone drains have been installed
on some slimes dams in recent years and longitudinal drains
have been put into the new slimes dam at Winkelhaak, but in
these cases the drains have not yet been tested under full
operating conditions although they appear to be quite suc-
cessful to date.

The photographs in Fig. 38 show views of the
drainage system being installed at Winkelhaak.

CONTROL OF SEEPAGE WATER OUTSIDE THE DAM

Once the seepage water has been brought out of
the dam it should be collected and treated in the same way
as water from the penstocks.. As this water may contain
objectionable chemicals it is not considered advisable to
release 1t directly into watercourses without prior testing
and treatment where necessary.

CONTROL OF WATER LEVEL IN THE POND

The level of the water held in the pond is con-
trolled by the height of the penstock intake which can be
raised or lowered as desired. Usually the penstock intake
is set at a level which will maintain a pond of sufficient
size to allow all the suspended material in the water to
settle out before the water enters the penstock. The
water leaving the penstock is collected in a sump for test-
ing and treatment before being recirculated or put into
natural watercourses. During periods of rainfall the
penstock may pass too great a flow of water to be dealt
with by the treatment plant; to avoid this, the penstock
intake is raised to hold the excess stormwater in the pond
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until the treatment plant is able to deal with it.

It has been shown that the extent and level of
the pond will govern the extent of the zone of seepage and
thus the magnitude and cost of precautionary measures that
will be required. Therefore, the level of the water in
the pond should be kept as low as possible, in fact jJust
high enough to ensure that the water reaching the penstock
is clear of suspended solids. Some mines have obtained
permission from the Department of Water Affairs to install
a counterweighted bypass valve in the outlet from their
penstocks. During peak periods of rainfall the weight of
water passing through the penstock opens the bypass valve
and passes the water directly into the watercourses without
going through the treatment plant. This has been allowed
as it is felt that the large amount of stormwater will re-
duce the concentration of chemicals in the penstock dis-
charge to a harmless level.

This system is recommended as it means that the
water level in the pond will be kept at a permanently low
level and it also reducee the danger of overtopping due
to inadequate provision of freeboard on the outer walls.



CHAPTER 1IV. OVERATLL STABILITZY;s
CONSOLIDATION OF MATERTIAL
IN A SLIMES DAM

CONSOLIDATION THEORY FOR A SLURRY

The consolidation of a soil is the process where-
by it is inelastically compressed under its own weight or
under an applied load, and is accompanied by the driving out
of water and an increase in intergranular pressure. In
slimes dams the process can conveniently be considered in
two stages, the consolidation of the material to the fully
consolidated state under its own weight, and further con-
solidation due to applied loads.

If a slurry consisting of a suspension of slimes
particles in water is placed on a slimes dam, each particle
will be surrounded by the water and there will be no inter-
granular pressure between the particles. The density of
the suspension will be the density of water ( Y ) plus the
submerged density of the solids (Y g). At any depth h
below the surface of the suspension the pressure in the
suspension will be h ( Tw + Ys) and the intergranular pres-
sure will be zero. This state is illustrated in PFig. 39(a).
- Consolidation will occur as the water between the particles
is squeezed outjy the particles will make contact with each
other and the intergranular pressure will increase until
-the full submerged weight of the solids is carried as
‘intergranular pressure and the fluid pressure is the hydro-
static head of water. At any depth h in the fully con-
solidated material the intergranular pressure will be
'h ¥4 and the fluld pressure will be h V. This state is
" shown in Pig. 39(b).

: This process is illustrated diagrammatically in
Fig. 40. The pressure distribution in a deposition of
slurry of depth h is represented by the triangle ABC where
BC=h (7y +7g). In the fully consolidated soil the
intergranuYar pressure distribution is represented by the
shaded triangle ABD and the hydrostatic pressure distribu-
tion by the triangle ADC.

A knowledge of the actual process of consolidation,
i.e., the transfer of pressure from the pore-fluid to the
intergranular structure, is of vital importance as it en-
ables the pressure distribution for both intergranular and
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fluid pressure to be determined at any stage of consolida-
tion in a consolidating mass. In 1936 Terzaghi and
Prolich (11) published mathematical theories for the
consolidation process for 3 cases, namely:

(a) An instantaneously deposited sediment on an impermeable
base}

(b) An instantaneously deposited sediment on a permeable
bases

(¢) A sediment increasing in depth at a uniform rate of
deposition on an impermeable base.

These theories were checked and extended to cover
a further case:

(d) A sediment increasing in depth at a uniform rate of
deposition on a permeable bhase;

and were theoretically applied to slimes dams by Kantey (12).

Attempts were made ta verify these theories by
tests in a settlement tank in the laboratory as cases (c¢)
and (d) are the comnsolidation processes occurring in slimes
dams, These experiments were unsatisfactory because of
the type of apparatus available and the techniques in use
at that time. Coarser materials, such as fine sand,
settled and consolidated in a matter of seconds and it was
therefore impossible to record the consolidation process
using this material, The use of finer materials such .as
slimes or clays was also unsuccessful owing firstly to the
difficulty of obtaining and keeping a large volume of
this material as a uniform suspension and secondly to the
fact that the suspension entered the piezometer tubes and
gave distorted pressure head readings.

CONSOLIDATION OF A SOIL UNDER AN APPLIED LOAD

If an additional load is applied to a soil,
fully or partially consolidated under a previous load,
the additional load will be carried entirely by the pore
fluid in the voids between the particles and there will be
no increase in intergranular pressure until the pore fluid
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flows out to a zone of lower pressure and the excess
pressure, i.e. the difference between the pressure in the
pore fluid and the normal hydrostatic pressure at that
point is transferred to the grain structure as inter-
granular pressure. When the pressure in the pore fluid
is normal hydrostatic pressure, and all the weight of the
soil itself and any applied loads are carried on the grain
structure, the soil is considered to be fully consolidated
under those particular loads.,

As has been already mentioned, the transfer of
load from the pore fluid to the grain structure can only
occur when some of the pore water flows out to an area of
lower pressure and the grains are brought into closer con-
tact with each other, Thus, as the intergranular pressure
in any soil sample is increased, the volume of voids in the
sample will decrease. This relationship is expressed by
plotting a curve of the void ratio, e (the ratio of the
volume of voids in the sample to the volume of solids in
the sample) against the logarithm of the intergranular
pressure. When this curve is plotted for a soil consoli-
dated from a slurry under increasing loads, the points
generally fall on a straight line, as indicated by the
line AB and its extension, which is known as the natural
or virgin consolidation curve in Fig. 41. If the soil is
fully consolidated to point B and the load is then released,
the sample will regain the elastic compression that has
occurred and will rebound along curve BC to C. If the
sample is then reloaded the recompression curve will fall
along CD where the initial portion of the curve will be
fairly flat and will then curve sharply at a point near the
maximum load to which it had previously been consolidated
(in this case P.), to rejoin the virgin consolidation curve
at D. The maxiImum pressure to which the soil had pre-
viously been consolidated is known as the preconsolidation
load and 'is denoted by P.,.

The preconsolidation pressure for any soil sample
can be determined in the laboratory by conducting standard
consolidation tests on the sample and applying a graphical
construction to the comsolidation curve. If the pre-
consolidation pressure is equal to the overburden pressure
the soil is termed normally consolidated and if the pre-
consolidated pressure is greater than the overburden
pressure the soil is overconsolidated.
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CONSOLIDATION RESULTS FOR MATERIAL FROM A SLIMES DAM

Several boreholes were put down at East Geduld
Slimes dam (see Appendix 2: Field Sampling and Testing of
Slimes at East Geduld Slimes Dam) and undisturbed samples
from various depths were subjected to consolidation tests.
A typical plot for one of these tests is shown in Fig. 42.
The full line is the consolidation curve and the dotted
lines are the construction, developed by Casagrande, and
described by Taylor (13), for the determination of the
preconsolidation pressure, P,, which in this case was
68 1b./sq.in. Tables I, II and III give the results of
the consolidation tests of the samples from Boreholes 1,
2y, 3 and 3%a at East Geduld Slimes Dam,

These preconsolidation pressures plotted against
depth are shown in Fig. 43, where the normal consolidation
curves calculated using submerged density, dry density and
total density of the slimes, have also been drawn. It
will immediately be seen that all the preconsolidation
pressures fall well above the normal consolidation curve
for submerged density. The condition of full consolida-
tion under submerged density would be valid if the material
had been put down under water and the water level had been
maintained at the surface of material. However, as it
was known that the water level was below the surface of
the slimes it was expected that the preconsolidation pres-
sures would be greater than those due to submerged density.

