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ABSTRACT

It is economically desirable to build dumps of coarse mine waste

as high a, possible. A review of available 1literature indicated

that a significant decrease 1in the strength of coarse material

occurs at high stress levels. A literature survey was conducted

to establish possible dump failure modes and methods of slope

stability analysis appropriate to dumps.

Consolidated, drained triaxial tests on several mine waste materials

have shown that above a normal stress of 1600 kPa, slight curvature

of the Mohr strength envelope occurs. However, sample stability

analyses show that there is little or no difference in factors of

safety for typical dump slopes, obtained by using a constant

average friction angle, or by using variable friction angles derived

from a power equation which describes the curved strength envelope.

Thus it is concluded that the curvature of the strength envelope,

has 1little influence on the factor of safety of dump slopes.
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CHAPTER 1 : INTRODUCTION

South Africa has a large mining industry and every year large

tonnages of waste material must be disposed of. Wastt material cm-

aiscs primarily of rvo types;

- coarse waste (cohesionless)

- fine tailings (cohesive)

In this dissertation coarse mine waste dvmps are considered. The

purpose if this dissertation has been to investigate slope stability

aspects cf dumps with emphasis on the influence of dump height on

the shear strength properties of the duw; material and dump stability

To predict the performance of a dump it is necessary to have know-

ledge of the waste material properties. In Chapter 2 available

literature concerning the behaviour of cohesionless materials is
reviewed. Trends in shear strength behaviour are discussed

with respect to the following factors,

- relative density

- composition (grading*

- particle breakage

- particle size

- interparticle friction

_ degree of saturation or water content

- intermediate principal stress

It is economically desirable to construct dumps as high as possible.

Present stability analyses are based on the assumption of a linear

relationship between the shear strength and the normal stress. In

Chapter 2 evidence 1is presented which shows this assumption to be

incorrect for many materials.



The type of instability and the most appropriate stability analysis

for a waste dump depends upon a variety of factors. These factors

vary from the method of construction to foundation conditions.

The following modes of dump failure are discussed in Chapter 3;

- surface or edge slides
- shallow flow slides

- base/foundation failure
- block translation

- circular arc failure

- toe spreading

- blow out

A number of methods for calculating the factor of safety against

slope failure of a dump are presented in Chapter 4. The methocs

use simple equations or stability charts, and tables and assume

simplified conditions such as simple uniform slope geometry and

uniform material properties. The simplified y-o method is re-

commended for use in slope stability analysis for dumps. The

simplified methods presented are valuable because of their ease of

use and potential for pin-pointing 1likely failure.

In order to investigate the relationship between shear strength ana

normal stress a programme of standard consolidated, drained

triaxial tests has been carried out. The cell pressure was limited

to a maximum of 2000 kPa (a normal stress on the failure plane at

failure of approximately 3100 kPa). The results of the testing

programme are presented and discussed in chapter 3.

Sample analyses of typical dumps using the failure modes discussed

in Chapter 3 and the y-o method of slope stability analysis

(Chapter 4) are described in Chapter 6 . The analysis uses the

strength values obtained from the testing programme and discusses

the influence of increasing dump height on factor of safety.



CHAPTER 2 : THE BEHAVIOUR OF COHESIONLESS MATERIALS

2.1 Material Evaluation

To predict the performance of a waste dump, knowledge of the pro

perties of the waste and foundation material vs required. Calla

listed the performance characteristics and the associated material

properties as follows:

Performance char icten sri> Material Properties

Stability Shear strength, density
Settlement Compressibility

Erodability Grain size, weathering index
Drainage Permeability

A more detailed list adapted from Call is contained in Tabie 1.

2.2 Deformation Characteristics of Cohcsionless Materials

The mechanism of deformation in cohesionless material can be sub-

divided into 3 interdependent deformations;

- elastic deformations in particles and points of

contact when the stresses are changed.

permanent deformations in the form of rearrangement of

particles as the particles are displaced in relation

to each other and
permanent deformation due to crushing of particles.

The sum of these deformations determines the volume change. A;

low stress levels the elastic deformations are small and crushing

non-existent, but the influence of these two factors increases with

increasing stress level. Bellio states that fracturing of particles



TABLE I : WASTE mMMIiIAMKvEVMT CHARACTERISTICS ANDATERIJ
PROPERTIES™*
Performance Direct material Indirect Properties
Characteristic Properties
Stability Shear Strength Substance Compressive
Strength
Angle of Repose Substance Shear
Strength
Unit Weight Specific Gravity
Gradation

Particle Shape

Atterburg Limits

Settlement Compressibility

Unit Weight

Void Ratio Rock Type
Mineralogy
Drainage Transmissivity Soil Classification
Erosion Grain Size

Infiltration Capacity
Clay Dispersivity

Weathering Index



in granular soils only becomes important when the stress level

exceeds 3,5 MPa. However, this stress level must surely depend

on the strength of the particles, soft particles crushing at stress

levels much lower than that of hard particles.

Thus the internal shearing resistance of a granular soil 1is generated

by friction developed when grains in the =zone of shearing are

caused to slide, roll, rotate and deforn against each other. In

dense materials particles have to move up and over one another

during shear and hence the volume increases. This volume increase

is associated with an increase in shear strength. The increase 1in

strength is a function of the energy required to expand the material.

When the dense sand is sheared, the principal stress difference

reaches a peak or maximum, after which it decreases to an ultimate

value (,1i - ~ ratio-stress

curve shows that dense sand slightly decreases in volume at first

from ed (e - dense) and then dilatesor expands up to e” (e”dense),

where e is the critical void ratio. Casagrande" called the

ultimate void ratio at which continuous deformation occurs with no

change in principal stress difference the critical void ratio.

Conversely in loose materials the particles move 1into closer

packing and the wvolume decreases. When the loose sand is sheared,

the principal stress difference gradually increases to a maximum

or the ultimate wvalue -0o3)u U’ Concurrently, as the stress
is increased the void ratio decreases from e”e -1loose) down to
e (¢ - loose), refer to Figure 1.

cl ¢}

2.3

The Strength of Cohesionless Materials

As stated previously the strength of a granular soil is generated

by the friction developed between the panicles end their resistance

to deformation. The shear strength that can be developed will thus

depend on a variety of factors, some of these being the interparticle

friction, the stress 1level in the material, relative density and

the deformation properties of the material.



FIGURE 1
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Triaxial tests on "Loose" and "dense" specimens of
typical sand : (a) stress-strain curves; (b) void

ratio changes during shear



The shear strength of a soil can be calculated using Coulomb's

.shear strength expression;

1
t ac * o tan 9 e ( )

where r 1is the shear strength

c is the cohesion
a the normal stress

$ the friction angle

Granular material is often assumed to be cohesionless and hence,

@)

Writing in terms of effective stress;

............ (3)
r B (o-U) tan $

where U 1is the pore pressure.

Current stability analyse, are based on the above linear equation

and this appears to be a reasonable approximation. However, con-

siderable evidence exists that the shear/normal stress relationship

is non-linear and this matter will be discussed later in this

section.

Marsal2 performed a large number of triaxial tests on rockfill

materials. Analysis of his results shows that gradation, certain

physical properties of the grains, average particle dimensions and

void ratio, are factors having significant influence on the shear

strength. The action of water when an assembly of particles sub-
jected to load is saturated, 1is not to be disregarded. Marsal

came to the following conclusions:

1. The shear strength is larger in well-graded materials

with a low void ratio.



Materials with similar gradativub prescat an appreciau.-
variation in thcii strength, probably due to intnnsi

'laractcris tics il particles.

3. The strength oi th- mat. rial decreases hs par: id- breakavv

increases.

Vesicb performed triaxial tc. ts on medium-grained uniform quartz

sand. From the preliminary investigations, Vesic found that the

strength in the high pressure range (100-1000 kg/cm2)was not affected

by the initial wvoid ratio, and that the strength envelope of this

material in this pressure range passes through the origin

lower pressures (10-100 kg/cm2) it. was found that the strength

env o ilms curved and the strength was dependent .n the initial

void ratio. Vesic plotted the secant friction angles *s, where

$s is defined as

versus the mean normal stress at vi Jgv From this diagram,

figure 2 , it can be seen that there 1 mean '"lonnal stress»

beyond which the curvatures of strength elopes for all mitral

void ratios vanish and beyond which the shear strength of the sand

is not affected by its initial void ratio. Vesic terms this the

breakdown stress, because it represents the stress level beyond

which all dilatancy effects disappear, and beyond which particle

breakage becomes the only mechanism, in addition to simple slir

by which shearing displacement in the slip planes becomes possible.

Vesic found that this stress appeared to be affected by the numerical

con.vc. '’"iov, gradation and partici shape.

FIGURE 2 Secant angle oi shearing resistance <$s in function oi

mean normal stress data for different sands



2.4 r.nrvalLure or chr Mohr Euvoloi.'

As stated previously considerable evidence exists that the shear/

normal stress relationship 1is non-linear. Leps' (1970) assembled

published data readily available for individual large scale triaxia
tests on gravels and rockfill. The friction angles as a function
of the normal pressures across the failure plane, as deduced f.om
the use of the Mohr diagram were plotted by Leps as shown m

Figure 3. It can be seen from the figure that there is a signi-

ficant decrease in the friction angle of sand, grave! and rockti.

with an increase in the normal pressure. (The backup data for

this plot 1is tabulated in Table A1l n Appendix a

Marsal2 performed large scale triaxial tests on rockfill material
and plotted the Mohr failure envelopes as shown in Figure 4.

curvature of the Mohr envelope 1is quite clear in this figure.

Bertacchi and Bellottig (1970) did experimental research on material,

for rockfill dams testing coarse granular materials using a triaxial

cell with a diameter of 350 mm and a height of 700 mm. The results

of their research, refer to figure 5, show the decrease in shear

strength and the friction angle with an increase in the stress

levai.
e
Vi . * a+ UUO IS4l m1 «tex cM  11%1
C#****# I> uSH I«* Mmimmim cemgieim CM IMi
Q1 #*e 1M Uis* 11 HMM «o»!' o> cM TMI
Qg #4#; )o UM Ih» rwualMl'im 1-M' CM IMI
fAmm WPHR 1< uko 1++1 iml*.me« MuD
«* CM IMS imlceimmi* (««M«s o
W*.mdl# |*« it 1 1« cCM M1
Camt.«iM f ... >« cCM M1
1*M, It -<*t T CM 1IMS
Itre *«<» M»« No TO tm i¥* «
: V VAMI* «dM No I TW. IMI
* tftf twtH . otltmt 41« 1*na M1 1*14
I
I
4
H.« M»vl, LM
f
MT . rini'al
Andulw limd
4 10 70 10 100
No.mil ptltlolt + poorndt (N' WMI'I eIN*
FIGURE 3 : Shearing strength of rockfill from Targe triamia! tests
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performed over three hundred triaxial tests to
in the friction angle with increasing stress

investigation are plotted in Figure



12

FIGURE 6 :) Versus og» $g" sin fail Ve
o

failure

With respect to sand, refer to Figure 2, there 1is also aldefinite

decrease 1in ihe shear strength with increasing normal stress.

However VesicS was able to determine a critical normal stress

level beyond which the friction angle attained a constant value.
The Mohr figures shown in Figure 7 also show the non-linear

relationship between shear strength and normal stress. The con-

tribution of relative density to the strength can also be seen.

Bertacchi and Bellotti9 suggest that the decreasing steepness

of the envelope with increasing load indicates that ti.e roundi g
off of surface roughness and the increasing presence ot .rrction
material between the particles determines a gradua reduction of

the friction angle.
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De MeHo*2 has suggested the relationships shown in Figure 8 for

presently available data on curved strength envelopes in granular

materials.

«OC< TVt

*14«t WOW REP.
«
) (r./V
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B ilcor'"s Itfl .10TS
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Attf
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b. i ts <r,w 1
FIGURE 8 : Summary data on curved strength envelopes in granular
materials ' e

For each of over three hundred triaxial tests performed by Banks,

et atll, the angle of maximum stress obliquity and the corres-

ponding normal stress was developed. t0 is as defined in Figure

9 (ii) and is the slope of the 1line drawn through the origin of a

Mohr diagram and tangent to the Mohr's circle (*Q 1is equal to

Vesic's (secant friction angle) shown in figure 2). The re-

sults shown in figure 6 indicate a relatively linear relation between

*o and the common logarithm of oQ. Thus from considerations of

geometry. Banks expressed the relation as;
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FIGURE 9 : Relation of 0 to strength envelope for series of

triaxial tests (11)

where » and Oref are arbitary reference values of and

the normal stress respectively;

P is the index of change in ~ with changing normal stress,

or in effect, P is the change in *0 corresponding to a

change in aQ of one cycle of the logarithmic scale.

