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Analysis and Discussions

5.1

5.2

BACKGROUND

The purpose of this chapter is to analyse and interpret the data obtained from
the experimental work. The hypothesis for this research states that accurate
simulation of the behaviour of gold tailings under laboratory conditions
requires appropriate replication of the material fabric. All tools and
methods required for the analysis are discussed. Results from the preliminary

testing are also included in this chapter.

PRELIMINARY TESTING RESULTS

Preliminary tests were included to classify the material and to aid in the
sample preparation for the main tests. In situ conditions were determined from

undisturbed triaxial samples and are summarized in Table 5-1.

In situ moisture content | Void ratio | Deg. of saturation
Upper beach 12.73 0.61 0.57
Middle beach 17.32 1.09 0.43
Pond 48.69 1.42 0.94

Table 5-1. In situ conditions for the three sampled positions.

The in situ conditions are in agreement with those presented in the literature.

The moisture content and void ratio of tailings in general increase down the
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beach of a tailings impoundment due to an increase in the amount of fine
particles. The degree of saturation, however, may seem high for a dam which
has been decommissioned for 10 years. The high degree of saturation is
substantiated by the high rainfall in the summer season and periodic watering
for dust prevention purposes. It was reported that watering occurred every

three months.
Particle density

Particle density or specific gravity was determined using the density bottle
method according to BS 1377: Part 2:1990:8.3. According to Vermeulen
(2001), gold tailings have a typical specific gravity of 2.74Mg/m?, irrespective
of sampling location or sample size and shape. Gs results from the density

bottle test are given in table 5-2.

Gs (Mg/m?)
Individual results Average
Pond 2.739 2.745 2.754 2.75
Middle beach 2.687 2.692 2.691 2.685 2.69
Upper beach 2.709 2.728 2.723 2.727 2.72

Table 5-2. Specific gravity results from density bottle test.

The Gs results are consistent with those indicated by Vermeulen (2001) in that
tailings samples from different positions have similar Gs values. This may be
explained if the tailings are derived from the same parent rock.

Particle size distribution

Grading of the pond, MB and UB material was determined using the wet-

sieving procedure followed by hydrometer sedimentation. Sedimentation

makes use of Stoke’s law, which assumes spherical particles, and according to
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the elongated or flattened shape of gold tailings particles.

Figure 5-1 shows that the middle and upper beach samples have very similar
grading curves, despite the middle beach samples being positioned much
lower down the beach. This is typical of open-ended discharge impoundments,
where the slurry flows in channels down the beach, resulting in pockets of
coarse material alone the beach. The pond sample was, however, significantly
finer. It is interesting to note that, despite the MB and UB samples having
similar grading, the MB samples have a significantly higher void ratio of 1.09
compared with a void ratio of 0.61 for UB samples. It is speculated that the in
situ void ratio is less dependent upon the grading and more sensitive to the

depositional environment.
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100 AT L=t
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Figure 5-1. Grading of the pond, middle and upper beach material.

The grading curve can generally be described by properties such as fines
content FC (< 0.075mm), clay content CC (<0.002mm), coefficient of
uniformity C,, coefficient of curvature Cz and Dsj. For references purposes,

grading curve properties have been included in Table 5-3.
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Pond Middle beach Upper beach
Non- Disp. Non- Disp. Non- Disp.
Disp. Disp. Disp.
FC (%) 98 98 54 55 40 40
CC (%) 4 8 2 3 2 6
C, 1.5 2.6 53 10.5 6.7 24.1
Cy 1.0 1.6 0.5 0.8 0.9 2.2
Dsp (mm) 0.010 0.006 0.064 0.053 0.091 0.095

Table 5-3. Grading curve properties for the three test materials.

Grading curves for the fine (pond) and the coarse (middle and upper beach)
material approximately coincide with the grading envelope of typical South
African gold tailings (Blight and Steffen, 1979) shown in the shaded area in
Figure 5-1. The material tested in this thesis is thus a good representation of

typical South African gold tailings.

Values of coefficient of uniformity for all materials tested are generally
smaller than 36, which is the value for the ‘ideal’ Fuller Curve (Fuller and
Thompson, 1907). The Fuller Curve describes the uniformity properties of
spherical particles for the densest possible state of packing. A sample of
spherical particles with a C, of less than 36 has an abundance of fines that hold
the coarse particles apart. The sample will also be less dense than the
maximum density. If C, is greater than 36, then the voids between the coarse
particles are not completely filled with fines. In the case of the gold tailings
tested, C, values are significantly smaller than 36, indicating that the coarse
particles are not all in contact with each other, and may be held apart by the
finer particles. This is also confirmed by the SEMs presented in the previous
chapter. It is also consistent with the results that C, decreases down the beach
as the material becomes finer. The Fuller Curve is, however, based on the
arrangement of spherical particles, while tailings fines are predominantly platy.

It is unclear how particle shape will influence the Fuller Curve, but it is
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suspected that an increase in the proportion of platy particles may result in

A
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increased difficulty for samples to reach the densest state.

A well-graded soil has a coefficient of curvature C;z between 1 and 3 (Craig,
1997). Cz values for the gold tailings material used in this thesis range

between 0.5 to 2.2 and can therefore be considered well-graded.
Atterberg limits

For the purpose of the project, only the liquid and plastic limits were
determined. The plastic limit for the MB and UB materials could not be
determined as the material crumbled before a three millimetre diameter
‘worm’ could be obtained. Liquid and plastic limits for the three test materials

are summarized in Table 5-4.

Pond Middle beach Upper beach
Liquid limit (LL) 51 30 25
Plastic limit (PL) 39 NA NA
Plasticity index (PI) 12 NA NA

Table 5-4. Summary of Liquid and plastic limits for the three test materials.

The Atterberg limits shown in Table 5-4 correspond to the grading observed in
Figure 5-1. The middle and upper beach samples have similar grading and
therefore similar liquid limits. The coarseness of these two material types
prevents the formation of a 3mm ‘worm’ and thus any estimates of plasticity.

The pond material, however, has a significantly higher LL and some plasticity.

According to the Unified Soil Classification System, the pond material can be

classified as ML-MH while the MB and UB materials are classified as SM.
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5.2.4 Limiting density

Limiting density tests were done at various moisture content to estimate the
range of void ratios that can be expected for the material. It was also assumed
that the closer the target (in situ) void ratio is to the minimum void ratio, the
less the volumetric collapse would be during flushing. In this way, the damage
to the initial fabric of the sample could be minimized. Results for the
maximum and minimum density tests are shown in Figure 5-2. It should be
noted that the limiting densities determined in this thesis can only be used as a
guideline, and not for reference purposes, as standard BS and ASTM methods
specify the use of dry material while the minimum and maximum densities of
gold tailings were determined at various moisture content (as described in
section 3.4.4). Furthermore, the maximum density of dry samples could not be
determined as material was blown out between the weight and the mould by
pore air pressure during compaction. The moisture content used for moist
tamped samples is also plotted against the target (in situ) void ratios for each

material. These are shown in full circles.

6
—=2A— Pond e (max) —=— MB e (max) —&— UB e (max)
---/A-- Ponde (min) ---3-- MBe (min) ---©-- UB e (min)
> A Pond B Middle beach @ Upper beach
4 -
-8
8
N
S}
>

35

Moisture content (%)

Figure 5-2. Limiting density tests for the three materials.
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The void ratio of a soil, relative to the maximum and minimum obtainable

void ratios can be expressed as the density index, /p:

Ip="SmTC Equation 5-1

€ max— € min

where e, and ey, are the maximum and minimum void ratios respectively
and e is the in situ or target void ratio. The density indices at preparation
moisture content are 1.17, 0.95 and 1.03 for pond, middle and upper beach
material respectively. It should be noted that these values cannot be compared
with those derived from standard maximum and minimum density tests as the

standard tests only involve the use of dry material.