The normal consolidation curve for dry density
represents the curve along which the preconsolidation
pressures would fall if the material were consolidated
only under its own weight. As the water table drops, some
water is held in the pores of the material above it and
the weight of this water contributes to the consolidating
force. This additional weight is taken into account by
using the total density of the material for points above
the water table. Although the majority of test results
fall above this curve some results do fall between the
submerged density curve and the total density curve,
These results are due to one of two factors:

either (a) the sample was taken from below the water
table or phreatic surface, and the consoli-
dation pressure at that point was due to
the total density of the material above the
phreatic surface plus the submerged density
of the material below the water table;

or (b) +the sample had been disturbed during sampling
or handling.
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TABLE 1I.

Results of consolidation tests on undisturbed samples

from borehole no. 1, East Geduld Slimes Dam

Sample Depth Natural Natural Precgg:gi&igtion
moisture void Pe
from to content. | ratio :
e 1b,/sq.in.|1b./sq.ft.

31-3n 316" 11.3 0.94 34 4,895

6'-8n 6'-10" 35.0 0.95 47 6,755
6'-10" | T7'-O" 33.7 0.91 45 6,480
11'-0o" 11'-2m 38,7 0.92 62 8,930
11'-2» 117—4" 38.9 0.97 52 7,490
15t-1" 151-3" 36.1 0.83 29 4,165
151'-3" 155" 30.0 0.70 26 5,740
18'-1" 18'-3" 11.8 0.84 48 6,805
18t-3n 18'-5" 30.2 0.95 64 9,210
221-6" 22'-gn 13.4 0.98 49 7,050
22'-gn 230" 36.8 1.05 45 6,480
27'=3" 27'-6" 20.2 0.99 76 10,945
27'-8" 28'-0" 17.5 0.86 100 14,400
34'-0" 341-3" 23.9 0.68 63 9,060
34t=3n 34'-6" 28.1 0.70 35 5,045
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TABLE 1I.

, Results of consolidation tests on undisturbed samples

from borehole no.

2, East Geduld Slimes Dam

Semple Depth | Natural | Natural | — o omeorldation
moisture vo@d Po
content ratio

from to € 1b./sq.in.| 1b./sq.ft.
21-6" 2v-11n 21.0 0.94 60 8,645
2t-11" 31.2m 14.9 0.90 68 9,795
Tr—4" Tr=7" 27.1 0.95 20 2,880
(AR A T7r=10" 32.% 0.84 23 3,310
14t-1m 14t-6" 28.9 0.77 27 3,885
14'-6" 15t-0" 26.8 1.07 25 3,600
18'-0" 1813 - 1.26 T4 10,660
201-4m 201 22.8 0.77 43 6,195
221" 22'=10" 29.6 0.66 47 6,755
26'-6" 261-gn 36.4 0.73 29 4,165
26'-9" 27t=-0" 26.8 0.78 45 6,480
30'-6" 30'-9" 35.1 1.03 100 14,400
30'-g" 31'-0n - 37,2 1.07 48 6,805
38t-gn 39t-3n 29.3 0.74 30 4,320
391-3" 391-7n 38.3 0.94 28 4,032
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TABLE TII.

Results of consolidation tests on undisturbed samples from
boreholes nos., 3 and %a, East Geduld Slimes Dam

Preconsolidation

semslo Depin | Netwral | Fatarel | TR0

content | ratio c
from to % € 1b./sq.in.| 1b./sq.ft.
| Hole 3
21-3m 21-gn 11.5 | o0.84 17 2,446
S 2'-8" | 3re1n 8.7 0.79 13 1,872
gron g1-5m 29.5 0.91 32 4,608
gr-sn | gr-7n 29.5 0.80 19 2,836
13'=3% | 13t 23.6 0.81 44 6,336
131-7m 13'-11" 29.0 1.00 44 6,336
17'-6" | 17'-10" | 38.6 1.19 78 11,232
23t_Qn | 231-3n 16.7 0.88 19 2,836
23130 | 23156 16.0 | 0.91 11 1,584
281-6" | 281'-gm 38.4 0.98 15 2,160
28t-gn | 28'-11% | 40.8 1.13 38 5,462
331_0n | 3315w 51,0 1.27 19 2,836
331-5n | 331.10" | 26.7 0.64 34 4,895
371-9" | 381-0" 15.6 0.95 18 2,592
381-0" | 381-3n 20.1 | 0.95 24 3,456
421-3n | 42vo7e 21.1 1.09 19 2,836
421-7n | 431-0n 24.4 1.29 37 5,328
4T'=6" | 471-gn 30.3 0.79 18 2,592
47v=9n | 48'—0n 24,0 | 0.81 18 2,592
Hole 3a

521-10" [ 5310 15.8 0.61 29 4,166
531-0" | 531-3n 20.1 0.39 32 4,608
56t=11" | 571-2n 16.5 0.35 34 4,896
571-2n | 571-6n 25.4 0.61 21 3,024
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Unfortunately it was impossible to determine the
level of the phreatic surface during sampling operations
but it was later found to be at a depth of about 40 feet
and it is considered that these low values are probably
due to a combination of both factors.

However, the most important fact is that the
majority of samples appear to have been over-consolidated to
a high degree. Over-consolidation in a soil is due to an
additional load, once applied and since removed. In the
case of slimes dams it is known that no additional external
load has been applied and the additional consolidating
pressure must therefore be generated within the slimes
material itself, The obvious conclusion is that this
pressure is due to forces in the pore water of the slimes
set up during drying out of the material

CONSOLIDATION BY DESICCATION

Terzaghi (14) has stated that a soil can be
consolidated by the forces holding columns of capillary
water above the water table, The increment of inter-
granular pressure due to a column of capillary water of
height h-willI>de

Ap' =h7w R R EEEEEEEER (3)
where Y w = density of water.

If h, is the maximum capillary height at which
all the capillaries in the soil remain full, then, for
this case, the inerement of intergranular pressure due to
the capillary forces will Dbe

Ap’:hC'YW ee s 0000 eeee e (4)

When the capillaries are no longer full, i.e.
the soil is non-saturated, drops of water will collect at
the contact points between particles and Terzaghi further
mentions (15 that these solid particles will be drawn
together by a force equivalent to the tension:in the water.
Aitchison (16) has dealt thoroughly with the conditions of
non-saturation and their effects on pore water and inter-
granular pressure.

Consider the consolidation of a point in a mass
of slimes in terms of effective pressures. (17) The
intergranular pressure p' on any horizontal plane in a
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saturated soil mass is that portion of the total pressure
p on that plane which is carried by the grain structure,
while the remainder of the total pressure will be carried
by the pore water as pore water pressure u, i.e.

p'—_—p—u YRR (5)

‘The total pressure p at the bottom of a suspension of slimes
of total demnsity v+ and depth h, and the pore water pres-
sure at that point will both be equal to h Y. From (5)
the intergranular pressure will be zero.

As the particles settle out, some of the total
load is transferred to the grain structure until the pore
water is left under normal hydrostatic head. At this
stage p = h Y4 as there has been no change in total load
and u = h Yy where 7Yy is the density of water.
Substituting in (5)

p' =h ¥y -h v =h( 7V -7,)
=h YS
Where Tg = submerged density of slimes.,

As the intergranular pressure p' is the consolida-
~ting pressure acting on the slimes the process can be illus-
trated by the Void Ratio vs Log Intergranular Pressure in
Fig. 44, As the consolidation takes place the point
considered will move down the curve to point A, where it
will remain as long as the water table is maintained at

the surface of the deposit and the total pressure is not
increased.

During the second stage of consolidation the water
table starts to fall and eventually reaches depth h, at
which stage u = o and

p' =h Yt.

This stage is represented by the progress down
the consolidation curve from A to B. The third stage is
reached when the water table drops below the point con-
sidered, putting the pore water at the point considered
- into tension. This tension is usually designated the
negatlve pore water pressure, u, and in the same way as
in the p081tlve pore pressure case, the 1ntergranular
pressure is given by

P' = P = U coessscccees (6)



{

..ss
(re-944) 007

(Mp24+ Y901
MY 901

sgy 907

2 0iLvd dIoA

LOG. p!.

FIG. 44.

SOLIDATION BY DESICCATION.