Banks states that these parameters permit the results to be con-

veniently expressed in a single plot by assuming a value for

either + or as shown in Figure 10. In figure 10 (a)

the variation of P with <?ref is shown for S$Sref assumed equal to
45°, while in figure 10 (b)

the variation of P with *ref is shown

for o ” assumed equal to 1 ton per square feet.

Banks has found that when the exponentially linearised test data

are used in a computation of the shear strength at a point within

a mass of cohesionless data, a curved strength envelope shown in

Figure 11 is reconstructed. However, this reconstructed

strength envelope will always fall below the envelope tangent to

the Mohr stress circles shown in Figure 9. The difference be-

tween the two envelopes increases with increasing values of P

and increasing normal stress.
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VIGURE 11 Curved strength envelope parameters

Available test data is sufficient only in indicating trends and

from a review of this data the following tentative statements can

be made about the behaviour of cohesionless material.

2.5.1 Relative Density:

At a given normal stress, increasing relative density results in an

increased friction angle. MarsalV data indicates that the maxi-

mum effect may be in the order of 3° to 4° at a normal pressure of

69 KPa declining to 1,5° at 3456 KPa. Figure 7 also indicates the

importance of relative density as a factor influencing strength.

The difference in behaviour between loose and dense soil is shown

in Table 2 below.

TABLE 2 : EFFECT OF GRAIN SHAPE AND GRADING ON IHF. PhAK IR1t-TJ1X

ANCLE OF COHESIONLESS SOIL (after Terzaghi )
D

Shape and Grading Loose ense
1. Rounded, uniform 30° 37
2. Rounded, well graced 34° 40
3. Angular, uniform 35° 43

4. Angular, well graded 39° 45



The trend of a higher * for denser soil can be explained by the

phenomenon of interlocking and by energy considerations. Energy

can be expended in two ways

to overcome the frictional resistance between particles and

ii. to expand the soil against the confining stress.

The greater the density, the more the volume change that tends to

occur during shear. Hence greater energy 1is expended to shear

soil and thus a greater 4 results.

2.5.2 Composition:

The composition of a granular soil influences the friction angle,

indirectly by influencing eQ and directly by influencing the amount

of interlocking that occurs for a given e”. Improving the gradat-

ion of rockfill, provided it is not done with fines, 1is found to

increase the friction angle at any given normal pressure. A Dbetter

distribution of particle sizes appears to produce a better inter-

locking. A well-graded soil experiences less breakdown than that

of a uniform soil of the same particle since there are more inter-

particle contacts.

Marsal2 found that materials composed of well-graded and well-rounded

particles were superior in their mechanical properties to uniformly

graded angular rockfill materials. The table by Belll0 shows the

influence of composition clearly, refer to Table

2.5.3 Particle Breakage:

Marsal2 states that the most important factor affecting both the

shear strength and compressibility, is the phenomenon of fragmenta-

tion undergone by a granular body when subjected to changes in its
state of stress. Marsal concluded that particle breakage i« a

function of the mean intensity of particle contact forces and of the

unconfinad compressive strength of the rock particle.



This conclusion 1is substantiated by the results plotted in Figure 12

Material 1 was well graded and experienced little particle breakage.

Material 3 was -miformly graded and experienced a large percentage

of particle breakage. 1An intermediate situation is observed m

Material 2. Material I experienced more interparticlLe contacts

than Material 3 because of the nature of the gradings and hence

had less particle breakage and probably a greater shear strength.

*0

50

<<o

40

g

S0

10

FIGURE 12 Particle breakage in triaxial tests'

.5.4 Particle Size:

Lambe and Whitman4 state that the friction angle of sands with

different particle sizes does not vary much. Greater initial

interlocking exists for the larger particles, but this advantage

is compensated for by the increased degree of particle cruhing

and fracture due to the larger contact forces. Holtz- states that

fine sand and coarse sand at the same void ratio will probably have

the same friction angle.

However, Belll0 states

that when speaking of granular soils in

general, the larger the particle .he higher the strength. This
statement 1is supported by Figure 3 and the results tabulated in

Table Al in Appendix A.



2,0

The Importance or crushin& and the consequent curvature ci= the

Hohr envelope, 1is greater for large particles such as gravel size?

and rock fragments. Crushing is initiated at smaller confining

stresses due to increased contact forces.

Lars son3 found that the maximum angles of friction measured m

standard triaxial tests were 50° for gravel, 45v for .and and 40"

for silt. Lavs son concluded from this tha the maximum positive

dilatancy 1is dependant on the particle size. When coarse materials

are sheared, the distance the particles in the shear plane are

lifted perpendicular to the shear direction is dependant on the

particle size. Bell1io has given the following limits for tne

friction angles; gravels 35°-45°. sand, 3?*-42° and silt. 32°-36°.

2.5.5 Internarticle Friction:

At low stress levels, the more angular the particles, the greater

the interlock and hence the stronger will be the material, inspection

of Tables 2 and 3 show the influence of angularity. Marsal re-

ports thf i80 mm clean, hard, angular, quarried basalt, abnormal

pressures between 69-138 KJPa, had friction angles 10° to 15° greater

than those for 180 mm well rounded gravel. However, at increasing

etress levels, the particles start to break and crush, so that the

influence of particle shape decreases with increasing stress level.

Lambe and Whitmanl state that unless a sand contains mica, mineral

composition makes relatively little difference. This is confirmed

by Karachi'sé experiments in which he found tha. the angles of

friction for all of the rockfill materials tested, were within a

narrow range of a few degrees



TABLE 3

No.

10.

11.

: ANGLE OF INTERNAL

General Description

Ottawa standard sand

Sand from St. Peter
sand-stone

Beach sand from Plymouth,
MA

Silty sand from Franklin
Falls Dam site, NK

Silty sand from vicinity

Grain Shape

Well rounded

Rounded

Rounded

Subangular
isubrounded

Subangular

Subangular

of John ' ':n Dam, CO
Slightly / sand from

the sbou.ders o" It.Peck Subrounded
Dam, M1
Sc led glacial sand,

M. 'oster, NH

.tSand from beach of

hydraulic £fill dam,
Quabbin Project, MA

Artificial, well-graded
mixture of gravel with
sands No. 7 and No. 3

Sand for Girwat; Salt Lake
fill (dust gritty'l

Jell-graded, compacted
crushed rock

* by A. Casagrande.

i The angle of internal friction of the undisturbed St.

Subangular

!Subrounded
subangular

tc

tc

tc

Cw

2\

FRICTION OV COHESTONLES3JOi”LS;H

Loose

4> (deqg)

28

31

29

33

36

34

42

38

Peter sandstone

is laiger than cOo and its cohesion so small that slight finger pressure

or rubbing,

it.

or even stiff blowing at a specimen by mouth,

* Angle of internal friction measured by direct shear test for No.

by triaxial tests for al! others.

will destroy

37

40

42

43

46

57



2.5.6 Degree of Saturation

Marsal2 showed graphically, Figure 13, the degree to which saturation
affects the strength.

For Gneiss (Material 3), the dry frictional

strength was founu to be about 170* of the saturated case,

basalt (Material 1), the dry strength was about 120* of the saturated
strength. However, Marsel has not described the type and pro-

cedure of test used in any detail. Holtz® states that the surface

roughness has an effect on ¢ and that it has been found that wet

soils show a 1° to 2° reduction in * when compared to dry sands.

The results of the tviaxia, tests by Bertacchi and Bellottt , refer
to Figure 5 and Table u, give a good indication of the degree of

influence saturation has on rockfill.

In general, the literature consulted gives the idea that the be-

haviour of dry cohesionless soil, 1s virtually identical to the

drained behaviour of cohesionless saturated soil.

wetay" deeotetund., M

aep0'” J'

Confining pr«»»un« . C, , Kg/cm

FIGURE 13 s Relationships between principal

stress ratio at
failure and confining pressure



TABLE 4 x— ''"-'ES ROCKFILL SPECIMENS SUBJECTEDJO

TRIAXIAL TESTING 3

. Lateral confining pressures
Testing O
Material conditions esem 20
1 ————— | TO 15—
Dry (a)
Tonalite Saturated (b) . 20 39
submerged ~3 30" 42 41
45*30" 43*30" 42*30"
Dry (a) 48 47
Serpentine
Saturated (b) . . 42 41
submerged 47 45°30" 44
2.5.7 Intermediate Stream

The dilarancy 1is dependant on the intermediate stress acting in the

shear plane perpendicular to the shear direction.

.Intermediate stress prevents sideways movement of the particles

during shear and hence an increased intermediate stress results in
an increased angle of friction. Larsson’ states that the influence
of intermediate stress seems to be largest for coarse materials and

decreases with decreasing particle size. Figure 14 shoos the

variation of measured friction angles versus intermediate stress

level.
TWOTCT't
02 -
o1 - °3
cueot nvay
O-0S* IIWIUV'SH »ilF’ <* t*xc*
orrot* #Il» *fl*
o-C
worefectft
FIGURE 14 = -ri.tion”of.i’.ured -ict ion angle, versus inter-

[lJExplanation of b in the Appendix t N



In direct shear or triaxial test, it is assumed that c, - 03 °r °1'

Holtz8 states that in order to investigate the influence of the

intermediate principal stress, tests such as the plane strain or

cuboidal shear tests must be used. Research summarised by Ladd,

et al (1977) 8, indicates that $ in plane strain is larger than

in triaxial shear by 4° to 9° in dense sands and 2° to 4° for loose

sands. A conservative estimate of the plane strain angle of fric-

tion $ s may be found from triaxial results using the £folloving

o

equations 3.

6)

(7)
\ B *tx U tx < 34 )
2.6 The Prediction of Rockfill Material Behaviour by Mod e LJ.
Materials

Testing of triaxial specimen of prototype rockfill materials is

often not possible due to the size of individual particles.

Techniques have thus been developed to evaluate the properties of

full scale rockfill materials on the basis of information from

laboratory triaxial specimens containing the small fraction of the

field material. Techniques include scalping and the use of labora-

tory specimens with similar grading curves to the field material.

Marachi6 performed a number of triaxial tests on material with

specimen grain-size distribution curves which were made parallel to

the field gradation curve of the parent rockfill material. Three

specimen sizes of 914 mm, 305 mm and 71 mm were used. The object

of these tests was to determine the effects of modeling of the

gradation curves on the strength, deformation characteristics and

the prediction of the angle of internal friction of the actual

rockfill material.

From the results of these tests Marachi was able to reach the

following conclusions:



The modeling of rockfill materials did not materially affect

the isotropic consolidation characteristics of specimens.

The angle of internal friction decreases with increasing size

of the particles in the test specimen.

Volume changes were least compres'-ive for the small specimens
but the tendency was not pronounce. . Karachi also noted that,
volume changes were influenced by particle shape to a greater

extent than by mineralogy.

There 1is ’'.n increase in axial strain at failure as the particle
size increases but again this tendency is not pronounced.

Particle shape has greater influence than mineralogy.

The strength and deformation characteristics of the rockfill

materials were affected by the confining pressures used.

The modeling technique seems to provide a useful method for
predicting the strength and deformation characteristics o.

field rockfill materials.



2.7 Conclus ion

r. conclusion it can be stated that a large nuttier of factors

inf-uence the strength of cohesionless soils. Traditionally the

shear strength has been estimated by the linear relationship

c ¢ (0 — u) tan $

however considerable evidence exists that the shear/normal
relationship is not 1linear.

De Mellol2 has recommended the functions shown in Figure 8 to

accomodate for the curvature in the strength envelope.

BankgU, et al, has recommended the use of the equation

ref

The factors affecting the strength of cohesionless soil and their

effects are listed in Table 6 below:

TABLE 6 : SUMMARY OF FACTORS AFFECTING t

FACTOR EFFECT

Relative Density R R + § +

Composition Well graded $ > Uniform $
Particle Size P P tM

Particle Breakage B Bt * +

Interparticle Friction F F t <M

Water W W o+ x4+

Intermediate Principal Stress ~plane strain A rtriaxial



Karachi* has shown that the prediction of rockfill material behaviour

by modeled materials gives reasonable results.

Holtz9 has recommended Figure 15 for estimating the frictional

characteristics of granular materials-

*5 r-

V*tw « type
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CHAPTER 3 : FACTORS AFFECTING THE STABILITY OF COARSEJgN]

WASTE DUMPS
3.1 Introduce ion

The type of instability and the most appropriate stability

analysis

for a waste dump depends upon the following factors;

- the method and rate of dump construction

- the dump site and climatic conditions

- the dump site topography

- the dump site foundation conditions

- the physical characteristics of th’ dump material

_ the water table or pore pressure that develops in the dump

and the dump foundation.
3.2 Dump Construction Methods

The various ways in which dumps may be formed are illustrated in

Figure 16. These can be classified under two headings;

- topography of dump site, and

— taethod of dump construction.