The results show that the maximum void ratio increases drastically when the
moisture content is increased by a few percent from the dry condition. A peak
is reached after which further addition of moisture results in a decrease in the
maximum void ratio. It is interesting to note that the peaks for all three
material types were found in a relatively narrow range of 7% to 9% moisture,

despite the differences in the material type.

The minimum void ratio for all three material types appears flat with a gradual
decrease with increasing moisture content. This implies that the in situ void
ratio would lie close to or below the minimum void ratio line for almost the
entire range of moisture content tested. It was initially decided that the choice
of preparation moisture content for moist tamped samples would be based on
the relative position of the in situ void ratio and the minimum void ratio at
specific moisture content. As changes in minimum void ratio were small with
increasing moisture content, it was decided that the preparation moisture
content for moist tamped samples would be based on the appearance of the
sample (to prevent the formation of visible lumps) and the strength (during

handling) as described in section 3.6.2.

The target (in situ) void ratio for the pond material is below the minimum void

ratio obtained for the same material at the preparation moisture content (25%
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for pond material). This implies that significant preparation energy, such as
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using the hydraulic jack, is required to construct the moist tamped samples at
the target void ratio. The force required decreased as the target void ratio
increased in comparison with the minimum void ratio, as seen with the middle
and upper beach samples at the preparation moisture content (15 and 7.5% for

middle and upper beach samples respectively).

It is interesting to note that the target void ratios for all three material types
were close to the minimum void ratio curve shown in Figure 5-2. It appears
that the in situ depositional environment has similar compaction effort as the
vibratory table method described in 3.4.4 for the determination of minimum
void ratio. As all samples were surface samples with little or no surcharge load,
it is reasonable to assume that this reduction in void ratio is a direct result of
suction pressures between the particles during desiccation. As estimated by
Westraad (2004), suction pressures on the beach may be of the order of
150kPa.

Sedimentation tests

Sedimentation tests were done using dispersant and flocculent to increase the
void ratio obtainable for slurry samples. During the testing programme, it was
discovered that the MB and UB slurry samples cannot be constructed at the
target void ratio using tap water alone. UB slurry samples needed to be at a
void ratio of 0.6, but could only be prepared at a maximum void ratio of 0.5.
The target void ratio of MB material was approximately 1.1, but slurry
samples could only be prepared at a maximum void ratio of 0.8. Slurry
samples for pond material could be prepared at the target void ratio of 1.4 with
relative ease. As slurry samples for the middle and upper beach material could
not be prepared at the target (in situ) void ratio, dispersant and flocculent were

used to increase the initial void ratio of the slurry samples.

The effect of various concentrations of dispersant and flocculent on void ratio
was thus investigated in sedimentation tests. The effect of dispersant or

flocculent content can be seen in Appendix E figures E-1 to E-6 which plots
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void ratio against time. Void ratio was calculated from the height of the soil
column in the cylinder. The final void ratios (recorded after 5000 minutes) of

the three materials are shown in Figure 5-3.

Results of the sedimentation tests showed that the addition of dispersant had a
varied effect on the final void ratios obtained. Pond material showed an initial
decrease followed by an increase in final void ratio with the increase in
dispersant content. For middle and upper beach material, an initial increase is
observed followed by a decrease in the final void ratio with increasing

dispersant content. No consistent explanation was reached for the observed

behaviour.
3
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Figure 5-3. Final void ratio of the sedimentation test.

Although no conclusion could be made with regard to the final void ratio,
something interesting can be observed from the plots of void ratio with time
attached in Appendix E. For both pond and middle beach dispersed, a gradual
reduction in void ratio with time is observed. For upper beach material,
however, there seems to be a limiting dispersant concentration before which
the samples become effectively dispersed. The void ratio of a well dispersed

sample appears to increase with time due to the settlement of the platy fines.
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The void ratio of samples not fully dispersed decrease with time, similar to
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that observed in pond and MB samples.

The addition of flocculent, however, results in an increase in the final void
ratio for all materials. There also seems to be a limiting flocculent content
where after further addition of flocculent will have no effect on the final void
ratio. This limiting flocculent content seems to vary with material type, but
appears to be in the range of 75-100%. The addition of flocculent also has the

effect of increased rate of settlement for all materials.

The target void ratio for middle beach slurry samples was obtained with the
addition of flocculent and target void ratio for upper beach slurry samples was

achieved with the addition of dispersant.

VOLUME CHANGE BEHAVIOUR

Volume change during undrained triaxial testing includes volume changes
during flushing, consolidation and creep. All volume changes were calculated
in terms of axial deformation measured from the local LVDT outputs under

isotropic conditions from Equation 5-2.

& =(I-¢)’° Equation 5-2
where ¢, and ¢, are volumetric and axial strains respectively.

Volume change during flushing

Collapse during flushing occurs when water is introduced into a soil with a
metastable fabric. On the other hand, swell is initiated by the reduction of
effective stress by unloading and/or the adding of water. Volume changes
were monitored for all test samples and are summarized in Tables E-1, E-2
and E-3 in Appendix E for pond, middle beach and upper beach materials

respectively. The volume changes in the samples cannot be compared directly,
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as the initial target void ratio varied to accommodate the difference in

consolidation behaviour. Some observations can, however, be made with

regards to the volume change behaviour during flushing.

For all three material types, the undisturbed consolidation and shear samples

showed volumetric collapse in the order of 2% during flushing.

Moist tamped samples may be constructed to void ratios well above the
standard maximum value due to capillary effects between the grains (Zlatovic
and Ishihara, 1997). Yi (1991) demonstrated that silty soils prepared at a loose
state may display a considerable decrease in volume due to loss of the
capillary forces upon wetting. This is observed to some extent in the
volumetric behaviour of gold tailings during flushing. The volume change can
be related directly to the effort of sample preparation for moist tamped
samples. The amount of collapse is indirectly proportional to the effort
required for sample preparation. The samples may even swell, as seen in the
pond samples, when high preparation effort is required. Preparation of moist
tamped samples involves the compaction of aggregates with some strength.
For the pond material, a significant amount of effort was required, resulting in
an increasingly stable fabric with significant stresses being locked in the
sample. The stress is released with the addition of water during flushing,
resulting in the volumetric swell observed. Middle and upper beach samples,
however, require far less preparation effort. The result is a metastable fabric

which collapses during flushing.

No significant volume change was expected for slurry samples, as the samples
were prepared in water. There was, however, a significant decrease in volume
observed in the middle beach slurry samples prepared at very high void ratios
with the addition of flocculent. The addition of flocculent creates an
aggregated fabric at high void ratio which cannot sustain the initial cell
pressure. Volume changes in slurry samples can thus not be classified as

collapse or swell, as the samples were prepared to near full saturation.
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5.3.2 Consolidation behaviour

Consolidation was analysed for the shear-200 samples as well as the
consolidation samples. It should be noted that as the consolidation behaviours
differ, the initial void ratio before consolidation for the shear-200 samples was
not constant for each material type. They, however, arrived at the same void
ratio after the consolidation and creep, and could thus be sheared at the same

state.