——

mr—

CON




- 46 =

The third stage continues until the water table has
dropped to a depth h, below the point considered where hg
is the maximum height to which all capillaries in the
sample will be full. At this stage U = h, Ty and there~
fore substituting in (6)

P' =h vy + h, V.

This third stage is depicted by section BC of
the virgin consolidation curve.

In the fourth stage the pores of the soil are no
longer completely full of water. Nevertheless, water will
collect at each point of contact between grains and will
be held there by surface tension, This tension in the
water will increase the intergranular force between the
solid particles. On any plane, the force due to the ten-
sion in the pore water, will be the sum of all the small
cross-sectional areas of water lenticals multiplied by the
tension in the water. For the sake of continuity, this
force is averaged over the whole cross-sectional area and
still termed negative pore water pressure and designated
by u. If at any moisture content the effective cross-
sectional area of water is A' and the tension in the water,
otherwise called the pressure deficiency is p".

‘a:-—Avp” ceo0ceeeo00e0ces e (7)

- Cross-sectional area of water in voids
Total cross—sectional area of voids

where A' =

As the moisture content of the soil decreases as
it dries out, A' will remain constant or will decrease
and p" will increase. The result is that U will increase
numerically until it reaches a maximum negative value Upgx
which will depend on the nature of the material. During
this fourth stage therefore, the consolidating pressure or
intergranular pressure increases from

p' =h Vg t hc qu to p' =h Vg - I-imax =h Ty + (A'P")max.

This fourth stage is represented in Fig. 44 by
the section CD of the virgin curve.

Asbit was known that very high values of p"
obtain in fine grained soils at low moisture contents, it
was thought that very high preconsclidation pressures would
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be induced in these materials by the fourth stage of
consolidation described above and it is suggested that
this type of consolidation is responsible for the high
preconsolidation pressures plotted in Rig. 43.

CONSOLIDATION BY DESICCATION OF A SLIMES DAM

The four stage consolidation process described
is an idealised version of what happems on the wall of
a slimes dam. In this case a point at a depth h was
considered while the depth of material remained con-
stant and the positive pore pressure was gradually
reduced to zero and then the negative pore pressure was
gradually increased to a maximum value Wp,y giving a
continuously increasing intergranular pressure which
results in the Void Ratio vs Log Pressure curve following
the virgin consolidation line through A, B and C to D.

In practice the slimes is deposited in a
shallow layer and the first stage of consolidation
occurs quickly. The excess water is then drained off.
Evaporation occurs and stage 2 is entered and as’ the
desiccation continues the slimes will pass through stage
3 and into stage 4 and if conditions are very favourable
may even reach a point represented by D in Fig. 44.
The next layer of slimes is then deposited and water from
this layer enters the layer below; it will release some,
and perhaps all, of the negative pore water pressure,
causing the sample to rebound along curve DE until it is
in equilibrium with the new intergranular pressure under
the altered conditions. As the material dries out again
the intergranular pressure increases, and the e vs log p!
relationship will follow the loop shown in Fig. 41 and
may or may not reach the value of D again before the next
wetting, when it will rebound once more. Thus for each
wetting and drying cycle there will be a loop of the
consolidation curve. ‘

On the other hand the point D may not be reached
on the first wetting and drying cycle and the curve will
rebound earlier, Once again a hysteresis loop in the
consolidation curve will represent each wetting and
drying cycle for the point considered. During one of the
subsequent cycles the effeéctive intergranular pressure
may reach its greatest value, and may even reach point D
which is the greatest possible value attainable, The



- 48 -

information in Tables I, II and III and in Fig. 43 shows
that at some stage in the history of each sample a maximum
intergranular pressure P, was reached, but as the exact posi-
tion on the consolidation curves, at the time of testing,

is not known for any of these samples, the values of natural
moisture content and natural void ratio give no correlations
with preconsolidation load or with each other.

LABORATORY DESICCATION TESTS

In order to obtain a better understanding of the
nature of consolidation by desiccation, it was decided to
carry out laboratory desiccation tests during which the
negative pore water pressure could be measured. In this
way it was hoped to find a correlation between U and
preconsolidation load.

It is exceedingly difficult to measure negative
pore water pressures and pressure deficiencies in soils.
Nevertheless, a simple pore pressure device (described in
Appendix III: TLaboratory Desiccation Tests) was used, and
small negative pore pressures were measured. In the first
test, a container of slimes slurry was exposed to the
weather and readings of U were taken at various times.
Tests 2, 3 and 4 were similar to test 1 except that the
container of slimes was dried out in the laboratory by
fans., In tests 5 and 6, four pore water pressure gauges
were installed at various depths in a mass of slimes slurry
and a series of readings of all the gauges was taken as
the slimes dried out. At the completion of tests 2 to 6
samples were cut from the dried-out slimes and tested in
the consolidometers to determime the preconsolidation
pressures.

The negative pore water pressure for test 1 is
plotted against time after deposition and draining in
Fig. 45, For the first five days the water pressure
remained at normal hydrostatic head which, in this case,
was very nearly zero and the first readings of negative
pore water pressure were obtained on the sixth day and the
negative pore water pressure built up slowly during the
seventh and eighth days and more rapidly during the ninth
day. During the night of the ninth day it rainédnand
the suction in the soil was partially relieved. As soon
as the rain ceased, evaporation started again and it will
be seen that the negative pressure build up was very rapid
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until air entered the measuring device, when the pressure
was too great for the range of this apparatus. Tests
2 and 3 gave similar curves to test 1.

In test 4 water was put on to the slimes when
the negative pore water pressure had built up to almost
the limit of the measuring apparatus and the results of
this test are plotted on Fig. 46, It will be seen that
the addition of water released the negative pore water
pressure almost instantaneously, the actual time taken
being fifteen minutes. '

In test 5 considerable difficulty was experienced
with the measuring apparatus and readings were obtained
for only very low values of negative pore water pressure.
The negatlive pore water pressure versus time curves for
test no. 6 are plotted in Pig. 47. As was to be expec-
ted there was a time lag increasing with depth between the
upper and lower gauges. It will be noted that there is
a good deal of uneveness in these curves, which can be
accounted for by the fact that it was often necessary to.
flush out the measuring system to clean out air bubbles
and some of this water escaped into the soil surrounding
the gauge, causing a temporary break in the build-up of
negative pore water pressure at that point. Fig. 48(a)
shows the relationship between negative pore water '
pressure and depth at various stages of test 6, where it
can again be seen that the greatest build-up of negative
pore water pressure is at the top and that it diminishes
with depth. These values of negative pore pressure have
been added to the intergranular pressure due to the total
density of the material, to give the total intergranular
pressure which is plotted against depth in Fig. 48(Db).

In this figure the intergranular pressure for any parti-
cular time is almost uniform, irrespective of depth as
the depth effect on the negative pore water pressure

has been compensated for by the increase in intergranular
pressure with depth due to the weight of the material
itself, It will further be seen that these intergranu-
lar pressures are well in excess of the pressures due

to weight of the material only.

Consolidation tests were carried out on samples
taken from the slimes in tests 2 to 6, and the results of
one of these tests are shown plotted in Fig. 49. The
load in the consolidation tests was gradually increased to
32 1b./sq.in., then gradually released to 1 1b./sq.in.,
then gradually increased to 128 1b./sq.in. and finally
decreased to zero. The rebound loop thus obtained appears
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in the middle of Pig. 49. Similar rebound loops were
determined in three other tests and the curves were almost
identical.

An obvious point about Fig., 49 is the sharp
curve of re-entry of the mechanical rebound loop into the
virgin curve, whereas the upper portion of the consolida-
tion curve (which is the recompression leg of a rebound
loop after consolidation by desiccation) has a much flatter
curve. This could possibly be explained if the total
negative pore water pressure in the sample had not been
fully released and the remnant of negative pore water
pressure left would thus have to be added to the applied
load to determine the effective intergranular pressure or
consolidating pressure. If this is the case, the points
on the top curve would be shifted to the right, closer to
the virgin curve, and a curve similar to the mechanical
rebound recompression curve would result. As the deter-
mination of the preconsolidation pressure depends on the
shape of the curve, an alteration in the shape of the
curve would probably also mean a higher or lower precon-
solidation pressure. However, it is felt from studying
these curves that even if the shape of the curve is not
correct, any alterations to the curve in the manner
suggested, would only result in minor changes in the
preconsolidation pressure as determined from the curves.