Figure 17 illustrates common dump construction methods. End

dumped slopes (Figure 17.) .re formed by process of controlled

failure. Dumps placed in 1lifts (Figure 17b) are constructed from

the bottom up and control over the slope angle is easily affected.

Heaped embankme, ts (Figure 17c) are normally found in strip mine

operations.



| : Complete-Valley Fill

/o
I 3! Cross -Valley Fill

Ridge Top

FIGURE 16 : Typical

locations

SRR

12: Partial-Valley Fill

I 4: Side-Hill

6 : Heaped



CND-PUMPEO EMBANK

(a)

LAYER*PLACED EN® KMENTS

HEAPED EMBANKMENTS

Mine Waste Embankment Placement Methods
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3.3 Mocd»3'. ot e

The various £.<>ut« modes that can occur in mine waste embankments,

according to C-1ldw.1lV are shown in Figure 18. The iactors
affecting and consequences of each of thesefailure modesagain

from Caldwell are listed in Table

Analysis of coarse mine waste dumps by circular arc methods has

the
failure arc approaches a shape coinciding with the surface of the

shown that for the lowest factor of safety against failure,

dump. Thus the circular arc failure mode shown in Figure IS

will probably be similar to the surface or edge slides failure

mode shown in the same diagram.

As toe spreading often represents the onset of base failure, refer

to Figure 18 and Table 7. the modes of failure are probably the

same .

It has been found by Blightl that the failure surface in a rock

dump 1is plane and thus the shape of the failure surface through

the dump in the foundation circular failure mode, Figure IS, 1is

unlikely to be circular and 1is probably closer to that of a

straight 1line. Blight's investigations of rock dumps will be

discussed further later in this section.

3,3.1 Surface or Edge Slides

This mode of failure is most 1likely tooccur inend-dumped em-

bankments with a layer of fines below the slope surface and is

best evaluated by the equations describing the stability of

infinite slope. Edge slides can result from the oversteepening

of the upper portion of the slope which is caused by an accumula-

tion of fines and temporary cohesion associated with negative pore

water pressures. Bulging of the face of the waste pile, combined

with short localised segments of steeper-than-average topographic

slopes beneath the lower portion of the frontal slope pile can



TABLE 7

FATLURE MODE INITIATING CAUSES
Surface or Edge Slide -oversteepeni.ny caused by
accumulation of 1iniOj or
temporary coh< EMton
-buried >ow or #C* lencaa
Shallow Flow S d -infiltration oi rain or
sSr.o I
Block Translation -r;.ilting ..now or groundwater

Circular Arc

Base Failur

Foundation Circular Arc

Toe Spreading

CAUSE AND CONSEQUENCE OE OUHJ

-decay of organic matter

-earthquakes
Failure -excc:; tva heel,: Uohe.iv,
4
-reduction in toe .upnort

-excessive pore pressure
;S e hergl.'.
-do ay of orguv Lec nmatter

- eirthquakes

-weak foundation materials
-excessive pore pressure

-weak foundation materials

-excess pore pressure in

FAiin #4a £

CONSEQUENCES

-Run-out area dependent
upon foundation inclina-
tion and embankment

area.

-Generally of nuisance
value only

disrupting efficient
dumping operations.

-failure can cover large
distances rapidly.

-Can cause substantial
damage. Temporary
suspension of dumping
operations.

-Dependent on natural
ground slope.

-Can result in sus-
pension of dumping
operations

vicinity of slope,

-Partial loss or dump”

-Disturbance initially
limited to immediate
vicinity of slope.

-Progressive movement if
dumping continued.

-Intermittent suspension

of dumping operations
-Major disturbance.
-Loss of dump.

-0Often signals on-set of

base failure or block
translation.



Foiling Mon

SURFACE OR EDGE SLIDES

RASE FAILURE (SPREADING)
SHALLOW FLOW SLIDES

Dump

Soft il
Soil cover

Bedrock
prvimoATION CIRCULAR

£AILURg

BLOCK TRANSLATION

TOE SPREADING
CIRCULAR ARC FAILURE

FIGURE 18 : Mine waste embankments possible failure modes



result in failures on the face of a dump*. Such failures pose a

potential hazard to men and equipment engaged in dumping operations

at the crest of the pile. However, failure does not occur with-

out warning and 1is preceued by a period of several days during
which displacements at the crest of the pile increase at a pro-

gressively faster rate. A crude but effective measuring device

has been used by Campbell and Shaw® to measure crest movements.

The device 1is illustrated in Figure 19. The device consists of

a pin driven into the face of the slope at a point slightly below

the crest of the waste pile. As displacements occur on the face

of the pile, the end of the wire attached to the pin is pulled

downslope, raising the weight attached at the other end of the

wire. A record of the race of movement is ob'-ined by tawing

periodic measurements of the vertical distance between the sus-

pended weight and a reference point on the base of the stand.

Hence forewarning of possible slides may be obtained.

FIGURE 19 Sketch illustrating devise used to monitor movements

at the crest of Clode waste pile.



I, some instances, when mass sliding develops on the face of t e

waste pile, the macetial involved in the slide attains a high

degtee of mobility, and the slide debris ha, been recorded' ex-

tending to surprisingly large distances beyond the toe of the

pile Some of these failures have developed on the face ot the

rock waste dumps under dry conditions. In nature this type ot

rockfall 1is referred to as a sturzstrom and identification of a

sturzstrom on the moons surface, has led to the conclusion that

neither air nor water play a part in the sturzstrom mechanism.

3.3.2 Shallow Flow

If sufficient water enters the slope and flows parallel to the

face associated with a fines layer below the surface, a shallow

flow slide may occur. Slides are frequently initiated by rain,

snowmelt or broken water pipes. Infiltrating water can saturate

imrface soils provided an adequate supply of water is available

to fill the air voids and the runoff or rainfall intensity exceeds

the infiltration rate. Flow slides occur because of the shear

failure of the slope material or the collapse of the soil structure.

Pemichele and Kahle« have observed shallow flow sides travelling

a distance of more than 400 » beyond the toe of the dump and at a

rate of approximately 6 « per minute. Consideration of the likeli-

hood ,f saturation of the rock mass and the equations for an
infinite ,-ope parallel to the face can be used to analyse such a
failure.

3.3,3 Base/Found iti°n  'LL1LH

Dumps placed on flat ground of competent soil are least likely to

fail. However, if the flat ground 1is covered by a thin layer ot

weak material, base failure may occur and if the ground is inclined

base failure 1is more 1likely to occur.

This mode may occur in both

the end-dumped and layer placed embankments.



In some instances, when mass sliding develops on Che face of Che

waste pile, the material involved in the slide attains a high

degree of mobility, and the slide debris has been recorded5 ex-

tending to surprisingly large distances beyond the toe of the

pile. Some of these failures have developed on the face of the

rock waste dumps under dry conditions. In nature this type of

rockfall is referred to as a sturzstrom and identification of a

sturzstrom on the moons surface, has led to the conclusion that

neither air nor water play a part in the sturzstrom mechanism.

3.3.2 Shallow Flow Slide

If sufficient water enters the slope and flows parallel to the

face associated with a fines layer below the surface, a shallow

flow slide may occur. Slides are frequently initiated by rai-.,

snowm.lt or broken water pipes. Infiltrating water can saturate

surface soils provided an adequate supply of water is available

to fill the air voids and the runoff or rainfall intensity exceeds

the infiltration rate. Flow slides occur because of the shear
failure of the slope material or the collapse of the soil structure.
Pemichele and Kahleé have observed shallow flow sides travelling

a distance of more than 400 m beyond the toe of the dump and at a

rate of approximately m per minute. Consideration of the likeli-

hood of saturation of the rock mass and the equations for an

infinite slope parallel to the face ccn be used to analyse such a

failure.

3.3.3 Base/Foundation Fa il

Dumps placed on flat ground of competent soil are least likely to

fail. However, 1if the flat ground 1is covered by a thin layer of

weak material, base failure may occur and 1if the ground is inclined

base failure is more 1likely to occur. This mode may occur in both

v .0 end-dumped and layer placed embankments.



Blight' investigated Che foundation failures of four rockfill slopes

The failures were all short term failures of composite slopes,

each slope consisting of a rockfill dump supported on a thin,

relatively weak, strata of stiff fissured clay. All of the

failures took place by undrained shearing through the clay

foundation strata. Vertical displacement at the top of the dump

as well as a scarp of soil pushed up at the toe of the dump, are

typical characteristics O0f this failure. The eme gence of the

failure surface at the toe and crest of the dump could be observed

directly, while the profile of the dump before failure could be

inferred by comparison with unfailed sections adjacent to the

failure. The failure surfaces within the dump were located by

hand-augering from the surface and the depth of the failure surface

in the clay at the toe of the dump, was located by drilling througn

the plateau of soil pushed up by -he slide. A typical section

through a "first-time" failed slope 1is shown in Figure 20a. The

failure consists of plane slide through the rockfill and the

foundation stratum with the failure surface in the rockfill inter-

secting the upper edge of the tipping face. Subsequent failures

cut more deeply into the body of the rockfill behind the face as

shown in figure 20b.

Blight3 further investigated the failure mode using laboratory

models. The results show that "first-time" failure occurs by

the formation of ar active wedge bounded by the tip face and two

shear surfaces i :lined at steep angles to che horizontal, refer

to Figure 2la. .he active wedge displaces a passive wedge ahead

of it, the displacement of the passive wedge taking place by

shearing through the foundation. The angles indicated by

Figure 2la are typical measured angles. Blight also simulated

the condition of repeated failure in rock dumps using models and

the results are diagrammatically represented in Figure 21Db.

Blight concluded from the experiments that the models appear to

faithfully reproduce the visible features of the prototype failures

and hence that it was reasonable to assume that the models also
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HOVDtLSI OF ACTIVT WEDCFEF

ACTIVE VEDCt

PASS1\1 VEOCE
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(a) Active and passive wedges in first-time failure

ACTIVE WEDGES

60

(b) Active and passive wedges in subsequent £ailyres

FIGURE 21 : Diagrammatic representation of failures of model slope
on thii horizontal cohesive foundations.



faithfully reproduce the internal failure surfaces in the rockfill.

Pernichele and Kahls6 have also observed foundation failures of

rockfill slopes. Their schematic drawing of a foundation

failure, Figuri 22, would appear to be similar to that of Blight,

Figure 20a. Pernichele and Kahle found that failure movement was

slow and was preceded by extensive development of tension cracks.

Figure 22 Schematic drawing of foundation failure and one type

of edge slump."

3.3.4 Block Translation

If the shear strength parameters at the bottom of a dump on an

inclined slope are lower than those within the dump, plane failure

surfaces which coincide with or below the surface of the natural

ground, below the dump, will be the critical mode of failure, refer

to Figure 18. Where a dump 1is formed on inclined ground and the

soil cover is thin and weak, block translation is likely to occur

through the foundation. Waste dumps placed on steep slopes of

competent material may translate along the contact between the

embankment and the foundation. Initiation of block translation

may be due to decay of organic matter beneath the dump, earthquakes,

melting of buried snow, high water tables and other occurences of

groundwater. The slope of the natural ground determines both the



pot.n-.Ul for and the consequences of block translation. As the

slope of the foundation increases so does the potenttal lor

translation and the potential areas of impact. The likelihood

of such a failure may be evaluated by analysing the block as a

sliding rigid body.
3.3,5 Circuit: Arch I-nil irr*

Circular arc failure through the dump material is likely to occur

where the dump is formed on a competent foundation and the dump

material contains a significant percentage of fine grained soil,

refer to Figure 18. The stability of a dump against such lailure

may be evaluated using any of a number of charts or circular arc

failure methods.

Similarly, a circular arc failure

surface may develop through a
deep foundation soil deposit of fine grained soils, refer to

Figure 18. Such failure may be analysed by circular arc methods

or by bearing capacity analyses.

3.3.6 Toe Spreading

Toe spreading starts with local yielding of the foundation material

at the outer edge of the dump. It often indicates the onset of

major base failure or translation of the dump, refer to Figure 18.

3.3.7 Blowout

In contrast to the types of failures discussed, the blowout is

catastrophic in nature and provides no warning prior to failure.

Blowouts occur in old dumps and are.

usually caused by the inter-
section of a perched water tone with the dump slope. Eyewitness

account, 8 and studies of the distribution of debris in areas where

blowouts have occurred, indicates that dump material is blown

several hundred feet through the air at the start of failure.