Consolidation characteristics for the three materials could be estimated from
the shear-200 samples, which underwent standard isotropic triaxial
consolidation. The coefficient of consolidation, C,, can be determined using

Taylor’s well-known root time method:

©0.8484°

Cv Equation 5-3

t90

where d is the drainage path length and 79 is the time to 90% consolidation.
Equation 5-3 is based on Terzaghi’s theory of one-dimensional consolidation,
and application to isotropic triaxial consolidation is questionable. The issue is
complex and is not discussed in this thesis. Readers can refer to the work of
Biot (1941) for generalization of Terzaghi’s one-dimensional consolidation
theory to three dimensions. The coefficients of consolidation values for all

shear-200 samples are summarized in Table 5-5. C, values are expressed in

m’/year.
Coefficient of consolidation, C, (m”/year)
Pond Middle beach Upper beach
Undisturbed 96 697 2862
Slurry 228 2222 9402
Moist tamped 180 1367 3339

Table 5-5. Coefficient of consolidation for shear-200 samples.
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Upon first inspection of the results in Table 5-5, it appears that the C, values
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are high. Although high C, values can be expected for coarse materials such as
the middle and upper beach, the validity of Darcy’s law in Terzaghi’s one-
dimensional consolidation theory may be questionable. At high hydraulic
gradients, flow may be turbulent if pore sizes and flow rates are sufficiently
great, and Darcy’s law (which assumes laminar flow) may not apply. Grading
results in Figure 5-1 and Table 5-3 indicate that the test material is generally
silt or clay-sized, with few sand-sized particles. The SEM images also showed
that pore size may be a maximum of 100um. The combination of small
particle and pore size for gold tailings suggests that turbulent flow is not

present and Darcy’s law is still valid.

A practical aspect with regard to triaxial consolidation of highly permeable
materials with high C, values is that as consolidation occurs quickly, the
accuracy of volume gauge reading is reduced. Estimation of C, values from

consolidation data may also be difficult and more subjective.

The high hydraulic gradient may, however, affect the fabric of the samples
observed from the SEM images. As discussed in section 4.3.2, platy particles
or flocks which exist in the voids between the rotund particles (Figure 4-8) are
passive and non-load-bearing. Under high hydraulic gradients, these passive
particles may migrate to create a non-uniform fabric. Migration of fine
particles within a soil matrix may also block or unblock interconnected voids

and affect the result of consolidation (Mitchell and Soga, 2005).

Table 5-5 indicates that the C, values were in the same range as those
summarized in Table 2-7 for gold tailings. It can also be seen that C, increases

up the beach as would be expected as the material becomes coarser.

The coefficient of consolidation is of the same order of magnitude for the pond
samples. This is validated by the similar fabric observed for pond material. As
no side drains were used, the only drainage path in all the triaxial samples was
vertical, and the horizontal particle orientation observed in the P-I-200 sample

may have caused a slightly lower C, value.
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The aggregated fabric observed may have contributed to the high C, values in
moist tamped samples of middle and upper beach material. Aggregation
results in a high connectivity inter-aggregate pore system to facilitate drainage.
High permeability coupled with the unstable R-P-R particle contact resulted in

the observed high coefficient of consolidation.

Cell pressure for the consolidation tests was ramped at a rate of 10s/kPa.
Consolidation was limited to 1000 or 900kPa effective stress (depending on
back pressure used) due to the cell capacity of 1300kPa. Reconstituted
samples were prepared to the same void ratio as the undisturbed sample after
saturation. In this way consolidation samples could be consolidated at the
same initial void ratio and the effect of fabric on consolidation could then be
investigated. Void ratios for all consolidation samples before consolidation are
summarized in Table 5-6. The difference is defined, in percentage, as the
difference between the reconstituted (moist tamped and slurry) samples and
the undisturbed samples. As mentioned in section 3.2, consolidation samples

were prepared to a target void ratio difference, A, of two percent.

Pond Middle beach Upper beach
Void ratio | A (%) | Void ratio | A (%) | Void ratio | A (%)
Undisturbed 1.374 1.097 0.628
Slurry 1.377 0.4 1.105 0.7 0.636 1.2
Moist tamped 1.376 0.3 1.076 1.9 0.633 0.7

Table 5-6. Void ratios before consolidation of all consolidation samples.

Consolidation results for the three materials with different fabrics are shown in
Figure 5-4. A distinct change of slope can be observed in the compression
curve for the undisturbed pond sample, clearly defining the pre-consolidation
pressure. The compression curves of undisturbed middle and upper beach
samples show gentle curvature over the test pressure range. This is

characteristic of sand behaviour where the transition from elastic to plastic

126



i
A A

deformation is gradual, and relatively high confining stresses are required to

UNIVERSITEIT YAN
UNIVERSITY OF P
YUNIBESITHI YA P

wt

locate the normal consolidation line.

A Sharry

O In situ

1.6

one1 proA

1000

10

Log of mean normal effective stress, logp' (kPa)

Figure 5-4. Consolidation results for the three materials.
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Two parameters were used to quantify and compare the consolidation
behaviour of gold tailings: the ‘initial” slope and the compression index, Cc.
The ‘initial’ slope was estimated from the first 5 data points on the
consolidation curve and is an indication of the initial behaviour of the samples.
Cc was estimated from last 5 data points of the consolidation curve, and is the
best estimation of the linear slope of the normal consolidation line from the
available data. The ‘initial’ slopes and the Cc values of the test samples are

summarized in Table 5-7.

Pond Middle beach Upper beach

Initial Cc Initial Cc Initial Cc
Undisturbed 0.040 0.656 0.028 0.279 0.023 0.157
Slurry 0.155 0.429 0.187 0.268 0.036 0.070
Moist tamped | 0.104 0.370 0.095 0.342 0.010 0.099

Table 5-7. ‘Initial’ slope and Cc of the consolidation samples.

A consistent trend can be observed in the ‘initial’ slope of the gold tailings
samples. Slurry samples showed the highest ‘initial’ slope while the
undisturbed samples generally had the lowest ‘initial’ slope, with the
exception of the UB-I-400. This implies that both the slurry and moist tamped
samples have lower initial bulk stiffness in comparison with the undisturbed

samples. Bulk and shear stiffness is discussed in section 5.4.

Isotropic compression of a soil can also be expressed in terms of critical state
soil mechanics. The normal compression line can be defined in terms of
critical state parameters 4 and N in the Equation 5-4:

v=N-Alnp' Equation 5-4
where 4 defines the slope of the normal consolidation line NCL in the

compression (v-Inp”) plane and N defines the NCL at p’ = 1kPa. Although

from Figure 5-4 it appears that the normal consolidation line was reached,
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values of 1 were nevertheless estimated from the consolidation data available.
Values of 4 (obtained from the last 5 data points) are summarized in 7able 5-8.
The difference in C. and A values at the end of the test is in agreement with the
findings from the SEM images that the fabric was not destroyed at large

isotropic stresses and strains.

Pond Middle beach Upper beach
Undisturbed 0.281 0.121 0.068
Moist tamped 0.154 0.116 0.031
Slurry 0.186 0.144 0.043

Table 5-8. Critical state parameters A for gold tailings.

Vermeulen (2001) reported 4 values for fine gold tailings to be in the range of
0.1 to 0.17 and for coarse and whole tailings to be in the range of 0.04 to 0.07.
The 4 values for pond and upper beach samples are consistent with those

presented by Vermeulen (2001) for fine and coarse gold tailings.

The consolidation results indicate that the pond samples have the highest
compression and the upper beach exhibits the lowest C. and 4 values. It can be
expected that the pond samples, having a behaviour dominated by platy
particles which can bend and slide, will yield the higher C. and 4 values than
middle or upper beach samples. The behaviour of middle and upper beach
samples are dominated by the rotund particle and thus yield a lower slope

during isotropic consolidation.