The preconsolidation pressures, maXimum negative
pore water pressures measured and resultant maximum inter-
granular pressures are given in Table IV. It will be
seen that, with three exceptions, all the preconsolidation
pressures measured in the consolidation test are higher
than the maximum effective intergranular pressure measured
during the desiccation test. This is illustrated in
Fig. 50 where preconsolidation pressures are plotted
against maximum measured intergranular pressures on a log-
log scale. The number of the preconsolidation pressures
which greatly exceed the maximum measured intergranular
pressures are due to the fact that some time elapsed after
the range of the gauges was exceeded before consolidation
tests could be performed, and thus additional desiccation
had occurred during this period. It can therefore, be
said that in this range the negative pore water pressure
could be treated in the same way as positive pore water
pressure in relation to effective intergranular pressure.
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TABLE IV,

- Preconsolidation pressures, negative pore water

pressures, ete. for desiccation tests

Void

\Moisture
Max. U h? h?v, -1 P content |ratio be-
| Test|Gauge| 11 2 t t c :
«/8Q. before fore con-
No. No. in, lbiésq* lbiésq, lb;ésq° consoli- |solidation

: . ° ° dation %_ test

l l 903 - - - - -
24,0 26,1 0.82

16.0 28.6 0.72

2 1 "'702 0045 706 1705 2704 0090
30.0 25.1 0.87

31.0 31.1 0.82

3 1 -9,7 0.45 10.1 19.0 32,5 0.81
14,0 33.3 0.68

During

test 0.45 7.9 T2 2.0 0.74

4 l )_508 765 24‘05 0079
24 .0 18.1 0.64

=75 | 045 T3 T 7.0 | 15.9 0.75
l _3.5 0053 400 lla6 2509 0070'

12.0 26.1 0.76

| 2 -4,2 1.06 502 48,0 25.7 0.66

A 5 3 _207 1060 403 3205 2709 0078
8.2 23,6 0,70

4' "709 2°13 lo’o 700 3309 0083

l _639 0653 7.4 1496 098 0091

18,2 1.6 - 0.87

2 | -9.8 1.06 | 10.9 [13.4 10.0 0.76

6 3 -6.8 1.60 8.4 11.8 10.1 0.81
10.9 10.3 0.78

4 . -5.8 2,13 7.9 11.8 8.8 0.83
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pF-MOISTURE CONTENT RELATIONSHIP

Unfortunately no method exists of measuring the
negative pore water pressure, as such, outside the range
already dealt with. However, it is possible, using the
latest soil physics techniques to measure the moisture
content of a soil under conditions of controlled pressure
deficiency and in this way to determine a moisture content-
pressure deficiency relationship. Since the range of
possible pressure deficiencies is enormous, Schofield (18)
has proposed a convenient scale for pressure deficiency
with his pF concept where

pF = logloh o 8 6 0 06 8 060 20 (8)

where h is the pressure deficiency (p") expressed in centi-
metres of water,

Using suction-plate and micro-desiccator methods
similar to those used by Croney, Bridge and Coleman (19)
it was possible to determine the pF-moisture content rela-
tionship for slimes, This is shown in Fig. 51. It will
be seen that points have been obtained at the ends of the
curve and the centre portion has had to be interpolated
as no apparatus is yet available which can be used in this
pF range. '

APPLICATION OF pF-MQISTURE CONTENT RELATIONSHIP TO CON-
SOLIDATION PROCESS

Using this pressure deficiency - moisture content
relationship and assuming A =1, i.,e, @ = -p" the theoreti-
cal maximum effective intergranular pressure p' was calcu-
lated for all those consolidation tests where the moisture
content at the start of the test was less than 20%. These
results are given in Table V and plotted in Pig. 52.

There is a wide scatter of the points in Fig, 52
both above and below the 45° line representing P, measured
= p' calculated. The points which fall above the line can
be explained by the sample having taken up moisture :
after reaching its maximum pressure deficiencys thus,
when sampled, the existing moisture content gave a
lower calculated value of p' than had previously existed
- the sample had rebounded.
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TABLE V.

Calculated intergranular pressures for samples

used in consolidation tests

Precon- . h ¥ P -h 7y “ Pressure | Inter-
solidation| Moisture t c t deficiency| granular
- pressure |content |1b./sq.in.|1lb./sq.in. " pressure
Pec % 1b./sq.in.| p'= hY  +p
1b./sq.in.
Undisturbed field samples
34 11.3 2.61 31.4 41.0 43,6
48 11.8 ~13.9 36.1 35.7 49.6
49 13.4 173 31.7 23.1 40.4
100 17.5 21.3 79.7 Te3 28.6
68 14.9 2.3 65.7 14.9 17.2
17.1 11.5 1.9 15.2 39.2 41.1
13.0 8.7 2.3 10.7 71.3 73.4
19.0 16,7 17.6 1.4 9.2 26.8
*11.0 16.0 17.9 - 11.3 29.2
* 18 15.6 30,2 - 12.4 42,4
Degiccation tests
24.0 18,1 0.5 2345 5.9 6.4
7.0 15.9 0.5 6.5 11.6 12.1
13.4 10.0 1.0 12.4 57.9 58,9
11.8 10.1 1.6 10.2 56,6 58.2
10,9 10.3 1.9 9.0 55.3 57,2
11.8 8.8 2.2 9.6 - 80.0 82.2

= In these samples P, is less than h ft and therefore,
it can be safely assumed that they have been disturbed.
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The points falling below the line can be explained
in one of two ways, viz:

‘(a) The samples were disturbed during sampling
and handling as has already been shown in
Table V for two samples. The material is very
sensitive and thus very susceptible to disturbance
during handling.

: or
"(b) It was stated in equation (7) that
a = _Avpn
and, for the purpose of these calculations, it was
assumed that A' =1, i.e, U = -p". If A' is less
than unity the actual intergranular pressure p' would be
less than that calculated assuming A' = 1.

Reason (b) requires investigation. Aitchison (16)
has stated that for compressible soils (clays) A' = 1 for
pressure deficiencies of up to 30 kg./sq.cm. (430 1b./sq.in.)
but that in granular soils like sands A' = 1 initially until
a certain value of p" is reached whereafter A'p" remains con-
stant. This is shown in PFig. 53 giving the relationship
between U and p" for idealised material consisting of uniform
spheres. The values of p" where A' ceases to be unity and
the value of A'p" is constant for any soil will not give
exactly the same curves as a mass of uniform spheres owing
to the shape of the grains and the variations in grain size
but the curves will be similar in shape.

Slimes material covers a wide range of particle
sizes as can be seen from the particle size distribution
curves in Fig. 54. It has already been stated that there
is a certain amount of segregation of particles during
settlement on slimes dams and thus one would expect higher
maximum values of U in places where the finer material pre-
dominates and lower values where the material is coarser.
This is another factor contributing to the scatter of the
preconsolidation pressures plotted in Fig. 43.

It would seem, therefore, that in the best con-
ditions where the slimes is very fine and A' = 1, and where
moisture content is reduced to a very low value, thus de-
veloping a high pressure deficiency p", intergranular
pressures of the magnitude of the highest preconsolidation
‘loads, e.g. 100 1b./sq.in., would be developed and in general
‘the maximum effective intergranular pressures developed will
:be governed by:
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the maximum pressure deficiency developed in the
slimes during its hlstory, and

the maximum value of U which is governed by the
nature of the material.

It was felt that with the techniques available,

no further progress could be made in studying these
relationships. ‘

CONCLUSIONS

The conclusions drawn from the research into the

consolidation of slimes material can be summarised as
follows:

1.

FPield investigation of slimes dams showed that the
material had been over-consolidated with maximum
preconsolidation pressures of 14,400 1b./sq.ft. and an
average preconsolidation pressure of about 5000
1b./sq.ft.

Over-consolidation is caused by the desiccation of
the slimes which results in high pressure deficien-
cies in the pore water, in turn causing high inter-
granular pressures.

The maximum intergranular pressure developed will.
depend on the maximum pressure defiency developed
and on the grain size of the material.

As a corollary to 3. the greatest intergranular
pressures will be developed in the finest material..
This is a well-known practical fact which is used

by slimes dam builders who say that the finer sllmes
"binds"™ better.