Large volumes of water invariably accompany failure.
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Blowouts pose a serious threat to equipment and personnel because

,£ the extremely rapid rate of movement and lack of observable

surface changes prior to failure. It has been found that con-

trol of the rate o' water applicatton to dumps where perched water
tones are known to exist and the installation of drain holes to

control saturation near the dump face has been effective m con

trolling blowout failures. A case study of such a failure has

been reported by Pernichele and Kahle

3,4 Foundation Shear Strength

It is evident that foundation shear strength is important m

determining the mode and probability of dump failure. Table 8

lists recommendations by Zavodni7 for dump site foundation f.e -

investigation.

It can be assumed that a clay foundation stratum is subjected to

unconsolidated, undrain.d shear because of the low permeability of

clav and the rapid rate of loading of the foundation due to dump

advancement. Appropriate shear tests must therefore be of the N
unconsolidated undrain.d type. Blight* recommends the unconsol,
dated,

undrained triaxial shear test and the ouick shear box test

» sultable laboratory tests. Recommended field tests are the

cone penetrometer teat and the vane shear test on remoulded so,

Blight also recommends that a minimum factor of safety of 1,5 be

used for the design of dumps on stiff fissured clays because of

the uncertainties involved in measuring the shear strength of

these clays.

Obviously pore pressure plays an important part i" 7

strength of clay foundations and hence dump stability. Zavo. ni

discusses an experiment where the foundation pore pressures were

monitored and dumping rates adjusted to allow for maximum pore

pressure dissipation. Such a monitoring system was found to be

valuable in dump stability assessment with respect to foundation

fail vnr further details refer to Zavodni
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Dunps rounded on intact .o0il, such as aeolian sands, pose fever
problems as the shear strength of intact soils can be measured
with less uncertainty. Blight* states that the tests recommended

for stiff fissured clays are also valid for intact soils.

SM U



References
; s r £ ¢

March, 1969.

Dumps Workshop, Society of Mining Engineers, AIME,
Denver, 1981.

Rock

Canada, Chapter 27, 1978.

Society of Mining Engineering, AIME, Volume .50,
Number 4, December 1971, page 363.

ZAVroEn"Bhr£vag£i"D£z'.:"rp;\oa5

Mining Engineers, AIME, DENVER, 1981.

Limited, June, 1982.



CHAPTER 4 : METHODS OF SLOPE STABILITY ANAL'iSI®

The factor of safety of a dump may be estimated using simple

equations or stability charts and tables. Simplified slope

stability methods refer to the analysis of simplified conditions

such as simple slope geometry, uniform physical properties,

saturated or unsaturated slopes and specific sliding surfaces.

When analysing mine waste embankments, limitations in the

accuracy of the limiting equilibrium methods frequently become

insignificant when compared to the inability to accurately de-

fine the parameters in the stability ~is. Thus the factor

of safety presented this way is a first approximation of the

stability of the dump. These simplified methods are valuable

because of their ease of use and potential for pin-pointing

likely failure. Table 10 adapted from Caldwell' 1lists the

analytical methods that may be used to study the potential dump

instability. Choosing a method to analyse the stability of a

dump can be based upon the model assumptions or the range or

parameters or values considered. This information is summarised

in Table 10 for each method.

4.1 Edge Slides and Shallow Flow > Eje

This mode of failure is best evaluated using the equations

describing the stability of an infinite slope. However, the

analysis 1is complicated by our inability to predict the input
parameters. Cohesion varies with moisture content and is tran-
sient.

The friction angle may vary with particle size because

of the low confining pressures. If the safety factor (F) 1is
defined as the ratio of available shear strength to the mobilised

shear strength, the following equation can be used, (refer to

figure 23).
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c + yDcosfl tan* K e e e et (8)
F ’ vy D sinB

where ¢ * cohesion * c¢'/cosé6
Y » unit weight of soil

4, - angle of shearing resistance
0 - slope angle

D M depth to sliding surface
If ¢ is assumed to be zero for a cohesionle.s dump, than amotion
(1) reduces to;

tan)
F ' TaKd

For the shallow flow slide with seepage acting parallel to the

slope equation (1) becomes;

c + v' tan) ...l (10)
F " YD sini Y tans

where Yf - Y -Yw
Yw M unit weight of water

For a cohesionless dump, equation (3) reduces to;

Y* tan) ' c e (ID
F ~ * tane

*Refer to Appendtx B for derivation.



FIGURE 23

5au.

Edge slidges and shallow flow slides'
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4.2 Cirrular Arc Failure

Mny circular arc mcuhrds exist tor the analysis of dump slopes ”

containing a significant percentage of cohesive material. Huang-

has developed a number of charts based on the simplified Bishop
method for determining the factor of safety of dump slopes.
Uright3 concluded after investigating limit equilibrium slope

analysis procedures that the simplified Bishop method gave reasonable

factors of safety for circular shear surfaces. The factor of

safety, F, Dby Huang's method is given as follows:

, (12)
F-F .Cf

where F, * preliminarysafety factor

, T e (1 — ru) tan)' (13)
- N I 7H + St

Ns is the stability number, refer to Figure

Nf is the friction number, refer to Figure

r* is the pore pressure ration

rvr-ncg-stP.-tional area of bench under water
" 2 x total cross-sectional area of bench
c¢' and $'

are tie effective cohesion and friction
angle of the embankment

Y is the mass unit weight

H is the height of the dump (reference Figure 24)

Cf is the correction factor dependant on , v

and a (refer to Figure 25)

To illustrate the use of the charts the following example 1is giver:

Aasumad material parameter, for fill! o' - "t /m ! '10 e

r * 0,05 and y m 19,6 kN/m
u



Spoil dump parameters; H * 9,: m,

Solution: From Figure 24 (v-36 and a -20 ), Ns-10,1 and
e 4,9, From aquation (13), F,-1,535. From
Figure 25, P "26,3% and hence Cf-0,90. Therefore

F eCf.F, - 0,9 x 1,535-1,38

Alternative circular arc methods do exist. Di--ssion and charts

of the Bishop and Morgenstern method, Spencer method and the

Hunter and Schuster method may be found in reference

(%) .

Foundation Circular Arc Fa ila2.Te

Caldwell1l suggests that in order to evaluate the stability of a

dump against rotational failure on a deep, soft, foundation soil,

the dump may be treated as a foundation applying a non-uniform load
This involves assuming that the dump has zero strength. Caldwell

states that this assumption is not true, but deformation of the

subsoil and the prescence of the resulting tension cracks mean

that the dump itself may contribute little to the resisting forces
alon* the potential failure plane. Blights found from his studies

on the failure of four rockfill slopes that the dump resisting

forces along the failure plane contribute significantly to the

total forces resisting failure. However, Caldwell has found that



FIGURE 24 : Stability chart"

Figure 25 Correction factor



the assumption of zero dump stizu”h v'-.v, “naonable results.

Various bearing capacity cb-vts »ty b. us.d for stability ana!;,

and Ccldrell ha. recommended cun eqvtt.voi s, Ligures and charts
shova in Figure 2b. Figure 25 it the result of extensive

theoretical and experimental studies by Suklje (1954)"'. Suklije
dcvslopid solutions for the bearing capacity problem of a layer
of soft clay resting on a firm base in undrained conditions.

, i -==il« — .vr.of impntS
Cn’'-Tie va.ifisd hrr soIv':ions by

>SH

rr/4 *nr/4

FIGURE 26 =+ Evaluation of foundation failure
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in his calculations.

FIGURE 27 : Forces on spoil hank



The factor of safety ia defined as the ratio between the resisting
force due to the shear strength of the soil along the E=rlur=

surface to the driving force due to the weight of the fill.

resisting force is composed of two parts: one due to cohesion an

equal to (=' H cosec u>, where H cosec u is the length ot the

failure plane, and the other due to friction and equal to

(S'" tan ¢'). Huang has defined S’ the effective force normal

to the failure plane, (see Appendix B) as follows;

(14)
N* B (1 Y ru) w cos a
where r 1, the pore pressure ratio as defined previously.
Therefore the factor of safety, the ratio between shear re-
sistance and the driving force, can be written as;
[cC'H cosec a ¢ (1l-ru> " c®e n fen t' (15)
H sin a
in which
W \ YH cosec u cosec a sin( w-a) (16)
and Y * uass unit weight of fill.
Substituting equation (16'. into equation (15)
coto . (17)
F - 2 sin u cosec o cosec (w a) (

fs>*(1'ru)-t*1 "



.s Foundation Failures

In south Africa, dump foundations ganaraiiy consist of a re-

latively shallow stratum of weak material overlying hard materru

As a result dump failures appear to consist of a plane slide

through the dump comnined with a plane slide through the founda-

tion stratum. A study* of slides in rock dumps on founder.ons

of thin clay strata overlying harder material and a study of
slides in model rock dumps have confirmed that the failure fur-

faces are of this form.

Blight* considered the system of wedges that form within the

dump duric failure to make an approximate analysis of the stability

of rock dumps. The possibility of first-time failure as

illustrated in Figure 20a 1is considered here,

of the sliding wedge analysis used by Blight is shown in

Figure 28. The assumption of a vertical interface between chi

wedges will be discussed later in this section.

For a rock dump on a chin clay foundation stratum, *-0, Blight

proposed that the average shear strength required for a state of

limiting equilibrium to develop 1is given by (see Appendix B).

t L = T G <18>
vy H
where H BMmaximum height ofrock dump
T -slope angle of ground onwhich dump is built.
sin (g-i) sins (19)

A ” sin (a-6) cosi

B. '0dljd- (l-cot a ten 8) (l-cot a can*) (I-

(2U



FIGURE 28a : Geometry of sliding wedge analysis'

ROCK

SLIDING
WEDGE

FOUNDATION STRENGTH

sliding wedge analysis

DENSITY



inclination of failure surface within rocktill
a
6 inclination of tipping face of rock dump

v B bulk density of rockELI1l

5 B ."ngle of shearing resistance oE rockti.ll
‘ - average *-0 shear strength of foundation clay stratum.
Blight6

states that for the purposes of preliminary design, the

approximations. ¢-» and -45° 4 ¢« are probably satisfactory.
Using the assumptions, *>B and o -A5%/2, a chart, reier to

Figure 29, has been drawn up to show the required foundation

average shear strength for varying conditions.

Blight5 compared the range of measured foundation strengths ot

four first-time failures of rock dumps with value, predicted trom
equation (19) as shown in Figure 30. Th- comparison shows that

there 1is reasonable agreement between measurement and theoretical

prediction and also illustrates the large range of measured shear

strengths that can be expected to occur in a natural clay foundation

stratum. For the same four dumps,

Blight compared values for the

stability of the rock dumps inve.ti-.ted by three different methods.

These methods being the sliding wedge analysis. Rendulic analysis

and the Janbu analysis. The results are tabulated in Table 11.
The angle for the failure plane through the rockfill, u, requiring
the largest shear stress, t. to maintain equilibrium for each slope

was accepted as critical. Blight concluded from this comparison

that although there were appreciable differences

in th. shear

Strength, calculated by the three methods, the variation was not

significant when compared with the natural variation in the shear

strength.

According to Marais7 the theories of Sokolovski, Booth, Nadai and

Trollope for predicting the stress across the base of an em-

bankment of cohesionlesr granular material are substantially in
agreement both in magnitude and distribution to that of Rendulic.

This 1is illustrated in Figure 31. Marais compared the method



BASE ANGLE T
IN DEGREES

FIGURE 29

SLOPE ANGLE B
IN DEGREES

40

40

40

40

40

40

40

40

ANGLE
S1 OPE

OF INTERNAL FRICTION OF
MATERIAL, < IN DEGREES

20 40

40

60

60

43

60

Required shear strength in thin strata of clay material

(F.s.-1)

T/yH

(10)



figure

30

*Oi% .

JKIA* rrwtsst'

71

analysis

M

ITutB« AHALTSI*

xtAiuize rouxoATiw

STWHCTMJ Or » »*ii-n>
toe* -DVXTS OH HO™*. 10NTXL
CYJOT rOUWOALMIOHS.

J

171 00
150

H m HEIGHT OF FOCR-DUKF IH FEET

(Figure 13)

H P V

100

62






OH

0il scKty.ovsy.1 —
BOOTH —
010 NAGAI —
TROLLOPE —
on* RFNOULIC
002-
TOE
00k

FICURE 31 Active horizontal thrusts in a symmetrical wedge
composed of coheiionless materials according to

various theories

SLOPE OF BASE w

FIGURS 32 : Minim™

slopes'



of Blight CO that of Rend.uiic and concluded that Blight's method

was ton conservative and "hus unsafe, refer to Figure 32.

However Slight has found that the evidence from the earlier study

of rock dump failures5 Indicates that actual shear stresies across

the base of a rock dump tend to be even less than predicted on the

basis of the simplified wedge analysis. Therefore this simplified

analysis should be adequate to give a useful first estimate for the

state of stability of a dump.