Values from Table 5-7 and Table 5-8 show that on average, reconstituted
samples exhibit 40% lower C, and A values than undisturbed counterparts,
with the exception of the higher slope for the middle beach slurry sample
(which may be the result of the flocculated fabric). Although the block
samples appeared uniform, undisturbed samples may nevertheless contain
some fissures or cracks which would significantly lower the bulk stiffness of

these samples and result in a higher slope during consolidation. Moist tamped
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samples show slightly lower C. and A values than the slurry deposited
counterparts. This may be as a result of the isotropic compression forces being
normal to the orientation of the platy particles as suggested in section 4.3.2. C.
and A values of the moist tamped samples were on average 25% lower than

those of the slurry samples.
Secondary compression

The terms creep and secondary compression are often used interchangeably to
describe the time-dependent strain at constant stress that develops in soils.
According to Mitchell and Soga (2005), however, creep is associated with the
time-dependent shear and/or volumetric strains while secondary compression
refers to a special case of constrained creep which follows primary
consolidation. For this thesis, both terms are used to describe the same time-
dependent volumetric strains that occur after primary consolidation. Secondary
compression in shear samples was monitored to ensure that the rate was small
when compared with the subsequent shear rate. Jardine (1995) suggested a
creep rate to shear strain rate ratio of less than 1% before shear could begin, to
avoid measurement errors during shear. All shear samples were rested for
approximately 24 hours before shearing. Volume changes were monitored for
10 minutes prior to shear to ensure that the creep rate to shear strain rate ratio
was within the recommended one percent. Creep rate for all samples, except
MB-S-400, were well within the recommended range after 24 hours. Creep

rate CR for all tests are summarized in Table 5-9.

SR refers to the shear rate at the beginning of shear, calculated from the
machine rate of 0.103mm/min and the height of the sample at the beginning of
shear. It should be noted that shear-200 samples underwent standard
consolidation procedures while the shear-400 samples were ramped at 10s/kPa.

Consolidation and creep data for the two should thus not be compared directly.
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200 samples | Creeprate | CR/SR | 400 samples | Creeprate | CR/SR
(%/min) (%) (%/min) (%)
P-1-200 0.0005 0.46 | P-I-400 0.0004 0.34
P-MT-200 0.0004 0.35 | P-MT-400 0.0001 0.11
P-S-200 0.0003 0.29 | P-S-400 0.0004 0.41
MB-1-200 0.0005 0.47 | MB-1-400 0.0010 0.97
MB-MT-200 0.0006 0.59 | MB-MT-400 0.0008 0.78
MB-S-200 0.0010 0.91 MB-S-400 0.0016 1.43
UB-1-200 0.0004 0.42 | UB-1-400 0.0002 0.16
UB-MT-200 0.0000 0.03 | UB-MT-400 0.0001 0.08
UB-S-200 0.0002 0.23 | UB-S-400 0.0003 0.31

Table 5-9. Summary of creep rates before shear for shear-200 and shear-400

samples.

The creep of soils can also be expressed in terms of the secondary
compression index, C,, defined as the slope of the creep line on the e-logt’
graph. Secondary compression index for the shear-200 and shear-400 samples

are summarized in Table 5-10.

Pond Middle beach Upper beach
1-200 0.0068 1-200 0.0079 1-200 0.0033
MT-200 0.0044 MT-200 0.0056 MT-200 0.0003
S-200 0.0040 S-200 0.0125 S-200 0.0024
1-400 0.0075 1-400 0.0094 1-400 0.0010
MT-400 0.0050 MT-400 0.0054 MT-400 0.0005
S-400 0.0012 S-400 0.0147 S-400 0.0023

Table 5-10. Secondary compression indexes for shear-200 and shear-400

samples.

Graphs for the creep data of individual samples are attached in Appendix E. It
should be noted that the consolidation process for the shear-200 and shear-400
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samples were different. Shear-200 samples were consolidated using standard
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consolidation while the shear-400 samples were ramp consolidated. The effect

of the consolidation process on the consequential C, values is unclear.

To the knowledge of the author, very little work on creep of gold tailings is
available in the literature. Values for the coefficient of secondary compression
have, however, been reported by various authors in the literature for natural
soils, and may be used as reference. Leroueil and Marques (1996) reported
values of between 0.029 and 0.059 for inorganic clays. As seen in Table 5-10,
values of C, for gold tailings range between 0.0003 and 0.0147 with an
average of 0.005. This is significantly lower than values presented for natural

soils.

Furthermore, the ratio of C,/C. has also been reported in the literature. Mesri
and Godlewski (1977) reported C,/C. in the range of 0.025 to 0.075 for
inorganic clays and silts, and values between 0.035 and 0.1 for organic clays
and silts. Mesri et al. (1990) suggested that for all practical purposes, the ratio
C,/C, for sands can be considered constant and equal to 0.02. The values for
the ratio C,/C, for gold tailings ranged between 0.004 and 0.037 with an
average value of 0.018. This is consistent with the C,/C. value of 0.02
suggested by Mesri et al. (1990). The values are also on the low side of the
values reported by Mesri and Godlewski (1977) for inorganic clays and silts.
This indicates that creep behaviour of tailings is similar to that of sands,
showing low C, values. The platy particles seem more stable than natural

clays in terms of time-dependent straining due to particle rearrangement.

From the results, it seems that the coefficient of secondary compression is
dependent upon the particle shape as well as on the void ratio in relation to the
minimum void ratio of the sample. Although middle and upper beach material
have similar particle characteristics, the C, for middle beach samples is higher
in comparison with that of the upper beach samples, probably due to the fact
that the upper beach samples are at a lower relative density than the middle
beach samples. Comparison of the pond and upper beach samples, which are

at similar relative densities, show that a higher C, is observed in the pond
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material, probably due to the slippage and realignment of platy particles. It
also appears that creep for moist tamped samples may be lower than for
undisturbed and slurry samples, but this is not always the case. Assuming a

consistent C,/C, ratio, moist tamped samples which show lower C, values

should in theory also yield lower C, values.

STIFFNESS

The stiffness of the samples was determined from the two local LVDTs. Both
the bulk stiffness and the shear stiffness were investigated. The bulk stiffness
was determined from the consolidation results of the consolidation samples
(samples isotropically consolidated to 1000kPa), while the shear stiffness was
determined from the shear samples. Both the bulk and shear modulus were
determined as the secant value as demonstrated in Figure 5-5. Bulk modulus K
was determined as the secant value shown by the slope of the secant line on
the p - &, plot as shown in Figure 5-5a at various mean normal effective stress
increments. The secant Young’s modulus £ was defined as the slope of the

secant line on the ¢’ — ¢, graph as shown in Figure 5-5b.

1000 : : f 800 :
| | ® |
| \: |
£ 1 . !
) | J |
2 750 -~ SRR oo < 600 ----- e
8 | | =¥ |
A7 I I é (
z K @ 750kpa | z |
15} | | B |
£ 500 i i s 400 - i
e : : E |
£ | | g / E @0.04
£ ‘ | a |
£ 250 i | 200 |
] | | |
= | | |
* | I
0 0.02 0.04 006 0.08 0 0.02 0.04 0.06 0.08
a) Volumetric strain b) Axial strain

Figure 5-5. Graphic illustration of secant K and E interpretations.
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5.4.1 Bulk modulus

As mentioned in section 2.5.6, the bulk stiffness is a measure of the soil’s
ability to resist volumetric strains under an applied pressure. The bulk
modulus determined from FEgquation 2-3 for all consolidation samples at

effective confining stresses of 250, 500 and 750kPa are shown in Table 5-11.

Bulk modulus at various confining stresses (MPa)
o’ (kPa) 250 500 750
Undisturbed 5.08 4.51 4.33
Pond Slurry 2.55 3.64 4.56
Moist tamped 3.73 5.21 6.33
Average 3.79 4.45 5.07
Undisturbed 8.02 8.49 9.34
Middle Slurry 1.81 2.74 3.59
beach Moist tamped 3.41 4.75 5.97
Average 4.41 5.33 6.30
Undisturbed 8.44 9.84 11.38
Upper Slurry 6.96 10.10 12.73
beach Moist tamped 24.34 29.70 33.01
Average 13.25 16.55 19.04

Table 5-11.Bulk stiffness of gold tailings at various confining stresses.