As a further corollary to 3., it has been shown that

the slimes is layered and each layer may have a different
limltlng maximum intergranular pressure depending on ‘its
grain size,

. Note: Further work along these lines is envisaged in
a project being undertaken on a.national basis at the
National Building Research Institute.
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6. As the slimes is subjected to repeated cycles of wetting
and drying which result in the intergranular pressure
being raised and lowered, the material is being consoli-
dated or rebounded all the time and the preconsolida-
tion load as determined in the laboratory merely indicates
the maximum intergranular force which was once developed
in the particular sample tested and does not necessarily
bear any relationship to the conditions obtaining in the
soil at any time thereafter,

.PRACTICAL, APPLICATIONS OF CONSOLIDATION RESULTS

The main application of the work on the consolida-
tion of slimes is to the study of the shear strength of
slimes.,

It has been shown that the maximum intergranular
pressures are determined by the nature of the material and
by the maximum pressure deficiency that is developed. The
nature of the material is governed primarily by gold pro-
duction and not convenience of slimes dam building.
However, the slimes dam builder can assist in the develop-
ment of the maximum pressure deficiency in the soil by
seeing that the material is kept as dry as possible by the
following means.

1. Depositing the material in shallow layers, because a
shallow layer dries out more quickly and more thoroughly.
The 2 inch layer used on most dams is satisfactory;

2, Draining all excess water from the deposition area as
: soon as possible;

3., Allowing as long a period as possible between successive
depositions of material. =~ Although it is not feasible
to stipulate a definite period of drying, since this
will depend on the thickness of the layer, the depth to
which moisture has penetrated below the surface and the
prevailing weather conditions, it is recommended that
a minimum of fourteen days drying should elapse between
successive depositions, if reasonable consolldatlon is
to take placej

4, Removal of stormwater from the surface of the dam,
especially the outer walls, as quickly as possibley
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Ensuring adequate under-drainage for control of seepage
flow. If seepage water is flowing through the wall
causing a high phreatic surface, the pressure deficiency
built up in the upper layers, by evaporation will be
released by water drawn up from the phreatic surface.

A large pressure deficiency will never develop and the
material will not be well consolidated.
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CHAPTER V. OVERALL STABITLTITZY:
SHEAR STRENGTH OF S LIMES
MATERTIATL

SHEAR STRENGTH OF SOILS

In calculating the stability of slopes, bearing
capacity and other soil properties the shearing strength of
the soil is used., This consists of two components,
firstly cohesion, which is due to the attraction of the
particles to each other and secondly, a frictional component
due to friction developed by rubbing the soil grains against
one another, This concept is contained in Coulomb's
Law (20)

S= c+0tan g ceeeeeaneeses (9)

where S = shearing strength of soil

¢ = cohesion of the soil

0 = stress in the soil normal to the plane of failure
and g = friction angle of the soil or angle of shearing

resistance.

This is shown diagrammatically in Fig. 55. In
clayey soils ¢ is usually large with 4 small and in sands
and other granular materials c¢ is small, often zero, with a
large &.

The effect of stresses in the pore water during
shear is considerable, thus, depending on the drainage
conditions obtaining at the time of determining the shearing
strength, both in the field and in laboratory testing, the
values of ¢ and # vary; the different conditions are
denoted by suffixes. Some common examples are given below:

S= C‘u+0tan¢u s6eec0es 000 (10)
for the undrained case where no drainage of the pore water
takes place during shearing,. )

S—_— Ccu+ G'ta.nﬂlcu 200008000 (ll)
for the consolidated undrained case, where the material is
consolidated under a certain pressure and is then sheared
at that pressure while no drainage of the pore water takes
place.
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S= Cd+ Utanﬂ{d o9 00000000 (12)

for the drained case where complete drainage occurs during
shearing.

Equations (10, (11) and (12) relate to T , the
total stress normal to the plane of failure for a given set
of external conditions. However, if intergranular stresses
are used, an equation is derived which can be applied to any
set of conditions where o¢' can be determined

S = c¢c'+ oc'tan ' seeeennes. (13)

effective cohesion

where ¢! =
gt = effective angle of friction
o' = intergranular stress.

As intergranular stress and intergranular pressure
are the same,
o' = p' ® 6 0 0 5 6 0 5 0 00 00" PSSO e s (14')

and o p for total stress and pressure..... (15)

]

and equation (5) used for consolidation studies becomes

o' = - u S (16)
and (6) becomes O' = O = U ceeeoeesees (17)

0f the four main types of shear equation listed
here, equation (13) is closest to the true values of ¢ and 4.

The value of o' in equations (16) and (17) will
depend on the values of u @ndU in exactly the same way as was
explained in the previous chapter for p'.

LABORATORY DETERMINATION OF SHEAR PARAMETERS c AND J4

In order to study the shear strength of slimes it
was necessary to know the shear parameters c and 4. At the
beginning of the study the only method suitable for
measuring the shear strength of slimes was the shearbox
test (21), otherwise known as the direct shear method. As
no control could be exercised over drainage and no measure-
ment of pore pressure was possible, only a generalised c and
# could be obtained from the test. A further difficulty was
that, as the samples were consolidated in the shearbox from
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a slurry, they could not be tested at a controlled density.
The results of this series of tests are plotted in Fig. 56.
As would be expected in a granular material ¢ = 0 and the
friction angle is 4 = 3909,

It was felt that a more accurate determination of
# was needed and particularly that g' should be determined.
After some experiments, a successful technique was evolved
for consolidating and testing slimes samples in a standard
triaxial compression machine (see Appendix 4: Method of
Triaxial Testing for Consolidated Slimes Material).

The normal method of plotting triaxial compres-
sion test results is by means of Mohr diagrams as explained
by Terzaghi and Peck (22). During the test there is the
cell pressure surrounding the sample, 0z, and the com-
pressive stress on the sample 07 - © whlich reaches a
maximum value when the sample fails. The value of @&
is plotted on the Mohr diagram with oz as shown in Fig.
57. From the geometry of the figure i% will be seen
that the shearing stress at failure is

O .. O
sz 12 3 COS}‘...... (18)
If the pore water pressure u has been measured, inter-

granular stresses can be used for plotting as

cé = 03 - u.

The intergranular stress case is shown by the dotted lines
in Pig, 57 and for this case

' _ ( ci - 0%)
Te = 5 cos B' veee.. (19)

. 1 ] —_ -—
It is also obvious that ( o] - 03) = oy 03).

The shearing stress at failure T, is considered as the
shear strength S of the material,

The first series of tests consisted of a number
of samples which were consolidated to certain cell pressures
and were then tested at those cell pressures with no
dainage and with the pore water pressure measured. The
results of these tests are given in Table VI. There are
two schools of thought as to when failure occurs during a
triaxial test: namely ’

(a) when ( O] - 0!) reaches a maximum; or
1 3

(b) when Gi/oé reaches a maximum,
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1
The graphs for <(u, o%, o{ - o% , ofand °1/ o4
for test no. 25 are shown in Fig. 58. ft will be "seen
that ( o! - ot ) never reaches a maximum value during
the test]but f% increasing slowly at the end of the test,
this small increase is attributed to the dilatancy of the
sample and in these cases the 20% strain value of ( o} -of )
is used as the maximum value of ( of - o} ). In TébleBVI
both failure criteria are used.

The Mohr circles for these tests are plotted in
Fig. 59. From Table VI it will be seen that the total
stress relationship of 03 and ( - oz), which is the
same as ( 0] - 0%), varies considerably, and this will
be further shown in"Fig. 63. In spite of this variation,
the effective stress diagrams in Fig. 59 plot very well to
give a straight line passing through the origin in both
cases. It is, therefore, seen that, as both diagrams give
about the same results, the slimes has no effective
cohesiony i.e. ¢' = 0, _and the corresponding effective
friction angle is #Y = 35°.

STRENGTH OF SLIMES MEASURED IN SITU

Vane shear tests were carried out in-situ at

_ Bast Geduld Slimes Dam at the same time as the drilling
operations (see Appendix 2: PField Sampling and Testing
of Slimes at East Geduld Slimes Dam). During these

tests, the undisturbed and remoulded shear strengths were
measured at various depths and the "sensitivity" of the
slimes was calculated. "Sensitivity is usually associa-
ted with clays and denotes loss of cohesion in the soil

due to remoulding. In this case the term denotes loss

of shear strength due to remoulding. The results of these
tests are given in Tables VII, VIITI and IX, and are plotted
agalnst depth in Fig. 60.

It will be seen from these results that the
values obtained show a wide scatter similar to those for
preconsolidation pressures plotted in Fig. 43. It will
also be seen that the material has a ®sensitivity"™ of 4 or
more; this may account for some of the low values obtained
during the testing.
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TABLE VII.