Using small-scale models Sultan and Seed* investigated slope

stability calculations for sloping core earth dams consisting of

embankments of gravel or rockfili. They concluded from their

investigations that the assumption of a vertical interface

the active upper wedge and the lower passive wedge leads to an

overestimate of Che factor of safety. However tl:y also found

that the use of a triaxial test angle of friction leads to an
underestimate of the factor of safety and hence incorporating both

of these features in a stability analysis, leads to a factor of

safety which, as a result of compensating errors, 1is close to that

obtained by a correct analysis. The correct analysis being one
using an inclined interface between the wedges and a plane strain

angle of friction. Sultan and Seed investigated the above by

failing model embankments and then comparing the computed pre-

dictions wversus the actual conditions. The results of one of

these tests and the model embankment cross-section are shown m

Table 12 and Figure 33 respectively.



FIGURE 33

: Comparison of computed and actual

embankment No. 1

sliding surfaces

T.jjLE 12 : rOMPUTED FACTORS OF SAFETY FOB TEST EMBANKMENT NO. .1%
DCuwceii u
E E 1 B . veftical n dedrees &Rfegty
per square foot n %egregé ¢ '
_ Mo+ @ . x 1
2,5 £ Vv 38 v cnt
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_ W 4 * 1
2,5 S - *t 35,5 A cnt
- 138 actual failure surface
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_ 35 5 actual failure surface
2,5 S om o+t ’
ps - plain strain ~ - 0 - vertical

t - triaxial
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*Light6 has condu c*d a preliminary investigation into the stability
>f rock dumps on non-cohesive foundations. Blight found that
failure was also developed by a system of active wedges displacing
passive wedge: see Figure 34. Blight concluded that for the
limiting case of a shallow frictional foundation, a similar analysis
to that described for dumps on shallow cohesive foundations may be
developed. The result of this analysis indicates that the average
angle of shearing resistance recuired for a state of limiting

equilibrium to develop in the rockfill 1is given by (see Appendix B) .

@2)

tan * - < JL , ¢ tan 1 ..
[ D coszi J
where
23
sin' io-B) cos i cos | sm i 2

I'l quTAJJ}—i) e sHb cos 6 s inB

. — average angle of shearing resistance of

frictional foundation stratum



i ,, a and 6 have the aame value, a, before. It i, interesting
to note here that the result i, independent of both the height of

the dump and the density of the rockfill. A mart of the required

», for varying dump conditions 1is shown in Figure 35.

Brauns9 investigated the problem of local slip in the interface *
between embankment and co s.ionl.ss foundation material. Braun

chart. Figure 36. showing required foundation friction angle,

for varying dump conditions, 1is based upon the theories o. Rendulic

and Brendlin. A comparison between Figure 35 and Figure 36

would suggest that Blight’s result,

are too low. However. Braun s

results are based on the theory of Rendulic which appeared to give

high required average foundation shear strengths for the case =

bumps on thin cohesive foundations. Thus Blight's results may

in fact be closer to the conditions experienced in actual dumps.

This would require further investigation.

Uriel'O has presented two graphs, see Figure 37, for determining

the required slope angle for slop, stability under varying

frictional strength values of the dump and foundation material.

These results art a vy valid for horizontal foundations.

37(a) shows the r t, when the ratio of the bulk densityot
the dump material, and the foundation material, Yi, is equal
to unity. Figure 37( » show, the results when the ratio vyr to

vz 1is equal to O,5. Unfortunately reference as to how Uriel

obtained these figures 1is not available.

4.6 Sturzstrom-Type Slidos

Data from four sturzstrom-type slides originating utom the face*

of waste rock dumps in eastern British Columbia indicate an

empirical correlation between the vertical height of awaste tock

dump and the f.hrbo.chung, or

vertical angle below thehorizontal

from the crest of the dump, before failure to the distal! port.on

of the slide debris. The data is plotted in Figure 18 in



BASE ANGLE SLOPE ANGLE ANGLE OF INTERNAL FRICTION OF SLOPE

IN DEGREES IN DEGREES MATERIAL, $ , IN DEGREES
' S
W ) 15 20 25 30 35 40 45
0 15 5,7 4,6 3,8 3,0 2,4 1,9 1,5
20 6,8 5,5 4,4 3,5 2,7 2,1
25 7,7 6,1 4,8 3,7 2,8
30 8,2 6.4 4,9 3,7
35 8,5 6,4 4,8
40 8,5 6,3
45 8,3
15 8,8 8,1 7,5 7,0 6,6 6,3 6,0
20 10,2 9,2 3,3 7,6 7,1 6,6
25 11,2 9,9 8,9 8,0 7,3
30 11,9 10,4 9,1 8,1
35 12,4 10,6 9,2
40 12,6 10,6
45 12,5
10 15 11,9 11,6 11,3 11,0 10,8 10,7 10,5
20 13,5 12,8 12,3 11.8 11,4 11,1
25 14,7 13,7 12,9 12,3 11,8
30 15,6 14,4 13,4 12,6
35 16,3 14,8 13.6
40 16,6 14,9
45 16.7
15 20 16,8 16,4 16,2 15,9 15,7 15,5
25 18,2 17,6 17,8 16,6 16,2
30 19,3 18,4 17,6 17,0
35 20,1 18,9 17.9
40 20,7 19,2
45 20.9
20 25 21,7 21,3 21,0 20,3 20,6
30 23,0 22,3 21,8 21.4
35 24,0 23,0 22,3
40 24,7 23.5
45 25,1
25 30 26,6 26,2 25,9 25.7
35 27,8 27,1 26,6
40 28,7 27.7
45 29,3
30 35 31,5 31,1 30.8
40 32,6 31.9
45 33,4
35 40 36,4 36,0
45 ILL
40 45 41,3
FIGURE 35 Required angle of friction in foundation of cohesionless

soil in degrees (F.S. M 1), from Blight equation (X.) .



ANGLE OF INTERNAL FRICTION OF SLOPE

IN DEGREES IN DEGREES MATERIAL, ) , IN DEGREES
45
(9)
1,4 1,1 0,9
2,8 2,2 1,7
43 34 27
6,0 4,7 3,7
8,2 6,3 4.8
11,1 3,2 6,2
19,5 11,0 7.9
19,2 10,5
18,4
24,0
Note: Factor of safety against local slip in dam base , F - i.,0

9
FIGURE 36 : Brauni.' charts



FIGURE 37(a) : Required slope angle lor >1 "2 * * ~allcl

FIGURE 37(b) ! Required slope -ingle for Y1i/vy? - 0,5 (after Uriell0)
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the form of the vertical height of the waste dump versus the

contangent of the fahrbo,chung. Thu, an estimat. of the potential

travel distance in the event f a aturzstrum-like slide may be

made.

tOIT 1% SCOT*

tooo'Ma *Ql/ «
aALVte w f— 05,

*O*OV*a
st/ Yit— yr

cc

af atooit

MO M3
~f'0~T jr tYA9Tt fL*. matraa

FIGURE 38 : Correlation between height of waste rock dump and

cotangent of run-out angle
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4.9 u.f.r Movpmenc in Coarse Mine Waste Dumps

This section is based on the paper presented by Nelson and

McWhorteri2 at the 1981 Society of Mining Engineers of AIME Fall

meeting and exhibit.

Water movement in waste dumps 1is of interest primarily as

it in-
fluences dump stability and as the rates of seepage impact the

environment. Water 1is introduced to dumps by precipitation or
during loading and a major concern 1is the ability cf saturated

zones to develop within the dump.

/elson and McWhorter have developed equations for use in the pre-

diction of the development of a phreatic surface within a waste

dump. These equations are presented inthe following text.
Seepage into a waste dump may be considered as caking place in 3
stages.

4.7.1 Stage 1

A wetting front advances downward through the dump due to precipi-

tation on the surface. Aoove this wetting front the soil may or

.ay not be saturated. If the infiltration rate 1is less than the

hydraulic conductivity of the soil, then the soil above the wetting

front will be unsaturated.

The volumetric water content, defined

as the volume of water per unit volume of soil, above the wetting

front is given by equation (24). " the infiltration rate is

greater than the soil hydraulic conductivity then the soil above

the wetting front will be saturated.

X/ (2+3DB)



where 9f is the final volumetric water content

n is the porosity
is the infiltration rate
is the soil hydraulic conductivity

is the pore size distribution index

9 i9 the residual water content defined as the volumetric
7 water content below which drainage alone will not cause
a further decrease in water content.
4.7.2 Stage 2

When the vetting front contact, en inpermeeble ,tr,tu= ,uch as an

impermeable foundation or an impermeable lens of vaste dump

material, a groundwater mound will develop and rise towards the

surface of the dump. If the soil above the wetting front is un-

saturated equation (25) may te used to estimate the time taken
for the vetting front to travel the height of the dump. U the

soil 1is saturated behind the wetting front equation (26) may

be used to estimate the time taken for the wetting front to
travel the dump.
T . (1.VU-1iX) (Vv

pr-(a-nj) sn V. E

H-h.

where T is the time required for the wetting front to travel
through the dump and contact the foundation.
Dt 1s the height of the dump above the impermeable
foundation.
6. 1s the initial dump soil vulumetric water content.
h

is the displacement pressure head explained below.



The capillary pressure head of the soil is defined as being

equal to the difference between the soil pore air pressure and

the soil pore water pressure.

(27)
(ua ' uw)
where h is the capillary pressure head
u is the pore air pressure

is the pore water pressure

Typical wvariation of hydraulic conductivity with capillary

pressure head is shown in Figure 39 for two sands. From the

diagram it can be seen that the displacement pressure head (h,)

ia defined as being the minimum value of h for which the hydraulic

conductivity (K) will be nearly constant and equal to its maximum

value.
Volcanic
Sand -
0 Fine
Sand
X
G
u
i
0.01 100
.1.0 -10
Pore Water Pressure Head, h, cm
FIGURE 39 : Typical

relationship between hydraulic conductivity
rtnro-tj.irp-r oressure head .

(K)



If the soil is not saturated behind the wetting front, the time

required for the phreatic surface to rise a specified distance

once the

wetting front has contacted the foundation, may be
obtained by using equation (28) .
t . (n~al , ¥ €T e e (28)
q

where t is the time for the phreatic surface to rise a

distance Y.

is the final volumetric content

~ - -1l A ima
all A a axrmHnlr ——

4.7.3 Stage 3

The groundwater mound establishes contact with the dump sur.ac-

aod 1if infiltration occurs over the entire dump area, the dump

will be saturated and all surface water will runoff. Thus Stage

3 is not of concern and will not be considered.

The use of the equations presented in the preceding discussion

is best depicted by the solution of example problems.
4.7.4 Example 1

Consider a 100 m high waste dump of large lateral extent. The

general properties of the material are as shown in Figure *0.

Water will be provided to the surface by precipitation during a

prolonged period of rain at the rate of 3 x 10 meters per

second. It is desired to compute the time required tor the
wetting front to contact the foundation and how long would be

required for the phreatic surface to a) rise 50 m in the dump,

and b) rise to the top surface.
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1*°m

FIGURE 40 ; Waste dump for example computations solution.

Solution
Because g < K, the soil above the vetting front will be ur.sarurated.
The water content above the wetting front can be computed from

Equation (24) as;

ef « (0,3-0,1) 7A4) | - 16 + 0,1 (29)
_ 0,25 Lio

The time for the wetting front to traverse 100 m is computed

from Equation (25);

3x10° 0725
X p—
100 (7,3 - 0,1) + (0,1 0,15) (30)

3 x 10 10

38 days
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The time for the phreetic surface to rise 50

is computed from
Equation (23);

t , (0,3-0 j) x 50 * 38 days
3 x 10

48 days

The time for the phreetic surface to rise 100 » 1is computed from

Equation 28.

t , (0.3 - 0725) x 100 * 38 days
3 x 10

57 days

4.7.5 Example 2

For the waste dump used i. Example 1. if surface water 1is ponded
to a depth of 0,3 metres compute the quantities requested in

Example 1.

The time required for the wetting front to traverse the depth of

the waste dump can be computed from Equation (26).

£100-10,3+3,0) In

10 %>

(33)
15,4 days

Decause the soil above the wetting front 1is saturated, the rate

of rise of the phreetic surface would be virtually inst.n-aneous

(within a matter of hours or less).



4.7.6 Diacussioi

ihi example computation, presence* in the previous section provide

indications of general races of rise that may be expected co occur

within an impoundment. It must be recognized that some uncertainty

will exist with regard to the material properties. Furthermore,

Che waste dump will not be uniform and some zones of less permeable

material will exist throughout. Consequently, the results arrived

at in the computations must be used as a general guide on which to
base decisions rather than to consider the results as absolute

quantities.