Significant variations in bulk stiffness behaviour can be observed at low
confining stresses of up to 100kPa, where after the bulk modulus increases
with increasing confining stress. Initial variations in behaviour may be a result
of several factors such as over-consolidation ratio and specimen uniformity.
Cracks and fissures may also result in a constant bulk modulus as
demonstrated by the undisturbed pond sample. In homogeneous samples pores
close up as consolidation progresses resulting in a denser configuration and an
increase in the bulk stiffness. In cracked or fissured samples, however,

consolidation results in the closing of cracks and fissures and constant bulk
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stiffness are observed. Once the cracks and fissures are closed the
homogeneous sample then displays an increase in bulk stiffness upon further

consolidation.

Comparison of the bulk modulus values shown in 7able 5-11 and those
obtained by Vermeulen (2001) indicate that the pond samples which have
similar initial void ratios (of around 1.4) have similar bulk modulus. Middle
beach samples also have similar initial void ratios (of around 0.8) and bulk
modulus when compared with Vermeulen’s results for coarse tailings (2001).
The upper beach samples are however significantly stiffer than those obtained
by Vermeulen for coarse tailings. This may be explained by the upper beach
samples having a lower initial void ratio (around 0.5) than a void ratio of 0.8

for Vermeulen’s coarse tailings.

With regard to sample preparation/fabric effects on bulk modulus, it appears
that pond undisturbed, moist tamped and slurry samples exhibit similar values
of K for the stress range investigated. This further validates the similar fabric
observed from the SEM images of the pond samples. The bulk stiffness of
middle beach samples was, however, significantly affected by the fabric. K
values for the slurry samples were in the range of 25% to 30% of the
undisturbed counterparts. It is speculated that the flocculated fabric may have
significantly lowered the stiffness of the slurry samples. Bulk stiffness of the
moist tamped samples was approximately half that of the undisturbed
counterpart. The bulk stiffness of the undisturbed and slurry upper beach
samples was similar, but significantly lower than that of the moist tamped
samples. It is unclear why the moist tamped upper beach samples showed
significantly higher bulk stiffness than the undisturbed and slurry samples, but
it is speculated that the moist tamped sample was constructed at a lower void

ratio or that larger rotund particles were included in the sample.
Young’s modulus

According to Heymann (1998), stiffness may be plotted against the logarithm

of strain to give equal prominence to stiffness at all strain levels. Consider a
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typical force time plot for the sample P-I-400 shown in Figure 5-6. After the
creep rate had been checked, the ram was lowered to a height slightly above
the sample, and the machine was started. Due to the limited flow rate of the
digital pressure controller, it was important to lower the ram slowly enough to
prevent an increase in cell pressure. Data logging was initiated at time zero
before the ram touched the top cap. The start of shear was identified by

observing lift-off of the measurement as shown in the Figure 5-6.

300

200

100

Axial force (N)

-100

-200

0 30 60 90 120
Time (s)

Figure 5-6. Force time plot used to identify the start of shear.

The secant Young’s modulus is defined in Figure 5-5b and is determined

using Equation 5-5:

Equation 5-5

where E is the stiffness, ¢’ the deviatoric stress and ¢, the axial strain. ¢’y and

&40 are points defining the origin.

Small strain stiffness
The small strain stiffness is a measure of soil stiffness in the elastic range.
Stiffness of soils in the elastic range is constant and using high accuracy

interferometers for local strain measurements, Heymann (1998) was able to
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demonstrate that the linear plateau of stiffness for soils and weak rocks is in
the range of 0.002% strain. The results show that there is significant below the
0.001% range, indicating that the LVDTs used may not be capable of
accurately identifying the linear plateau. The small strain stiffness for gold
tailings can, nevertheless, be estimated. It was decided that the small strain
stiffness would be taken as the average value of the stiffness values in the
range of 0.0001% to 0.001% strain. The scatter of values below 0.0001%
strain may be extremely large (positive or negative) and may influence the
average value considerably. Values above 0.001% strain may be out of the
linear plateau and are thus not included. An example for P-U-200 is shown in

Figure 5-7.

400
© O
o 300 o
S O
a) O o
% 200 [ Eave = 245MPa <>
0]
&
7 &
100 < Eactual
------- E average
0
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
Axial strain (%)

Figure 5-7. Example of small strain stiffness derivation (P-U-200)

The small strain stiffness values for the samples tested are summarized in
Table 5-12. Theron, Heymann and Clayton (2004) presented small strain shear
stiffness data of slurry prepared gold tailings based on bender element
measurements. Small strain stiffness of gold tailings is in the order of 100MPa
and 175MPa for confining stresses of 200 and 400kPa respectively. G, of
moist tamped gold tailings samples determined from shear wave velocities
obtained using bender elements (Chang, 2004) were in the order of 60MPa and
100MPa for samples consolidated to 200kPa and 400kPa respectively.
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Small strain Young’s modulus, £ (MPa)
Pond Middle beach Upper beach
o’ (kPa) 200 400 200 400 200 400
Undisturbed 245 336 237 451 174 470
Moist tamped 226 332 135 280 234 374
Slurry 301 383 251 460 180 447

Table 5-12. Small strain Young’s modulus values for gold tailings.

Under isotropic conditions, the Young’s modulus £ can be related to the shear

modulus G via Equation 5-6:

G E
2(1+v)

Equation 5-6

where v is the Poisson’s ratio. Under undrained conditions, v equals 0.5 and

the equation can be simplified to:

E,=3G. Equation 5-7

The undrained Young’s modulus from Theron, Heymann and Clayton’s results
for gold tailings can then be approximated to 300MPa and 525MPa for
confining stresses of 200kPa and 400kPa respectively. Results of Chang’s
bender element tests yield a Young’s modulus of 180MPa and 300MPa for
confining stresses of 200kPa and 400kPa respectively. This is consistent with
the results of this section, as Theron, Heymann and Clayton (2004) tested
slurry samples and the samples of Chang (2004) were moist tamped.

It appears that the small strain stiffness results shown in Table 5-12 are in
between those obtained by Theron, Heymann and Clayton (2004) and Chang
(2004). The difference between the results of Theron, Heymann and Clayton
(2004) and Chang (2004) may partly be a result of the preparation method and
thus the fabric.
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From Table 5-12, it can be seen that fabric may have a significant effect on the
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small strain stiffness of gold tailings. All but one slurry sample show higher
small strain stiffness when compared with the undisturbed counterparts. With
the exception of UB-MT-200, all moist tamped samples show lower small
strain stiffness than the undisturbed samples. The difference may be minimal,
as in the case of the pond samples, or significant, as in the case of middle
beach samples. Comparison of small strain stiffness of undisturbed and
reconstituted samples is summarized in 7able 5-13. Differences are shown as

percentages and negative values indicate a value lower than the undisturbed

stiffness.
Pond Middle beach Upper beach
o’ (kPa) 200 400 200 400 200 400
Moist tamped | -7.8% -1.2% | -43% | -37.9% | 34.5% | -20.4%
Slurry 248% | 142% | 104% | 3.2% 2.6% -6.1%

Table 5-13. Differences in E values between undisturbed and reconstituted

gold tailings.

The small strain stiffness of soils is significantly affected by the homogeneity
of the sample. Triaxial tests conducted on reconstituted Laval and Sherbrooke
samples indicate that stiffness increases as the material becomes more
homogeneous (Clayton et al., 1992). This is consistent with the small strain
stiffness results observed for gold tailings. Slurry samples represent samples
with the highest degree of homogeneity and thus exhibited the highest small
strain stiffness values. Undisturbed samples generally contain small cracks and
fissures which can significantly lower the homogeneity and thus the small
strain stiffness of the sample. According to the particle contact model
postulated in section 4.3.2, shear force transfer through the aggregates is
accomplished through the parallel orientated platy particles, and this may

significantly reduce the initial stiffness of the sample in the small strain range.
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Stiffness degradation

It is generally recognized that soils stiffness decreases with increasing strain
(e.g. Simpson, 1979; Jardine et al., 1984; Clayton and Khatrush, 1986;
Tatsuoka, 1988). An idealized stiffness degradation curve such as the one
shown in Figure 5-8 includes an initial linear plateau at small (<0.002%)

strains followed by continued degradation at intermediate and large strains.