In-situ vane shear test results for hole 1.

Undisturbed Remoulded
shear strength shear strength Sensitivity
Depth 1b./sq.ft. 1b./sq.ft. Su /s
Su Sm .
5'-O" 1787 - -
9'-QOn 1377
13'-0" 931 ®
¢
]
21'-0" 2140 =
o
2510 2512 a5
oK
@ +
29'-0" 2382 &
=
350" 2717
38'-Q" 2757 726 3.8




- 64 -

TABLE VIIT,

In-situ vane shear test results for hole 2.

Undisturbed Remoulded
Depun | WEET sz | encar sizonem | Sgnaifivity
Su Sn m
6'-O" 1873 130 15.2
10t-O" 763 335 2.3
1715 2103 484 4.4
21'-6" 1582 614 2.6
25't-6" 2066 465 4.5
29'-3m 1861 428 4.4
36'-0" 2401 595 4.0
42'-0" 144 130 5.8
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TABLE IX,
- In-situ vane shear test results hole 3.
Undisturbed Remoulded
Depun | SR airemsth | shesr sivenetm | Sgnasfivity
Sy Sh m
5'-0n 1787 186 9.6
10'-0On 1545 298 5.2
15t-0" 1973 112 17.6
®201-0" 2698 * - -
21t=-7n 2643 354 7.5
25'=-0" 2216 298 T.4
30'-0" 2959 521 5.7
351=-0" 1973 93 21.0
*411-0n 3855 * - -
450" 1768 354 5.0
500" 1117 167 6.7
®  Vane sheared off,
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Also shown on Fig. 60 are the predicted shear
strengths using the effective angle of friction g' = 35°
and intergranular stresses based on submerged density, to-
tal density and the average preconsolidation load Pg =
5000 1b./sq.ft. estimated from Fig. 43.

Assuming the ground-water level in the dam
coincided with the surface of the slimes the intergranular
stress would be based on submerged densities and this
would be the minimum intergranular stress which could
occur, All but three of the values measured fall above
this minimum condition, and the three low values of shear
strength are probably the result of partial disturbance of
the soil before or during the tests.

It will be seen that a large number of the
strengths obtained for the undisturbed testing fall be-
tween the calculated values using total density for calcu-
lating intergranular stress, and the values assuming inter-
granular stress equal to the preconsolidation pressure P,

h 7t<°'<Pc ceesssnssss (20)

This bears out the conclusion already stated in
the previous chapter that the slimes at the time of
sampling is on a rebound cycle somewhere between the pre-
consolidation pressure and h ¥4 for points above the water
table,

These high shear strength values are due to
apparent cohesion owing to increased effective intergranu-
lar stress at the time of testing caused by either

(a) the existence of a negative pore water
pressure at the time of testing;

or (b) the effects of over-consolidation of
the slimes.

INCREASE IN SHEAR STRENGTH OWING TOQ NEGATIVE PORE WATER
PRESSURE AT THE TIME OF TESTING

The effective intergranular stress at the time
of testing was
0': h‘y_t_ﬁocoeoooooo (21)

where U is the negative pore water pressure and from (20)
O<‘ﬁ<PC"hYt e 0000000 (22)



- 67 -

In other words the shear strength at the time of

testing was _
S‘—‘(h 'Yt—u) tal'l %' ee® 000000 (23)

The “shear strength at any point will thus vary between
S= h Y¢ tan #' and S = Po tan g' as U fluctuates when the
slime dries out and is rewet.

Fig 61 shows the shear strength vs depth plot
and strength plots for values of u of 0, -5, +10 and -15
1b./sq.in. It can thus be seen that the relatively small
values of U will produce an apparent cohesion which will
explain these high shear strength values.

However, the mean value of the majority of
natural moisture contents in the field, tabulated in
Tables I, II, III, XVIII¥, XIX¥, xXx* (¥Appendix 2) is
greater than 25%. Relating these moisture contents to
the pP-moisture content curve in Fig. 51, T for 25% will
give an increase in intergranular stress of less than
1 1b./sq.in. It can, therefore, be seen that while some
of the apparent cohesion may be due to negative pore water
pressure, a number of values appear to be due to some
other factor.

THE EFFECT OF OVER-CONSOLIDATION ON THE SHEAR STRENGTH
OF SLIMES

Hvorslev (23), and others since, have shown that
clay soils subjected to over-consolidation acquire additional
shear strength due to the precofipression, and on a plot of
shear strength versus rebound pressure a hysteresis loop is
formed as shown in Fig. 62, The shear strength of the
rebounded material is much greater than that of normally-
consolidated material at the same overall pressure.

Although this has been proved for cohesive materials
it was felt that it would most probably also be true for
slimes, which is not strictly cohesive but has a very fine
grading. A further series of triaxial tests (Appendix 4)
~was performed on samples consolidated at 80, 40 and 20
1b./sq.in and then rebounded to a series of lower pressures
" before testing. This lower, rebound, pressure will be

desi%qated Odpo As of for these tests was not known,
the *1/¢ ra%io could not be determined and the
( of - Jmax value has been used for calculating the
" shear stréngth which, from equation (19), becomes

5 =( 0 - 92 )pax. ©OS d' veeeee. (24)
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The rebound pressure Oir is taken as the apparent inter-
granular pressure at the beginning of shearing; in other
words no account is taken of U or an increment of ¢' due
to over-consolidation. In the case of laboratory triaxial
samples 04, = cell pressure - u at the beginning of the
test and in the field o4y = h ¥4 - u or in both cases U if
the pore water pressure is negative. In this series of
tests u = o at the start of the tests and therefore,
cér = Oz, the cell pressure at start of test.

The results of this series of tests are given in

Tables X, XI and XII.

The values for the normally consolidated case
are taken from Table VI for ( o - 'Ymax and are shown
plotted in Fig. 63. The straight lihe is chosen to be the
best average line and the slope of this line is ﬁcr’ the
angle of shearing resistance with relation to o3y, and is
not necessarily equal to g'. In other words
— !
S = oy, tan £ . cevennn. (25)
In this case g, . = 36°.

The very low total shear strength value of test 2, which
plotted on the effective stress line in Fig. 59, is due to
the very high pore water pressure measured during the test
and it is almost certain that this high pressure was due
to leakage through the membrane round the sample.

The shear results from Tables X, XI and XII are
plotted in Fig. 64 from which it will be seen that there
is a marked increase in shear strength due to over-
consolidation of slimes., It will also be seen that the
shear strength remains almost constant under rebound con-
ditions until a value is reached from where the shear
strength drops rapidly until it reaches almost zero when

Uér = 0. The recompression curves will, therefore, lie
very close to the normally consolidated line.

Fig. 65 shows a simplified version of the curves
in Pig. 64 which allows a set of equations to be set up
- for the strength of the precompressed material. These
equations read as follows: -

In the first range between Gér = 0 and the
flatter slope

S = c, + Gér tan 57° ..eeene. (26)
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TABLE _X.

Results of laboratory shear tests on samples pre-

consolidated to 20 1b./sq.in. and rebounded

Rebound
pressure | Test ( o - 03')max S= ( o - og)mg)gs g 3
A No. | 1b./sq.in. 2 1b./cu.ft.
1b./sq.in. 1b./sq.in.
4 28,8 11.8 93.7
20
6 54,6 14.2 94.8
15 32 54.4 14.1 99.7
9 30.7 12.6 92.3
10 .
36 31.9 13.1 93.0
5 35 26.6 10.9 93.0
0 33 16.0 6.6 92.0
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TABLE XI.