The following points should be noted with regard to the results

of the examples:

The foundation material was considered to be impermeable m

the computations. Some seepage will occur through the

foundation. Although the permeability of the foundation

stratum would not affec' the time required for the wetting

front to reach that surface, it may have a pronounced effect

on the time required for the phreatic surface to rise within

the waste dump. This could be taken into account by adjusting

Equation (28) to reflect that the inflow term would be the

surface infiltration less foundation losses.

The above analysis has assumed that all seepage occurs in a
vertical direction with no lateral seepage losses out of the

sides of the impoundment. Because some lateral seepage may

occur out of the face of the embankment, particularly as the

phreatic surface is rising within the waste dump, some in-

accuracies are espected to exist particularly around the edges

of the dump. For a waste dump of large lateral extent the

development of a large mound within the impoundment with

seepage losses out of the face would be tantamount to a steady-

tate condition until the mound has dissipated.



The presence of lenses of low permeable material will cause

ground water mounds to be perched within the impoundment as

shown in figure 41. These perched mounds will result n.

positive pore water pressures being developed within the rones

immediately beneath th, mounds. If the critical failure

surface for slope stability analyser intersects the percheo
mounds, porewater pressure could seriously affect the stain,

of the impoundment. The development of these mounds and the

distribution of the impermeable lenses throughout the waste

dump are difficult to predict.

SATURATED"

FIGURE 41 s Development of perched mounds over impermeable lenses

The example computation, assumed that the inflow of water on

the surface of the waste dump would occur continuously for the

period of time under consideration. It is unlikely that rain

would continue for periods of time required for the wetting

front to progress through the bottom of the waste dump. Thus,

if the source of wa er on the surface of the dump stops alter
a certain period tim,, a slug of water would move downward

throughout the dump. Some distribution of this water

take place over a period of time. If precipitation events

occur as short time intervals,

ana.yses could proceed along



lines similar to those presented in the examples it the effect
of previous precipitation events is taken into account, as in-
fluencing the initial wvolumetric water content for subsequent

computations.

The above methods of analysis have been presented to provide a
means of computing general rates of movement of water through
unsaturated, non-impounding waste dumps. The methods of analysis
presented herein are intended to serve as a guide for decision
making and to provide a means of estimating general times re-
quired for =zones of saturation to be developed within a non-

impounding waste dump.
4.8 The v o Method

One may evaluate the stability of dumps using the methods pre-
viously discussed. Alternatively the y o method may be used and
a simplified approachi to this method is discussed here.
Robertsoni3 describes the derivation of the rigorous y-o method.

The advantages of using this method 1is that it 1is simple, quick

to use and can be used with any tailure sur.ace shape.

The principle of the method may be illustrated by the ana'ogy of

blocks sliding on an inclined plane to slope failure- , refer to

Figure 42fa). If the disturbing forces D.F. and the resisting

forces, R.F. are as shown in the diagram, then the factors of
safety are 1,33, 1,11 and 0,75 respectively. Placing the three
blocks with their sides touching, Figure 42 (b) then the combined

factor of safety is 0,97 and thus Jjust unstable. However the

factor of safety of blocks I and 3 is only 0,91 and hence these

two blocks slide down leaving block 2, factor of safety of 1,11

to "hang up". In an actual slope a possible failure surface is

defined and the portion of the slope above the failure surface is
divided into # number of slices. The blocks thus represent ti.e
slices and the 3”"me principles that were applied to the. blocks

can be applied to the slices.



DFJ U units

- 11 units « DF2 B 21 units
- 2 units RF2 " 21 units RF3 3 units
2 1.33 F2 11 I. 11 Fj - I - .75
1.5 ) 21
’ A ’
rr ' Case (b)
Fu, -7 - 0.97

FIGURE 42 : Blocks sliding along an inclined planel



A number of assumptions must be made about the slope material and

these are:

- the slope material is incapable of withstanding

tensile stress

the crack will form vertically

- a crack will form when the forces across any vertical

section above the failure surface 1is zero or tensile.

Now consider the slope and the potential failure surface shown in

Figure 43. If a crack were to fotm at any vertical section

such as CD. then the factor of safety of the failing segment BCD

is defined as;

I (RF)max (34)
A " IDF

where I (RF)max is the maximum resistance to sliding that can be
developed along the sliding surface and IDF is the force

tending to produce sliding. A force P is defined as

follows:

P - I(RF)max - IDF

P may be thought of as the force that acts across a vertical

section such as CD. If P is positive, there 1s an excess ot

potential sliding resistance, the segment will not slide and the

factor of safety will be greater than one. If P is negative the

segment will slide and the factor of safety will be less than one,

Substituting equation (35) into equation (34) gives:



CRACK POSITION HANGING SEGMENT

FAILING SEGMENT

FAILURE SURFACE

6l
Wi
hi
OF| »*, sme ¢ eWf eoi 9 c * cehesion on base
RE, + S, ¢ Nypten 0 0 « soil friction
» RE, OF, ¢ P, -1 a * earthquake acceleration

U < water pressure

The farter of safety of the segment
below i.e right hand side of slice is thus

Feles P

(OF)

FIGURE 43 Solution of y * o method1



In order to calculate the wvalue of P and hence F at any section,
start with the first slice at the base of the failure =zone, and
then using the equations shown in Figure
resisting and disturbing force for that slice. Hence P can be
calculated. If an external force 1is applied it may be con-
sidered as an additional resisting or disturbing force depending

in which direction it acts.

If ? is positive it may be called upon to help tabilise the next
slice in tie event that the part of the slope above the first
segment cannot hold itself up. Accordingly, when the P force
from the second segment is calculated, the P force from the first
segment contributes to the maximum potential sliding res -st ance

in the second slice. This 1is shown in the equations giver, in

Figure 22.

This procedure 1is repeated up the failure plane and as long a 1
is positive, compressions! forces exist across vertical planes in
the slope and cracking will not occur. However if the P forces
become negative, the factor of safety of the slope becomes less
than one and that part of the slope will fail. For the example
shown in Figure 44, the factor of safetv of the lower segments
is greater than one, but soor after the P forces become negative,
the factor of safety of the lower segment becomes less than one
and that part of the slope will move cut. A hanging wedge will
probably remain beyond about point C.

Robertsoni3 found that stability analyses by Bishop's Simplified,
U.S.B.R. and y-o methods gave factors of safety that are close in

agreement. The y-o simplified method will be used later in this
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CHAPTER 5 ; LABORATORY TESTING

The objective of the laboratory testing programme was to investigate
the shear strength behaviour of coarse mine waste material sub-
jected to high stresses. Material shear strength was determined

by standard consolidated, drained triaxial tests.

5.1 Material Description

Physical descriptions of the samples are contained in Table 13.
Photographs and grading curves of the samples are contained in
Appendix C. The samples were all non-plastic with clay contents

not exceeding 5% except for the Kleinsee 2 sample which had a clay

content of 12%. The samples were all predominantly sand or
gravel.
3.2 Triaxial Testing

As stated previously, the samples were tested using standard con-

solidated, drained triaxial tests. Specimens were 152 mm long
with a diameter of 76 mm. The Premier and Kleinsee 1 and 2 samples
were tested at cell pressures ranging from 0 to 1000 kPa. The

Jwaneng, Koingnaas, Tweepad and Kleinsee 3 samples were tested at

cell pressures ranging from 0-2000 kPa.

Figures 45 and 46 show the strain controlled machine used for

testing and the general arrangement of apparatus.



TABLE 13:

SAMPLE

PREMIER

JWANENC

KOINGNASS

TWEE PAD

KLEINSEE

KLEINSEE

KLEINSEE

SAMPLE DESCRIPTION

CLASSIFICATION

DIS1TtIBUT ION

12

1

12

32

60

02

71

33

85

38

64

37

15

25

50

12

(z)!

03

A

4,3

10,5

4,1

58

uses
CLASSIFICATIOfL

CwW

GP

SP

SP

SP

SwW

SP

PARTICLE DESCRIPTIOf

MAXIMUM
SHAPE TEXTURE PARTICLE
SIZE, x(mm)
Flaky Granular x > 23
4 Rough
Irregular Rough x > 23

Rounded 4 Smooth 4

13,2< x< 23
Irregular Rough

Elongated Rough
Flaky 4
Irregular

13,2< x <23

Flaky 4 Rough 4

13,2< x< 23
Elongatec Granular

Angular 4 Rough

13,2< x< 23
Flaky

Flaky 4 Rough 4
Elongated Granular



FIGURE A5

£3%

Loading Frame

Proving-rvng

Loading ram

Triaxial cell

0-ring

(a) Illustration

(b) Photograph

Strain-controlled machine and triaxial cell

set-up
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hack pressure

Volume decrease

Volume Increase

C
(a) liluscratior
(b) Photograph
FIGURE 46 : Consol idated-draiued tri, i ! I''e

change measurements



A full % latiun of the test results 1is contained in Table Cl in
Appendix C. If it 1is accepted that cohesionless material does
not develop cohesive strength even 1if particle crushing occurs
during loading, then the friction angle of the tests may be cal-

culated as

-1 -3)failure
e sin Q)

(71 ~ failure

where $ is the secant friction angle and is the slope of the line
tangent to the Mohr circle and passing through the origin. g

is tabulated in Table Cl in Appendic C. Inspection of the data
shows that there 1is a trend for*g to decrease with increasing
stress levels. This effect ismost evident in the Kleinsee 3,

Jwaneng and Twee Pad results.

The test results are summarizedin Figure '=7 ¢ Strength values for
all matet-als coincided at low stresses, but diverged as stresses
increased. It is evident from the plot that at high stresses the
Kleinsee 3, Jwaneng and Twee Pad samples experience a significant
decrease 1in strength. The relationship which gives the best fit

to the test data is

0,932
T * 1,15 .0 (37)
o
where r 1is the shear strength (kPa) and is the normal stress
(kPa). The relationships which give the best fit for the data

of the individual samples are listed in Table 16*
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5.3 Test Results

A fall tabulation of the test results is contained in Table Cl1 in

Appendix C. If it is accepted that cohesionless material does

not develop cohesive strength even if particle crushing occurs

during loading, then the friction angle of the tests may be cal-

culated as

-1

sin (<n ' ~"failure
()

jo' * “~failure

where is the secant friction angle and is the slope of the 1line

tangent to the Mohr circle and passing through the origin. *

is tabulated in Table Cl in Appendic C. Inspection of the data

shows tnat there is a trend for tc decrease with inert sing

stress levels. This effect is most evident in the Kleins, 3,

Jvaneng and Twee Pad results.

The test results are summarized in Figure 47. Strength values for

all materials coincided at low stresses, but diverged as stresses

increased. It is evident from the plot that at high stresses the
Kleinsee 3, Jwaneng anc. Twee Pad samples experience a significant

decrease 1in strength. The relationship which gives the best fit

to the test data is

t » 1,15 . oo 093" (37)
where t 1is the shear strength (kPa) and is the normal stress
(kPa) . The relationships which give the best fit for the data

of the individual samples are listed in Table 14.
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FIGURE 47 : Test results and plot of t * 1,15.0
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TABLE 14 : T - 0% RELATIONSHIPS

____________________ .
LINEAR
SAMPLE NORMAL STRESS BEST FIT
(kPa) RELATIONSHIP REGRESSION
(kp.)
- 70
Premier 0-1600 T- 1,00 .00 3
Kleinsee i 0-1600 T- 0,69 ,00 1,00 35
¢8”
Kleinsee 2 0-1600 t- 0,83.a0 0-" S
Kleinsee 3 0-3100 T- 1.20.C, 0'92° 320-34
Jwar.eng 0-3100 r- 1,7S.co 0>im I 270-35°
Tweepad 0-3100 1.21.0, 01927 310-36
Koingnaas 0-3100 T- 0,74.9 1,00 36

The exponent of 1 for Koingraas and Kleinsee 1, and an exponent

of 0,99 for Kleinsee 2 shows that a straight 1line fit 1is accurate

for these samples. This 1s illustrated in Figure 48.

The typical failure shape of the triaxial specimens 1is shown in

Figure 49. Time to failure war between 30-90 minutes which,

because of the coefficient of consolidation of this material, is

adequate fov drained test conditions to exist. Tl axial ana
volumetric strains at failure were found to increase with an

increase in confining pressure. Figure 50 shows the axial strain

(e ) and volumetric strain (c”, positive is compression) at

failure versus the confining pressure (03) for the Komgnaas and

Twee Pad samples.
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(o)

s Typical failure shape
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Discussion

The Premier, Kieinsee 1 and 2 samples which were tested at cell

pressures up to 1000 kPa (normal stress, o”", of approximately 1600

kPa) show 1little and no curvature of the strength envelope,

(refer to Figure 47 and 48, and Table 14). In fact for all the

samples tested, at o, equal to 1600 kPa there is little difference

between the * values from a linear regression analysis or the

power relationships shown in Table 14. A comparison of friction

angles obtained from the different methods is shown in Table 13}

TABLE 15: $ at 07 - 1600 kPa

saMPLE Yoo v 4 b LINEAR REGRESSION
Premier 35,3° 36,8°
Kieinsee 1 34,6° 34,6°
Kieinsee 2 37,6° 37,9°
Kieinsee 3 33,6° 34,2°
Jwaneng 34,5° 35,3°
Twee Pad 35,2° 35,7°
Koingnaas 36,5° 35,8°

On the basis of the results shown in Table 16 it would seem
reasonable to suggest that up to <o equals 1600 kPa, linear
regression may be usrd to estimate the friction angle or sand

gravel soli.