Shear stiffness

Y

0.002% Shear strain

v

Figure 5-8. Idealized stiffness degradation for soils.

The stiffness of the pond, middle and upper beach samples are attached in
Figures E-10, E-11 and E-12 respectively in Appendix E. The entire stiffness
degradation curve can generally be described by values of stiffness at various
strain levels and the ratios of these stiffness values. Stiffness of gold tailings at
strain levels of 0.001, 0.01 and 0.1 and 1% strain and the stiffness ratios are

summarized in Table E-4.

From the figures, it can be seen that there is convergence of the data points at
higher strain levels. For pond and upper beach samples, no significant
differences can be observed in the stiffness of the shear samples at the same
effective stress. It is expected that pond material will have similar stiffness
values, as the behaviour is dominated by the matrix of platy particles and

flocks. The aggregated fabric observed in the middle and upper beach moist
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tamped samples implies that moist tamped samples should have a lower

stiffness than the undisturbed and slurry counterparts.

For the middle beach samples, the stiffness for moist tamped 200 and 400
samples are considerably lower than those for the undisturbed and slurry
counterparts, as expected from the aggregated fabric. Contrary to the author’s
expectations, the stiffness values of upper beach samples are similar. It may be
that the higher relative density has suppressed the instability of the unstable

contacts in the aggregated fabric.

The shape of the stiffness degradation curves, described by the ratio of the
stiffness at various strain levels seems to be similar for all samples. Average

values for these ratios for gold tailings are summarized in 7Table 5-14.

Stiffness ratio Pond Middle beach Upper beach
Eo.01/E0.001 0.78 0.84 0.80
Eo.1/Eo.001 0.34 0.35 0.30
E1.0/Eo.001 0.06 0.07 0.05

Table 5-14. Average stiffness ratios gold tailing of varying material type.

Stiffness ratios shown in 7Table 5-14 indicate that the rate of degradation is not
significantly affected by the material type. These ratios are, however, lower
than values presented by Heymann (1998) for natural geomaterials. The effect
of sample preparation method (fabric) on the stiffness degradation of gold

tailings is demonstrated in Figure 5-9.

Average stiffness degradation compared on the basis of preparation method
shows that moist tamped samples display lower rates of degradation than the
undisturbed and slurry samples. It should be noted that a higher stiffness ratio
indicates a lower rate of degradation, suggesting that moist tamped samples
degrade at a slower rate than the undisturbed and slurry samples. The effect of

fabric on stiffness of gold tailings decreases as the sample straining is
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continued. It seems that the stiffness tends to a unique value dependent on the
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material type only. As stiffness tends to a constant value, the higher stiffness
ratio (lower rate of stiffness degradation) of moist tamped samples may be a
function of the lower small strain stiffness observed in the moist tamped

samples.

1.2

—&— In situ
- —O6— Moist tamped |-

0.6

E/Emax

04 r

0.0001 0.001 0.01 0.1 1
Axial strain (%)
Figure 5-9. Average stiffness ratios gold tailing for varying preparation

method.

Normalized stiffness

The stiffness may also be normalized against the current mean effective stress
p’ to eliminate the effects of p’. The normalization by division by p’ is strictly
only applicable for large strains and it is generally more conventional to divide
by (p’)" where n is a function of, among other things, the strain level (Porovic,
1995). As the value of n for gold tailings is unclear, it is assumed to be unity.

The normalized stiffness of gold tailings is shown in Figure 5-10.
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Figure 5-10. Normalized (against current p’) stiffness of gold tailings.

The figure shows that there is considerable scatter in the normalized stiffness
values, particularly in the small to medium strain range. There is, however,
increasing convergence at larger strains. From the figure, is can be concluded
that the normalized small strain stiffness (against p’) of gold tailings is
generally in the range of 1000 to 1500kPa/kPa, with the exception of the two

moist tamped samples which show significantly lower values (in the order of
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determined for every log scale increment from 0.001 to 10. The two moist
tamped samples were also included in the calculation for completeness. The
trend for the average curve shows that gold tailings has a normalized small
strain stiffness of around 1200kPa/kPa and appears to tend to a linear plateau

below the 0.001% strain level.

The figure also shows that the fabric has no significant effect on the stiffness
of gold tailings, again with the exception of the two moist tamped samples. It
seems that the effect of fabric on small strain stiffness is also a function of the

relative density state of the sample.
Stiffness anisotropy

Sample stiffness anisotropy can also be investigated from the stress paths in
p’-q’ space. According to Graham and Houlsby (1983), stiffness anisotropy,
can be expressed by the initial slope of the stress path in p’-g” space. A soil
which is stiffer horizontally will display an initial decrease in p’ while the
stress paths of a soil which is stiffer vertically will move initially to the right
displaying an initial increase in the mean effective stress. An isotropic soil will
display a near vertical initial stress path. The initial slope of the stress path in
p’-q’ space has been summarized in Table 5-15 in terms of the initial slope

angle 4 at 0.05% axial strain following Equation5-8:

o)
0 =tan""' (M) Equation 5-8

0.05
Assuming 0° at the vertical, a positive 6 indicates a positive slope (initially to

the right, stiffer vertically) and a negative 6 suggests a negative slope (initially

to the left, stiffer horizontally).
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Pond Middle beach Upper beach
o’ (kPa) 200 400 200 400 200 400
Undisturbed -4.6 -1.9 -2.6 -2.0 0.2 2.9
Moist tamped 1.1 4.5 -3.6 0.3 3.2 4.6
Slurry 4.2 3.9 -3.6 -0.4 11.3 24

Table 5-15. Initial stress path slope 0 of gold tailings.

From the stress paths, it can be seen that most of the samples show a near
vertical initial stress path, with the exception of UB-S-200 which displays
strong anisotropy in the vertical direction, probably as a result of the initial
one-dimensional consolidation of the slurry sample which resulted in a higher
vertical stiffness. It is surprising, however, that the other slurry samples did
not show some anisotropy. Moist tamped samples are expected to be isotopic
and this is confirmed by the near vertical initial stress paths. It is also
surprising that the undisturbed samples were also isotropic. Horizontal
layering seen in tailings generally yields a sample which is stiffer in the
horizontal direction, and would display an initial decrease in the mean normal
stress p’. The isotropy observed in the undisturbed sample indicates that

layered blocks were avoided during block sampling.

SHEAR BEHAVIOUR

Gold tailings have generally been regarded as material which shows phase
transfer dilation upon undrained shear (Vermeulen, 2001). To the author’s
knowledge, there has been limited evidence, besides the Merriespruit samples
(Wagener et al., 1998), that undisturbed gold tailing samples actually contract
and strain-soften during static loading in a triaxial test. This fact has been
confirmed to some degree by the outcome of the shear tests. The results of the
undrained shear tests are attached in Appendix E and are presented in the form
of stress-strain relationships of mean normal effective stress p’ (Figures E16-

E18), deviatoric stress g '(Figures EI13-E15) and excess pore pressure Ue
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(Figures E19-E21). Stress paths plotted in s’-¢" and p’-q’ space for all three
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material types have also been attached in Appendix E (Figures E22-E27).
Available shear strength

The shear behaviour of the undisturbed samples is generally characterized by
an increase in deviatoric stress and the generation of excess pore pressure.
This is accompanied by a decrease of mean normal effective stress to constant
values. Stress paths of undisturbed gold tailings samples indicated initial
contraction followed by dilation after phase transfer. Failure generally
occurred close to the point of phase transformation without significant dilation
occurring. Sample UB-U-400, however, showed a significant increase in
deviatoric stress accompanied by a decrease in excess pore pressure and an
increase in mean normal effective stress, indicative of strong dilative

behaviour.