Results of laboratory shear tests on samples pre-
consolidated to 40 1b./sq.in. and rebounded

Rebound G! - o! s= ( g! - gt cos g
pressure | pegt ( 1% o gimax ¢ o} _ %) nax T4
cr No. e 1b. /sq.1 1b/cu.ft.
1b./sq.in. o/ 8Q.11.
7 67.5 27.7 99.2
40
16 83.6 34.4 9l1l.5
30 27 62.7 25.8 99.8
13 66. 4 27.2 95.8
20
33 54,0 00,2 101.2
10 14 54,4 22,3 95.1
5 31 30,5 12,5 94.5
0 26 14.0 5.7 96.5




TABLE XIT,

Results of laboratory shear tests on samples pre-

consolidatéd to 80 1b./sq.in. and rebounded

Rebound ' ] _ ' '
pressure | oo, (9 - 3 S=( 9y - OB)maXCOS g' Ta
ol No. | 1lb./sa.in. 1b./cu.ft.
1b./sq.in| 1b./sq.in.
2 92,1 37.8 98.0
5 200.1 82.0 103.4
80
22 121.0 49,6 96.2
23 159,6 65.4 96.0
‘ 18 96.5 39.6 -
60
21 112.2 46.0 -
50 1 106.7 43,7 -
8 101.7 41,7 94.9
4Q
17 96.6 39,6 c95:2
19 90.2 37.0 -
30
20 99.0 40,5 -
20 10 85,0 34,8 103.6
12 51.6 21.2 99.2
10 '
30 54.0 22,2 101.5
0 15 10.4 4.3 96.3




The second, flatter range

_ ¢}
S—Cp+c'cr tan. 15 LI IR I A I SN NN N A (27)

where Cp = apparent cohesion due to precompression and suf-
fix p déenotes precompression pressure,

The change-over occurs where o' = (o' ). and
equations (26) and (27) are equal. cr er'p
' o _ ' 0
c, + (o Cr)p tan 57 = ey * (O'CI,)P tan 15

. ] 0 O — §
o (o Cr)p (tan 57° - tan 15°) = ¢y = C,

)y = °p = % _
tan 57° - tan 14°
= 0.787 (CP—CO) e s s 0900090000000 (28)

Below this value, equation (26) is used and for oL greater
than ( °Er)p equation (27) is used, until the normal con-
solidation occurs once more as the precompression curve re-
joins the normally consolidated line and

S = G'or tan 36° siiiiiiriecennceenss (29)

This occurs when o' = ( 6'_)_ and equations (29) and
(27) are equal. cr cr'n
' ' o _ 240
e, + ( Gcr)n tan 157 = ( cér)n tan 36
. . 0 )
ceh ( °Er>n (tan 36° - tan 15°) = °y
\ °p
S (), =
.4586

=2.14Cp .00......0.'....0!..0... (30)
Summarising, we have, therefore

for O<3fcr <0.787 (cp - co)

s _ ' (o]
Equation (26) S = c, + ¢',, tan 57

for 0.787 (cp - co) <°'cr <2.l4cp

. _ 1 o
Equation (27) S = cpy + 9'on tan 15
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for Ugr:> 2.l4cp, normally consolidated case.

Equation (13) § = of tan 360,

For the three preconsolidation pressures used,
the values of s and cp are:

for all cases ¢, = 6 1b./sq.in.

for P, = 20 1b./sq.in., oo = 9 1b./sq.in
for P, = 40 1b,./sq.in., Cpo = 19 1b./sq.in.
for P, = 80 1b./sq.in., cgg = 30 1b,/sq.in.

Substituting these values in equations (26),
(27), (28), (29) and %13) the following are found for
each preconsolidation pressure:

P, = 20 1b./sq.in.:

for 0< c(':r< 2.5 1v./sq.in.
S =64+ 0'_1an 57% tevireeneeees (30a)

cr

S = 9 + ! tan 150 sesso0s0000s 0 (31)

cr
for ol . > 20 1b./sq.in. |
- ' 0
S = ccr tan 36 eo0c0ceoco0co0seeel0C0e (32)
P, = 40 1b./sq.in.:
for 0 <o) <10.4 1b./sq.in.
S= 6+ cc':r tan 570 ® ® & 0 00 0 ® 8 00 008 (33)
for 10.4 < cér <40 1b./sq.in.
S=19+ GC;I' tan 150 00 e veecoe e (34‘)
for Olp = 40 1b./sq.in.
_ ' (0]
) S‘— Gcr tan 36 0000020 0C6®€0O0CO00OCO0S (35)
P, = 80 1b./sq.in.:

for 0 < O << 18.9
S=6+ G(:I‘ tan 570 ®00000000000 (36)
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for 18,9 < cér << 64.0
8 =30+ 0! tan 15° .ieiieeneees (37)

cr
.
for o,.> 64.0 |
S = cf tan 360 escossseenscess e (38)

cr

In the laboratory it is simple to‘ﬁetermine the
rebound pressure O3 at the beginning of shear, It has
already been shown tﬁat the intergranular pressure in the
slimes varies in cycles as the slimes ig dried out and re-
wet, In the consolidation theory the preconsolidation -
pressure P, was defined as the highest intergranular pres-
sure ever attained by the sample tested.

In dealing with shear strength the problem be-
comes more complex. It will be seen from Fig. 64 that
if the slimes is rebounded to  Or = Q, the shear strength
becomes almost zero, irrespective of the preconsolidation
pressure. On recompression the shear strength will be the
same as for a normally consolidated sample. As the material
is continually being compressed and rebounded, the shear
strength will be governed by the characteristics of the re-
bound cycle concerned, and it is essential for an accurate
determination of the shear strength to know:

(a) +the rebound pressure Osps which is the apparent
intergranular pressure a% the start of shearings;

(b) whether the slimes is on a recompression leg or
rebound leg of a rebound cycle;

(¢c) 4if it is a compression leg, what the minimum rebound
pressure was at the start of the compression leg
and what the immediately preceding highest compression
P was,

ce

(d) if it is a rebound cycle, what the highest preceding
compression P was, as this will determine the
position of the point in the shear rebound cycle as
will the data required under (c¢).

From all the foregoing work, it will be obvious
that it is impossible to answer these questions with re-
gard to the field conditions. However, assuming &y =
h ¥t 1in equations (3) to (38) and further assuming a
rebound leg, the shear strength of the slimes has been
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calculated as shown in Table XIII and plotted with the
field test results in Fig. 66, which is really the appli-
cation of Fig. 65 to Fig. 60. It will be seen that most
results fall between Py, = 2880 1lb,/sq.ft. and Pee = 5720
1b./sq.ft., with an average value of Poe = 3200 1bh./sq.ft.
as compared with average Pc = 5000 1lb./sq.ft. This would
seem to give a very good fit to the field results obtained.
It might be argued that ¢;,. is in fact not h 74 but an
increased quantity due to u, but any increase in og.
would not affect the value of S greatly in the cohesive
range of the curves (steep vertical slope) and will tend
to alter all the boundaries in such a way that the whole
strength envelope will be lifted. Such a change in the
position of the strength envelope will give a much worse
fit for the majority of points although this higher value
of oy may exist in one or two cases.

For this particular case it can be said that the
average shear strength of the slimes c¢an be defined by the
following equations

for 0 <ol =< 620 1b./sq.ft.

S = 864 + ol tan 57° 1b./8¢.Tty ceeeen.  (39)
and for 620 < o) =< 3400 1bsbq.TF.
§ = 1700 + o). tan 15° 1b./80.ft. cesseoes  (40)
and for Gér:>' 3400 1b./sq.ft.
_ 0
S— Oér tan 36 0 0 © 06 0 0 006 0000 ©®0000CEe®OCPEEEES (41)

where o' dis calculated as follows for a point at depth h

below the surface and where Z is the depth to water table
or phreatic surface

for points above the water table i.e. h < Z

Oér = h Yt ©000000000000@QQ0000®0000O0DO0E (42)

and for points below the water tabel i,e., h= Z

= hyy - (B =2) g, cececescneos (43)

Oor
As can be seen from equations (42) and (43), oy, becomes

less as the water table rises above the point concerned,
which is still another reason for using underdrainage to
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TABLE XIII.
Calculated shear strehgth using laboratory results
S S S
n P,, = 20| Pyo =40 | Py.= 80
Depth ol . =h ¥, 1b./sq.in.|1b,/sq.in.|1b./sq.in
in er = 2880 = 5760 = 11,520
feet 1b./sq.ft.|1b./sq.ft.}1b./sq.ft.
b./sq.in. [1b./sq.ft.[1b./sq.ft.|1b. /5., 1b./sq.ft.
0 0 0 864 864 864
5 3.8 550 1442 1708 1708
10 7.6 1100 1588 2553 2553
15 11.5 1650 1735 3175 3396
20 15.3 2200 1881 3321 4239
25 19.1 2750 2027 3467 5051
30 22,9 3300 2425 3613 5196
35 26,8" 3850 2832 3759 5343
40 3006 4400 3238 3906 5489
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keep the phreatic surface as low as possible. It should
also be remembered that when the water table is at or near
the surface, the values of <3} will be very low and the
shear strength will be the sam&Tas for a normally consoli-
dated material,

Using equations (39) to (43) the average shear
strength for this particular dam can be predicted, but
for other cases the validity of this equation would have
to be proved or a new one derived by doing #n-situ shear
tests and comparing these results with those of the
1abor220ry tests, given in PFig, 65, in a similar way to.
Fig., . :

CONCLUSIONS

(a) It has been shown that slimes is a non-cohesive
frictional material with an effective angle of
internal friction g' = 359

(b) In-situ shear tests have shown that slimes in the
field can have an apparent cohesion due to an in-
crease in effective intergranular stress above
that for a normally consolidated soil. .