The Klein, .. 3, Jwaneng, Twee Pad and Koingnaaa sample, were all

reared at cell pressures of up to 2000 kP. (d,
3100 kPa) .

approximately
With the exception of Koingnaas all the samples

showed significant curvature of the strength envelope, (refer to

Figure 47 and Table 14. Thus when 0" 1is greater than 1600 kPa it

is preferable to use the power relationships shown in Table 14 for

predicting values of #.

Tha Koingnaas results show no curvature of the strength envelope,

refer to Figure 48. Particle shape and texture may be factors

affecting the reason why no curvature of the envelope has occurred.

Inspection of Table 13 shows that the Koingn-is particles are

rounded and irregular in shape with a smooth surface texture.

Thus particle contact forces during loading would be at a minimum

and little or no particle breakage would occur. If no particle

breakage occurs then no reduction in strength can be expected and

a linear relationship betweeu shear strength and normal stress will

develop.

It will be of interest to compare the relationships for curved

strength envelopes in granular materials predicted by De Mello

(Chapter 2, Figure 8) to those shown in Table 14. De Mello's

relationships are based on the results of Marsal's rockfill tests

and it would appear that the exponents of these relationships are

generally smaller than those of he sand-grave) relationships of

Table 14. The exponent determines the rate of curvature of the

strength envelope and this may have interesting implications with

respect to particle breakage. The rockfill material has Urge

particle sizes and would thus experience greater inter-particle

contact forces than the sand-gravel mixtures. The greater contact

forces would cause the rockfill particles to fracture at lower

nominal stresses than the sand-gravel partiUes and hence this

could account for the rockfill strength envelope curving more

rapidly.



A grading curve of KUinsee 3 material tested at a cell pressure

of 2000 kPa (c » 3100 kPa) has been compared to that of normal

Kleinsee 3 material In Figure 51. It can be seen in Figure 51 that
a significant but not a large amount of particle breakage has

occurred.

In Chapter 2 it was stated that Banksi1li has suggested that has

a linear relationship with the common logarithm of the normal stress

Banks ex;jessed this relationship as

«0 * eref ' p loS ("oKKref)

where is the predicted value of ¢, and the other symbols are as

previously defined.

The relationship which gives the best fit to the test data,

t-1,15.a ° 932 (refer to Figure 47), has been used to obtain values
of * which have been plotted against the common logarithm ol

This'plot 1is shown in figure 52 and also contains the straight line

obtained by using equation (5;.

the predicted wvalues of as shown by the straight 1line are

reasonably close and conservative with the agreement decreasing

with the increasing stress level. Thus 1if only “ref or “ref

(refer to Chapter 2) are available, equation (5) will be useful

in predicting conservative wvalues of
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CHAPTER 6 : SAMPLE SLOPE STABILITY &a..AI...L

In order to assess the effect of the curved strength envelope on

slope stability analysis the following examples are presented.

The failure shape 1is of the form predicted by Blight in Chapter 3.

The method of slope stability analysis used is the simplified y-o

method presented in Chapter 4. The dump is assumed to have the

same material properties as the Twee Pad sample and two angles of

friction will be considered. The angles are a constant $i" 36

from linear regression analysis and a variable obtained from the

powtr relationship t - 1,21.00 0' (refer to Table 14).

The assumed geometry of the sample dumps is shown in Pigure

Two cases of foundation conditions are to be considered. In Case 1

the foundation is assumed to have frictional strength properties

greater than thut of the dump material. Thus the failure surface

will be confined to within the dump. In Case 2 a thin foundation

of clayey so .l overlying bedrock 1is assumed. The soil strength

parameters are C-60 kN/m and $- 20°. The failure surface is

shown in Figure 53. The results of the analyses are shown in

Table 16.

The results of the anlyses for Case 1 show that the factor of

safety calculated using +, 1is independent of the dump height. Ihis

is in agreement with Blight's conclusions (Chapter 4). The results

of the analyses for *2 show that the factor of safety decreases with

increasing dump height. This 1is due to the decrease of * with

increasing stress levels. However the differences between the

factors of safety calculated for and are *®aller.
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CHAPTER 6 : SAMPLE SLOPE STABILITY ANALYSES

In order to assess the effect of the curved strength envelope on
slope stability analysis the following examples are presented.
The failure shape 1is of the form predicted by Blight in Chapter 3.
The method of slope stability analysis used is the simplified y-o
method presented in Chapter 4. The dump 1is assumed to have the
same material properties as the Twee Pad sample and two angles of
friction will be considered. The angles are a constant 36°

from linear regression analysis and a variable $2 obtained from the

0 927
power relationship T - 1,21.c\ * , (refer to Table 14).
The assumed geometry of the sample dumps is shown in -e 53.
Two cases of foundation conditions are to be considered. In Case 1

the foundation is assumed to have frictional strength properties

greater than that of the dump material. Thus the failure surface
will be confined to within the dump. In Case 2 a thin foundation
of clayey soil overlying bedrock is assumed. The soil strength
parameters are C*60 kN/m and 20 . The failure surface is
shown in Figure 53. The results of the analyses are shown in
Table 16.

The results of the analyses for Case 1 show that the factor of
safety calculated using *, 1is independent of the dump height. This
is in agreement with Blight's conclusions (Chapter 4). The results
of the analyses for $2 show that the factor of safety decreases with
increasing dump height. This 1s due to the decrease of * with
increasing stress levels. However the differences betweenthe

factors of safety calculated for and s$2 are smaller.
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FIGURE 53 : Example dump
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TABLE 16 : RESULT? OF V-o STABILITY ANALYSES

DUMP FACTOR OF SAFETY

HEIGHT CASE 1 CASE 2

H (m) *1 *D *1 )
150 1,84 1,87 1,23 1,23
200 1,84 1,84 1,19 1.19
250 1,84 1,80 1.15 1,15
300 1,84 1,78 1,13 1.13

. . o
- From linear regression M 36

P 0,927
$2 - From T ¢ 1,21.0"

Note: )?- *i1 when o0qg - 1100 kra

The results of the analyses for Case 2 snow that there 1is no

difference between the factors of safety obtained from using either

or *2. This is because the failure surface passes through the

dump for only a short distance and because of the dump geometry,

stress levels are high (*2 < *1> for an even shorter distance.

Thus the effect of a decreasing $2 value with increasing stress

levels does not influence the factor of safety.

Thus in conclusion it can be stated that for Case 1 the curved

strength envelope s a small influence on the factor of safetv

but has no influence for Case 2.



CHAPTER 7 : SUMMARY AND GENERAL CONCLUSIONS
7.1 Literature Rovitw
7.1,1 The Behaviour of Cohosion !<-;

It is evident from the literature review that a large number of
factors influence the behaviour of coarse mine waste (cohesionle ;s
material) . Factors -uch as relative density, particle size,

saturation or water content and soil composition all influence soil

behaviour.

The assumption of a linear relationship between sh ar strength and

normal stress 1is incorrect in general. The experimental results

of various authors show t.,at significant curvature of the Mohr

strength envelope -ccurs with increasing normal stress.
Factors Affecting the Stability of Coarse Mine Waste Dump”s

The literature review has shown that a variety of dump failure
modes can occur. The type of failure depends on factors such as
foundation conditions, dump material properties and climatic

conditions.

Blight investigated the failure of four rock dumps and concluded

that failure results in the formation of a system of wedges that

develop beneath the dump slope. As failure occurs, an active

wedge at the top of the slope displaces a passive wedge at the

base of the slope, displacement taking place by shearing through

the foundation.

Block translation occurs when the shear strength parameters at the
bottom of a dump on an inclined slope are lower than those within
the dump. Sliding occurs along plane failure surfaces which

coincide with or just below the surface of the natural ground.



Surface or edge alidea can occur if an accumulation of a layer of

fines occurs below the dump slope surface.

The foundation shear strengtn is important in determining the mode

and probability of failure. Blight has recommended the uncon-

solidated undrained triaxial -hear test and the quick shear box

tests as laboratory tests. The cone penetrometer and the wvane

shear test on remoulded soil are recommended field tests for

assessing foundation shear strength.
Methods of Slope Stability,Analyses

The factor of safety of a dump slope may be estimated using simple

equation, or stability chart, and tables. Simple slope stability

methods refer to the analysis of simplified conditions such as

simple geometry, uniform physical properties, saturated and

saturated slopes and specific sliding surfaces. The -imitations

in the accuracy of these methods become insignificant when compared

to the inability to accurately define the parameters in the stabi ity

analysis. Thus simplified methods are valuable because of their

ease of use and potential for pin-pointing likely failure. A

number of method, are presented in this dissertation for analysing

dump slope stability.

The simplified y-o method has been recommended because it is quick,

easy to use and can be applied to any failure surface,

method ha. been found to give result, in close agreement with the

simplified Bishop and U.S.BR. methods,

7.2 Laboratory Work

The results of consolidated, drained triaxial tests on typical mine

waste materials show that slight curvature of the Mohr strength

envelope occur, above a normal stress of 1600 kPa. The power

equation which fits tha test data is

ideas
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Comparison of equation (1) with power equations for rockfill data

shows that rockfill experiences greater curvature of the strength
envelope. This can be attributed to greater particle breakage

occurring in rockfill material during testing.

The use of equation (5)

*o * ML " P 108 i <5)

for predicting values of the soil friction angle, has been found
to produce conservative values with reasonable agreement to the

test results.
7.3 Sample Slope Stability Analyses

Sample analyses have shown that there is little or no difference
in the factor of safety obtained by using a constant friction angle
from linear regression or a variable friction angle derived from
the power equations which describe the curved strength envelope.
Thus it can be concluded that the curvature of the strength

envelope has little influence on the factor of safety of mine waste

dumps.
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TABLE Al: FRICTION ANGLE OF ROCKFILL

Maximum Dry den- Noru-il Maximum
Location Material particle, in sity, in pressure, friction
inches pounds per 1in pounds angle,
cubic foot per square 1in degrees
inch
() ) (3) (4) (5) 6)
Isabella Granite 4 97,0 7,5 47.0
4 95,0 23,0 XZ:E;
Cachuma Grave 1 0,75 126,0 6,3
0,75 125,0 11,3 49.5
0,75 123,0 21,5 44.5
0,75 125,0 43,0 45.0
0,75 124,0 84,0 41.0
0,75 124,0 165,0 39.5
0,75 125,0 162,0 38.5
Cachuma Gravel 3 126,0 6,2 54.0
3 124,0 11,8 49.5
3 124,0 22,1 47.0
3 127,0 45,0 46.5
3 125,0 86,0 43.5
3 127,0 167,0 41.5
Cachuma Quartz Monz 3 122,0 20,0 40.0
3 123,0 65,0 39.5
3 122,0 123,0 39.0
3 129,0 22,0 44.0
3 128,0 60,0 42.0
Cachuma Quartz Monz. 3 130,0 125,0 41.0
3 117,0 42,0 44.0
3 117,0 59,0 41.0
3 127,0 44,0 47.0
3 127,0 63,0 46.0
Oroville Tailings 1,5 144,0 490,0 40.0
1,5 142,0 484,0 38,8
1,5 148,0 424,0 43.0
1,5 147,0 700, 0 40.5
1,5 148,0 1160,0 40.0
3 143,0 208,0 42.0
3 143,0 206,0 41.3
3 150, 0 213,0 45.0
Soledad Gravel 3,5 1,02 8,2 44.8
3,5 0,88 16,6 42.8
3,5 0,64 8,8 50.0
3,5 0,69 16,9 47,2
Infiernillo Diorite 7 0,82 8,3 44.0
7 0,86 16,1 44.0
7 0,69 9,1 49.5
7 0,70 17,2 46.5
7 0,65 8,7 49.0
7 0,70 11,7 46.5
7 0,60 16,0 46.5
Infiernillo Diorite 8 0,45 9,8 50.0
8 0,61 21,4 46.1
8 0,62 44,5 44.4
8 0,73 114,0 40.7
8 0,55 230,0 38.0
8 0,51 305,0 35.0
8 0,50 567,0 34.7