The shear behaviour of slurry samples is generally similar to the undisturbed
counterparts, exhibiting initial contraction followed by phase transfer dilation.
Slurry samples, however, showed stronger dilative response than the
undisturbed samples. This can be observed by the increase in both deviator
stress and mean normal effective stress accompanied by a decrease in excess
pore pressure in the pond and upper beach samples. This strong dilative
behaviour can also be seen in the stress paths where, following the point of

phase transformation, dilation continues substantially before failure occurs.

The shear behaviour of some moist tamped samples was significantly different
from that observed for the undisturbed and slurry deposited samples. Moist
tamped pond samples showed almost identical behaviour to the undisturbed
and slurry deposited counterparts, with initial contraction followed by phase
transfer dilation. The shear behaviour of the moist tamped middle and upper
beach samples was, however, significantly different to that of the undisturbed
and slurry deposited samples. The moist tamped samples demonstrated
contractive and strain-softening behaviour as suggested by a decrease in

deviatoric stress to a residual value.
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Difference in the stress path of undisturbed, moist tamped and slurry samples
have significant implications in terms of the available shear strength in the
gold tailings samples. The difference in available shear strength is not only
between the strain-hardening undisturbed and slurry samples and the strain-
softening moist tamped samples, but also between the strain-hardening
undisturbed and slurry samples. This is exemplified by the stress paths of
middle beach shear-400 samples shown in Figure 5-11.

400 ;
I 1 — In situ
--- Slurry
- — Moist tamped
£
=2
€ 200
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[
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p'=(0,+205") / 3 (kPa)

Figure 5-11. Difference in available shear strength between middle beach
shear-400 samples.

It can be observed that, although both undisturbed and slurry samples exhibit
phase transfer dilation behaviour, the available shear strength between the two
samples is still different. The strain-softening moist tamped sample, however,
had significantly lower shear strength than the undisturbed and slurry
counterparts. The strain-softening behaviour of the moist tamped samples may
have been caused by a tendency of the aggregates to move into a denser
configuration during shear, resulting in an increase in excess pore pressure and

a decrease in effective stress.
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The available shear strength of gold tailings samples are summarized in 7able

5-16.

Available shear strength (kPa)

Pond Middle beach Upper beach

o’ (kPa) 200 400 200 400 200 400

Undisturbed 248.2 365.8 187.8 386.0 142.2 1021.2

Moist tamped | 197.5 595.4 82.5 160.9 113.4 542.2

Slurry 313.2 589.7 161.4 354.5 270.9 686.8

Table 5-16. Available shear strength of gold tailings samples.

From these values, it is clear that although the moist tamped pond samples
demonstrated strain-hardening behaviour, the available shear strength of moist
tamped samples was in general lower (approximately 25%) than those of the
undisturbed samples. Comparison between the undisturbed and slurry samples
was indecisive, as in some cases the undisturbed sample had higher shear

strength and in other cases the slurry sample had higher strength.

Liquefaction behaviour

The difference in stress paths between gold tailings samples can also have
significant implications in terms of the liquefaction behaviour of the sample.
Liquefaction is a combined effect of contractive behaviour and strain-
softening behaviour and this was observed in some of the moist tamped
samples. As described in section 2.5.8, cohesionless soils may exhibit three
types of behaviour, namely contractive (C), dilative (D) and limited
liquefaction (LL). The behaviour types observed for gold tailings are

summarized in Table 5-17.
From these results, it can be seen that none of the undisturbed or slurry

samples strain-softened during shear. For these samples the deviatoric stress

and excess pore pressure generally increases to a constant value. For the stress
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paths, ¢’ or ¢ increased until failure while p’ or s~ first show a decrease and
then an increase. It can further be observed that, with the exception of UB-U-
400 and UB-S-400, the stress paths of undisturbed and slurry samples are
almost identical. Although both UB-U-400 and UB-S-400 samples show

different degrees of dilation, the general behaviour is the same.

Pond Middle beach Upper beach
o’ (kPa) 200 400 200 400 200 400
Undisturbed D D D D D D
Moist tamped D D C C C D
Slurry D D D D D D

Table 5-17. Liquefaction behaviour type for gold tailings.

From the results, it can also be seen that moist tamped samples may strain-
soften during undrained shear, as in the case of MB-MT-200, MB-MT-400
and UB-MT-200 samples. Brittleness index values Iz described in section

2.5.8 for the contractive samples are summarized in Table 5-18.

po’ (kPa) Middle beach Upper beach
200 0.26 0.45
400 0.28 NA

Table 5-18. Brittleness index for strain-softening moist tamped samples.

Middle beach samples yielded a similar brittleness index irrespective of
confining stress. Upper beach samples, however, displayed a brittleness index
of approximately half. No conclusions can be reached with regard to
brittleness index as only limited data is available. It can, however, be said that
moist tamped samples may lose up to half their peak strength due to strain-

softening.
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The reason for the observed strain-softening behaviour may be the aggregated
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fabric described in chapter 4. During shearing, platy particles at the contact
points tend to slide relative to each other and the result is a disintegration of
the platy contacts between existing aggregates. This causes a tendency of the
rotund particles to move into a denser configuration, resulting in an increase in
pore-water pressure accompanied by a decrease in deviatoric stress (strength
of the sample). This strain-softening behaviour was not visible in all
aggregated samples. UB-MT-400 exhibited strong dilative response and this
may be a result of dilation due to the sample being in a state of high relative

density.
Shear strength
The shear strength of soils is generally described by a cohesion ¢’ and a

friction angle, ¢ . The values of ¢’ and ¢’ may be obtained from the stress

paths in s -¢” space, as demonstrated in Figure 5-12 for P-U-400.
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Figure 5-12. Friction angle of P-1-400 sample.

Since gold tailings are generally considered cohesionless, values for the

friction angle have been determined based on the assumption that the material
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has no cohesion. Each sample was determined individually. The friction
angles for the moist tamped middle beach samples were not determined as the
sample strain-softened and the stress paths did not reach a constant slope at the
end of the test. Values of the friction angle for all gold tailings samples are

summarized in Table 5-19.

Pond Middle beach Upper beach
o’ (kPa) 200 400 200 400 200 400
Undisturbed 31.6° 33.7° 32.6° 33.3° 30.9° 31.5°
Moist tamped 30.4° 30.2° NA NA 30.9° 30.5°
Slurry 31.6° 31.5° 34.3° 34.3° 31.5° 31.2°
Average 31.5° 33.6° 31.1°

Table 5-19. Angles of internal friction for gold tailings.

From the results, it is apparent that the angle of friction is independent of the
fabric of the sample as a similar trend can be observed for the same material
type. It should be noted that visual determination of samples which failed
before dilation or strained-softened is difficult and may cause some scatter in

the results.

A better indication of the frictional strength is the critical state parameter M
defining the slope of the stress path in p’-g’ space. The value of M is defined
as the constant to which the stress ratio (¢ /p’) approaches at increasing axial
strain. Plots of stress ratio against axial strain for all samples are attached in
Figure E-28, E-29 and E-30. Values of M are given in Table 5-20. It should be
noted that the tests were generally terminated at 20% axial strain or when
further straining could damage the LVDTs or the triaxial loading ram. Most
samples reached the critical state, with stabilizing of the deviatoric stress q’
and effective confining stress p’ but some samples were terminated close to
the critical state. As a result, the position of the critical state line for some

samples could not be accurately identified.
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Pond Middle beach Upper beach
o’ (kPa) 200 400 200 400 200 400
Undisturbed 1.66 1.71 1.73 1.73 1.61 1.61
Moist tamped 1.54 1.48 1.76 1.69 1.61 1.44
Slurry 1.69 1.66 1.88 1.86 1.53 1.58
Average 1.62 1.78 1.56

Table 5-20. Critical state parameter M for gold tailings.

The friction angle shown in Table 5-19 is in the same range as those obtained
by Vermeulen (2001). Critical state parameter M, however, is somewhat

higher than Vermeulen’s results.