(¢) This increase in intergranular pressure is caused
by desiccation and is due either +to

(i) the negative pore water pressure
acting as an increment of the
intergranular pressure;

or (ii) +the effects of over-consolidation
by desiccation.

(d) Prom (¢) it follows that the drier the material
is, the greater will be its shear strength,
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~ RECOMMENDATIONS

1-‘

To determine the shear strength of slimes

If it is necessary to determine the shear

strength for slimes, for the purpose of stability analysis
or for other reasons, the following are the suggested methods,
in order of accuracy: '

(a)

(b)

(e)

(d)

20

(e)

in-situ shear testing and a programme of laboratory
shear testing as was used in this case. These tests
will give the full picture for any particular slimes
dams

relating the information from in-situ testing with the
information given in Figures 64 and 65. This method
is slightly less accurate than (a) and assumes that
all slimes have the same shear characteristics;

where no testing is to be done, 8n estimate can be
made of the shear strength for the over-consolidated
case, using equations (39), (40), (41), (42) and (43)
but it is recommended that in these cases (d) be used;

where no in-situ testing is done to determine whether
the material is over-consolidated or not, the safest
approach is to use the normally consolidated case,

using equation (42) and (43) to determine ol  =P_..

To ensure aLreaSonah;s shear strength in a dam

As the strength of the slimes depends on desiccation,
the recommendations here are the same as for obtaining
a high preconsolidation pressure, namely to keep the
walls of the dam as dry as possible by controlling
seepage water by the use of underdrains, by removing
excegs water from the dam in the speediest manner and
by building in thin layers which are allowed to dry
out thoroughly. ‘ ‘ '



- 79 =

CHAPTER VI, OVERALL STABITLTITZY:

STABILITY ANALYSTIS

Stability analysis implies the use of all known
data concerning a material to predict the stability of a
slope in that material for certain sets of conditions.
Previous chapters have dealt with seepage through the dam
and consolidation and shear strength of slimes; it now
remains to apply the findings to stability analyses of
slimes dams.,

Every slimes dam wall or part thereof will be
governed by conditions which may vary considerably.
Therefore, to obtain an accurate picture of the stability
of a dam, it would be necessary to carry out a separate
stability analysis for each section. This chapter will
indicate some general methods of approach to the problem,

Three approaches can be made, using three inter-
pretations of the shear strength determined, as suggested
in the previous chapter, namely:

(a) treating the material as normally consolidated and
using the effective stress parameters c' and g' where
c' = 0 and g* = 35°; in other words, treating the
slimes as purely frictional materialj

(b) averaging the shear strength measured in-situ and
treating this strength as an apparent cohesion with
no apparent angle of shearing resistance;

(¢) wusing equations of a similar type to equation (40)
for overconsolidated material to give an apparent
cohesion and an angle of shearing resistance.

Case (a) dealing with the purely frictional
material can be considered as an infinite slope. For
the cases of apparent cohesion it is better to treat the
slimes dams as simple slopes of finite dimensions.
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INFINITE SLOPES

Taylor (24) defines an infinite slope as
"a constant slope of unlimited extent which has constant
conditions and constant soil properties at any given dis-
tance below the surface of the slope". Although no slope
extends infinitely without variation, it is reasonable to
assume that the theory governing infinite slopes in granu-
lar materials can be applied to slimes dams. The type of
failure which occurs in infinite slopes is shown in Fig. 67.
It can be proved that the slope will be stable when the
material is dry, if the angle of the slope, ©, is less than
the angle of friction g'.  Therefore, in the case of a
dry slimes slope it will be stable if © is less than 35°
for a dam of any height. '

If the factor of safety = Fy then the maximum
permissible angle of slope & for any ?actor of safety will

be ~ o
T2y . (44)
S

Thus for factors of séfety of Fg = 1, 1.5, 2 and 33 © will
be 350, 250, 190 and 139 respectively for the dry case.

6 = tan~

It is known, however, that often a varying
quantity of seepage flow takes place through the walls.
In applying seepage flow to infinite slopes, the whole slope
is considered to be flowing full of seepage water with the
upper flow line coincident with the surface. In this case
Taylor shows that

Y
o = tan 1 (-;% tan g{) (45)

where @ = steepest infinite slope

%
s
4 = friction angle of soil

_total density of saturated soil
bouyant density of soil

]

Applying this to slimes

7t 120 lb./ﬂu‘»ft.
15 58 1b./cu.ft.
g = 35°

(28 x o0.7002)

i

I

o' e = tan
18%40"
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This means that for the case where the whole wall’
is filled with seepage flow, as in Fig. 32, the greatest
slope, (that for which the factor of safety is unity), will
be 18040' for a dam of any height.

Factors of safety are uged in the same way as in
equation (44) and the maximum permissible slope becomes

Ozt
18 301y L ......... (46)
S

-1 ( tan

e = tan 7

and thus for the case of full seepage flow and factors of
safety of Fq =1, 1.5, 2 and 3; © will be 18,5°, 12,59,
9030* and 68 respectively. It is further evident that

for the cases lying between the full seepage condition and
the completely dry condition, the greatest slope will be
between 18040' and 350. To determine the exact value of
the safe angle of slope it would be necessary to know the
exact position of the phreatic surface. Alternatively,

if no seepage water enters the possible zone of failure =amd
then 350 would be the greatest slope.

This is the case for infinite slopes: an ex-
planation of the precise effect of seepage forces on
stability will be given in the following section dealing
with simple slopes.

SIMPLE SLOPES

A simple slope is defined as one of constant
inclination where the ground is level at the foot and at
the top of the slope as shown in Fig. 68(a). When a shear
failure occurs, a portion of the slope slides out along a
failure surface. It has been shown that in reasonably
homogeneous materials this failure surface can be considered
as an arc of a cirtie, as shown in Pig. 68(a), and this
cirecle is known as a slip cirele. During failure, the
wedge of material above the failure plane rotates about the
centre of this circle.

The stability analysis is carried out either by
considering moments about this centre of rotation or by
resolving the forces acting along the failure plane. The
force tending to cause failure is known as the actuating
force and consists of the portion of the weight of the
wedge which acts tangentially to the failure surface shown
in Fig. 68(a) as A. The force resisting sliding and known
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as the resisting force, R, is made up of the cohesive and
frictional shear strength acting along the failure surface.
The factor of safety of the slope is %, and if R << 1 the

A
slope should have failed.

The accepted method of determining the actuating
and resisting forces is to divide the failure wedge into
vertical slices, as shown in Fig., 68(a) by the dotted lines
and to add the relevant forces acting on the slices, An
enlarged diagram for one slice is shown in PFig. 68(Db).

The weight of the slice acting vertically downwards through
its centroid is W. The angle of inclination of the failure
surface is « and, therefore, the tangential component of

the weight is W sina and the force component acting nor-
mal to the failure plane is W cosa .

The element contributing to the Actuating Porce =
W sina and from equation (13) the shear strength is S =
c' + o'tan g where o' is the:intergranular pressure normal
to the plane of failure. Considering Forces for this
slice
S =C' + Wecosa tan ¢

where C' is the total effective cohesion force in the slice
and this is the resisting force generated in the slice
considered. Summing, for all the slices in a wedge

Actuating Force = 2 W sing .oao.ooou..él:;.. (47)
and Resisting Force = 3 (C' + W cosa tan g') ... (48)

This is for the case where there is no seepage flow through
the material and the magerial is not submerged. The weight
of the slice, W, will be :

W= b (h yt) plus any additional external
) load on the SliCe 0000006000860 (49)

where 1y is the average total density of the slimes in +the
slice,

In the case of sheady seepage where the whole or part
of the slip circle lies below the phreatic surface, as in
Fig. 69(a), the pore water pressures due to the seepage water
- must be taken into consideration.

Considering the slice in PFig. 69(b), the weight
of the slice is again W and the tangential component of W
is W sina and, therefore, the component of the actuating
force = W sina .,
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