Maximum Dry den- Normal Maximum

Location Material particle, in sity, in pressure, friction

inches pounds per in pounds angle,

cubic foci per square in degrees

inch

(1) @) (3) (5) 6)
Infiernillo Conglomerate 8 0,62" _ﬂj{ 46,1
8 0,55 45.5
8 0,55 113.0 41.0
8 O,bZ 230.0 39,.'
8 0,51 390.0 37, V
8 0,45 570.0 37.1
8 0,51 44.8 45.6
8 0,50 114.0 42 .2
8 0,40 232.0 39.5
e 0,40 390.0 37.6
8 0,46 570.0 36.3
Malpaso Conglomerate 8 0,42 9,3 50.0
8 0,35 2L.9 49.2
8 0,42 45.5 48.0
8 0,32 116.0 45.2
8 0,44 230.0 39.0
8 0,38 390.0 39.0
8 0,40 570.0 36.9
8 0,43 570.0 37.2
8 0,42 570.0 37.4
8 0,33 570.0 38.9
8 0,33 575.0 39.5
Pinzandaran Gravel 8 0,33 10,2 53.1
3 0,36 22.3 52.3
8 0,32 45.6 48.5
8 0,32 116.0 45.5
8 0,32 233.0 42.5
8 0,34 390.0 39.3
8 0,35 573.0 38.9
Infiemil lo Basalt 0,30 10.4 60,0
0,30 25.6 55.0
0,30 122.0 45.7
0,30 239,0 42 .7
Infiernillo Gneiss X 0,32 10,0 51.0
0,32 23.0 45.0
Infiernillo Gneiss Y 0,62 6.3 45.0
0,62 20.4 41.3
Contreras Gravel 0,68 8,0 41.6
0,65 8.4 41.6
0,68 17,3 41.0
0,54 8.4 45.5
0,53 17.0 45.5
Santa Fe Andesite 1,06 8,0 42.7
1,07 15,9 40.2
0,92 8,7 A8,0
0,84 17.0 46.8
Port Peck Sand No. 20 0,70 27,8 37.9
No. 20 0,70 93.5 37.1
83.0 36.3

No. 20 0,70



A3

Maximum Dry den- Normal Maximum
i i fricti 1
Location Material particle, in sity, 1in Pressure, riction angle
inches pounds per 1in pounds
cubic foot PE€r square
inch
(17 (2) (3) (4) (5) 6)
38.0
Scituate Sand No. 8 0,57* 27.8 20
No. 8 0,57 55.5 .
No. 8 0,57 111,0 éz.z
Ottawa Std. Sand No. 14 0,59 6,9 33.0
No. 14 0,59 13.9 .
No. 14 0,59 27,8 31.8
No. 14 0,59 41.6 30.8
No. 14 0,59 55,5 30.0

1A1l1 subsequent numbers in this column are void ratios.



INTERMEDIATE STRESS

Consider a standard shear box test as shown below;

10k

Maintaining the normal stress (oj constant the following .orm of

shear force/displacement diagram can be expected.

-C ¢

( Sheer Fire*)
1V \

17

Repeating a number of teats with differing 07 the Hohr-eoulomb

envelope can be plotted;

T!

: skeowr «t

o cannot be considered the major principle stress and considering
the Mohr-coulomb envelope, the major and minor principle stresses

A

as well as their orientation can be determined for a specitic



Considering again the standard shear box test, it can be seen in

the diagram below the ci and o3 occupy two directions and the

third direction can be considered as the intermediate stress (02)

direction.

View
taw

During shear failure, particles tend to climb up and over each

other. This 1is associated with a volume increase. This increase

is restricted in the vertical direction by and hence the specimen

expands laterally. The function of the intermediate stress 1is to
prevent this expansion and hence increase the shear strength and

consequently the angle of internal friction. For shear failure to
occur in the o3 direction, the intermediate stress must be greater

than or equal to 03. Larssons ratio.

az- 03
b m |
C'1” 03

is based on the above concept. Larsson has defined the following

tvec limits on his diagram; a2 - the condition of virtual lateral

non-constraint
02 - 01 the condition of "complete"

lateral constraint.
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EDGE SLIDES AND SHALLOW FLOW SLIDi;£

Infinice nop. in C and * Material with Seepage Parallel to Slope

>U (v\p
U H Q
LiA*4
SVi<I«Sh
SVArffi.ce.
/v
Flow Un«i
where W weight of slice
N normal force
U pore water force
T shear resistance
For 1limiting equilibrium:
W sin s W T where W ab>
N aDy cosA
U - ywDcos2S. - 6
Sw aDcosS
£ i aD fycosS Y c08”] can”®
Ci ie

w



\  aDysine - + aD cosefy-yj can*'

y ' laut (B1)
yDsiaBcosB y tanB

Making the relevant substitutions will result in equations f£8)

tc (11).
BLOCK TRANSLATION1: DERIVATION OF N'

Figure Bl shows the forces acting on a spoil bank. The factor of
safety 1is defined as a ratio of the resisting force due to the

shear strength of soils along the failure surface to the driving
force due to the weight of fill. The resisting force 1is com-

posed of two parts: one due to cohesion and equal to cH esc a,

where c¢ is the effective cohesion of soil, H is the height, and

H esc a is the length of failure plane; and the other due to
fricHon and equal to N tan », where N is the effective force

normal to the failure plane and ? is the effective angle of

internal friction of soil. Both ¢ and t can be determined from

laboratory tests of soil samples. If there 1is no seepage, or no

pore pressure along the failure plane. U-Wcosa, where W is the
total weight of fill. If seepage exists within the slope, N can
be determined by the concept of pore pressure ratio as described

below.

FIGURE Bl : Forces acting on a spoil bank



B3

The pore pressure ratio, r”®, 1s a ratio between the pore pressure

along the failure plane and the overburden pressure. The average

overburden pressure for the spoil bank is W/ (H cota), so the

average pore pressure along the failure plane 1is r"W/CH cot* ).

The total neutral force perpendicular to the failure plane is

H csca r W/ (H cota), which can be simplified to r”W seca. By

equatingUto zero all the forces in a direction normal to the

failure plane, thf effective normal force, N, can be obtained by

/B2))
N - W cosa ~ ru w sec a

The pore pressure ratio depends on the location of the phreatic

line. The unit weight of a typical spoil bank is about twice

that of water. When water seeps throughout the entire bank, the

phreatic line will lie on the top and along the outslope of tne

fill. If the phreatic 1line 1is considered as a static water table,

the pore pressure ratio in this case is equal to o,5. When

there is no seep or the phreatic line lies below the failure

plane, the pore pressure ratio is zero. Depending on the per-

centage of area below the phreatic 1line, a pore pressure ratio

ranging from 0 for zero percent area to 0,5 for 100 percent area

can be assumed, or

cross-sectional area of bench under water  ...... (B3)
2 x total cross-sectional area of bench

ru "
The use of r W seca as the neutral force is not reasonable

because when” - 0,5 and a > 45°, the effective normal force N

is negative, as can be seen from Eqg.B2. To avoid this difficulty,

engineers have long used the concept of submerged unit weight for
determining the stress normal to the failure surface. The resultant
force due to pore pressure 1is assumed to be vertical,so the

effective normal force becomes

N - (1I-r )W cos a



Another reaso- avouring the use of Eg. 84 is that the phreatic line

is not static. It is well-known that for an infinite slope of

inclination with seepage parallel to the slope, the pore pressure
at a depth, h, below the phreatic line is y~h cos”a instead cf

Y h for the static case, where vyw is the unit weight of water.

Consequently, the neutral force rJJ secs should be multiplied by

cos2a , or an expression of r”W cosa is obtained.



APPENDIX ~ DERIVATION OF WEDGE STABILITY ANALfSIS®

Figure 20 represents a section through a rock dump built on ground
sloping at 1 to the horizontal. The density of the rockfill is
y and the dump is sliding along the surface abc. The disturbing
force results from the downhill component of the weight of the
sliding wedge abc and restoring forces are generated along the

sliding surfaces ab (through the foundation soil) and be (through

the rockfill).
. . . (BS)
The weight W, of wedge bed is given by
v, *£@2 cota(l-cotatanse)

The net horizontal driving force 2?1 that results from this wedge

is
I cosa (sina - cosatan*) (B6)

and is the difference of the wedging force exerted by and the
horizontal component of the frictional resistance to sliding along

be.

F~ » 11L- coaz2a(l-cotatans) (1-cotatan * )

and 1s the same regardless of the slope i. of the base of the dump.

p” B can be expressed in terms of H by means of the relationship

, sin (a-8)sini @)
H< . . .
singsin(a-iy

, sin(a-8)sini

(B9)
singsin(a-1)

B Xj cos2a(l-cotatané) (1l-cotatano)



The weight of WO of wedge abd is given by:

YH 2 sin2 (a-0x cosi “cosi

w2 " 2 * sin2(a-T)"" sing cosg sm 6

The horizontal wedging force exerted by is

F,, * W2-cosi-sini

while the normal force across ab from is

N - W, ecosi
A ni'MP ON A COHESIVE FOUNDATION

The restoring force along ab is given by

u  sin(g-6)
t.ab. * Te 1+ ging.sin(a-1)

Hence for horizontal equilibrium of the dump

sin(g-6'cosi

?0 4+ "2 " T* H* TTr. (i~1i) sing
T sin(a~i)sing
Hence 7H " ,in(a-3)coli
or -1 e A( B»C]
where

sin(a-1i)sing
A ” sin(a-6)cosi

tan il :
A J

B 12121. (i-cotatang>(l-cotatan$)' 1



A DUMP ON A FRICTIONAL FOUNDATION
The restoring force along ab is given by

W2 *cosi- tand>f

Hence for horizontal equilibrium of the Jump:

¢ F, BW, cos“i tan*f* F* cosi sini

1 + tan i
Hence tan*f - Wi cos”| '
or tan*g - + tan i
In which
1 sin” (a-+6) cosi /Coslsini”®
D“Il * sin“(a-i) ' sini cosg sing
If 1 -0

oI\o W

tan*, -
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TABLE Cl : TRIAXIAL TEST RESULTS

SPECIMEN CELL NORMAL SECANT
PRESSURE STRESS FRICTION ANGLE
03, (kPa) o”, (kPa)
PREMIER 300.0 479.3 36,7
500.0 804.4 37.5
800.0 1277,0 36.6
1000,0 1563, 5 34,3
JWANENG 300.0 485.1 38.1
600.0 951, 0 35.8
800,0 1264.6 35,5
1000,0 1583.4 35,7
1200,0 1874.5 34.2
1500.0 2325.7 33,4
2000.0 3027.1 30.9
KLEINSEE 1 200,0 337.,7 43.5
500, 0 775, 2 33.4
800, 0 1252,0 34.4
1000,0 1567, 8 34.6
KLEINSEE 2 200,0 325.0 38.7
400.0 636, 8 36,3
600.0 975.1 38.7
800, 0 1287,1 37,5

1000,0 1612,9 37.8



TABLE Cl : TRIAXIAL TEST RESULTS continued

SPECIMEN CELL NORMAL SECANT
PRESSURE STRESS FRICTION
a3, (kPa) Co, (kPa) X, (%)

KLEINSEE 3 150, 0 241,1 37,4
350,0 559, 7 36,8

550, 0 861,5 34,5

700,0 1092, 4 34,1

900,0 1411,1 34,6

1050, 0 1611,1 32,3

1200, 0 1850,0 32,8

1300,0 1992, 7 32,2

1500,0 2323,5 33,3

1650,0 2558,3 33,4

1800, 0 2767,1 32,5

2000, 0 3062,8 32,1

TVE PAD 100,0 162.5 38.7
250.0 404,9 38.3

500.0 804.4 37.5

700.0 1115.4 36.4

900.0 1425.2 35.7

1150.0 1803.0 34.6

1400.0 2193.0 34.5

1700.0 2638.3 33.5

2000.0 3098.5 33,3

KOINGNAAS 200.0 314.4 34,9
400.0 639.6 36.8

600.0 960, 3 36.9

800,0 1264.6 35.5

900,0 1429 36,0



TABLE Cl

SPECIMEN

KOINGNAAS

CELL
PRESSURE
03, (kPa)

1150,0
1300,0
1500,0
1800,0

2000,0

: TRIAXIAL TEST RESULTS

NORMAL
STRESS
Oo, (kPa)

1803,0
2022,5
2385,9
2855,5
3169, 9

continued

SECANT
FRICTION ANGLE

34,6
33,8
36,2
35,9
35,8

C3



FIGURE C2(a): Premier

FIGURE C2(b) : Jw.ire*~.g



FIGURE C2(c) Koingnaas

FIGURE C2(d)



FIGURE C2(e) : Kleinsee 1

FIGURE C2(f) : Kleinsee 2



FIGURE C2(g)

: Kleinsee 3
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