From the stress ratio plots, it can be seen that all samples yield similar values
for M. For the same material type, values of M also seem to be in a similar
range despite some scatter. This is consistent with the findings of Zlatovic and
Ishihara (1997) which suggested that the shear strength of soils is only

governed by the particle characteristics and is independent of the initial fabric.

Values of friction angle and M for middle beach slurry material seem slightly
higher than other samples in general. This may be a result of the addition of
flocculent in the slurry samples. According to Horn and Deere (1962), the
absorption of pore fluid may alter the coefficient of surface friction of the
particle. This anti-lubricating effect is especially noticeable on quartz and less

on muscovite.

An interesting fact was also visible for pond and upper beach samples. The
materials have similar values for friction angle or M despite the significant
difference in the particle properties. Similar results were published by
Vermeulen (2001). As observed in the SEM images, pond material consists
predominantly of fine platy particles while particles constituting upper beach

material are mainly coarse and rotund.
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THE EFFECT OF FLOCCULENT AND DISPERSANT
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The addition of flocculent and dispersant was necessary to prepare slurry
samples to the required void ratio. This however, changes the pore fluid
chemistry and may result in a change in behaviour of the tailings. The effects
of pore fluid chemistry will be both mechanical and physico-chemical, with
one dominant mechanism (Olson and Mesri, 1970). Mechanical effects occur
when the pore fluid absorbs into the particle surface, resulting in a change in
the particle’s coefficient of surface friction. This was substantiated by the
slightly higher friction angle and M values observed for the middle beach

slurry samples.

The physico-chemical effect of pore fluid chemistry was visible during sample
preparation of the slurry samples. Sedimentation tests showed that the addition
of flocculent to the slurry increased the rate of settlement, but also the final
settled void ratio. This confirms the observations of Olson and Mesri (1970),
who suggested that physico-chemical effects in the slurry influence the

original soil structure.

SUMMARY

The results of the experimental programme have been presented and discussed
in terms of the observed fabric of undisturbed and laboratory prepared gold
tailings samples. The differences in behaviour have been explained in terms of
the particle contact model proposed in Chapter 4. The model, is however,

inadequate to explain the observed behaviour fully.

The results also indicate that a limit in density or relative density may exist for
samples of different fabric to behave differently. Compaction above that
density or relative density limit may destroy any significant fabric, and results
in similar fabric and behaviour. Verification of this, however, will require a

systematic experimental programme which is beyond the scope of this thesis.
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Conclusions

6.1 BACKGROUND

The fabric and behaviour of undisturbed and laboratory prepared gold tailings
have been investigated. The hypothesis states that accurate simulation of the
behaviour of gold tailings under laboratory conditions requires
appropriate replication of the material fabric. An experimental programme
was set up to investigate the difference in the fabric of undisturbed and
laboratory prepared gold tailings samples and the subsequent fabric effects on
the behaviour of gold tailings. Conclusions based on the results and
discussions are presented in this chapter.

6.2 CONCLUSIONS FROM EXPERIMENTAL PROGRAMME

e A method of preparing slurry samples was proposed. Traditional methods
result in an hourglass shaped sample. The proposed method allows some
vertical settlement and one-dimensional consolidation to take place under
low suctions. This method, however, may result in some anisotropy in the

sample.
e Middle and upper beach slurry samples could not be prepared to the target

(in situ) void ratio using tap water alone. Flocculent and dispersant were

required to increase the initial void ratio of the slurry samples.
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The addition of dispersant and flocculent affects the amount of settlement
for gold tailings in a sedimentation test. The effect of increased dispersant
concentration on the settlement rate and amount of settlement is not clear.
Increased flocculent concentration increases the rate of settlement, but also

decreases the amount of settlement (i.e. settles to a higher void ratio).

The fabric of gold tailings can be classified into four levels:

Level 1: non-aggregated and non-orientated.

Level 2: aggregated but non-orientated.

Level 3: orientated but non-aggregated.

Level 4: aggregated and orientated.
These four levels were used to describe the differences in the fabric of gold
tailings, but may be inadequate to describe soils in general. According to
the proposed classification system, difference in the fabric can be observed

in undisturbed and laboratory prepared gold tailings samples.

The initial fabric observed before consolidation is not destroyed at large

isotropic stresses and strains.

A particle contact model was postulated based on the observed fabric of
gold tailings. According to the model, isotropic compression forces normal
to the parallel alignment of the platy particles of the aggregate contact
point results in a higher bulk modulus in aggregated gold tailings samples.
The transfer of shear forces through the aggregated fabric during initial
stages of shear is dampened by the ineffectiveness of the parallel
orientated platy particles to transfer forces tangential to the platy particle
orientation. At large strains, the platy contact is destroyed. This results in a
tendency of the aggregates to collapse into a denser configuration which
causes an increase in excess pore pressure accompanied by strain-softening

behaviour.

Volume changes occurred during sample flushing. All undisturbed samples

show collapse of the order of 2%, irrespective of material type. Collapse of
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moist tamped samples is dependent on the relative density state. Samples
may show collapse up to 10% at low relative density and may even swell

at high relative density.

The coefficient of consolidation, C, is a function of the material type as
well as the fabric. C, decreases down the beach, due to a decrease in
particle size or a change in particle shape from predominantly rotund to
predominantly platy. C, is significantly increased due to aggregation.
Undisturbed C, values are approximately a third that of moist tamped

samples and half that obtained for slurry samples.

Compression index C. and critical state parameter 4 estimated from the last
five data points of consolidation data is dependent on both particle
characteristics and fabric. C. and 4 both increases down the beach with a
decrease in particle size and an increase in platy particle content. C. and 4
values for the reconstituted moist tamped and slurry samples were on
average 40% lower than those for the undisturbed samples. The fabric was
not destroyed at large isotropic stresses and strains.

Coefficient of secondary compression, C,, for gold tailings ranges between
0.0003 and 0.147 with an average of 0.005. C, is a function of relative
density and particle shape. The value increases with decreasing relative
density and increasing platy content. C, is also lower for moist tamped
samples.

The bulk modulus of gold tailings is dependent on the sample fabric. At
low confining stresses, undisturbed samples exhibit higher bulk modulus
values than the reconstituted samples and at higher confining stresses the
moist tamped samples produce the highest K values. Slurry samples
generally produce similar or conservative K values compared with the

undisturbed counterparts.

The small strain stiffness, E,.., of gold tailings is a function of the fabric.
Slurry samples show higher E,.. values (approximately 10%) than the
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undisturbed samples while moist tamped sampled yield lower E,... values
(approximately 15%) than the undisturbed counterparts. Both laboratory
preparation methods may yield erroneous results, but moist tamped

samples yield conservative results.

Moist tamped samples show a lower rate of stiffness degradation at small
strains as a result of the lower small strain stiffness values. The samples,
however, tend to the same stiffness value upon continued shearing to

strains in excess of 10%.

Gold tailings have normalized (against the current mean normal effective
stress) small strain stiffness in the range of 1000 to 1500kPa/kPa with an
average value of around 1200kPa/kPa and tend to a linear plateau below
the 0.001% strain level.

Undisturbed and slurry samples at the target (in situ) void ratio only show
dilating behaviour. Moist tamped samples at the same state may exhibit
contractive and strain-softening behaviour. The available shear strength of
slurry samples are in general 20% higher than those for the undisturbed
samples while the available shear strength of moist tamped samples are on

average 25% lower in comparison with the undisturbed counterpart.

The angle of friction and A are independent of the fabric. The friction
angle and M may however be influenced by changes in pore fluid

chemistry.
Table 6-1 shows the recommended laboratory sample preparation method

for testing of gold tailings specimens based on the behaviours in

comparison with undisturbed samples.
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Behaviour type or engineering parameter | Moist tamped Slurry

Collapse/Swell

Coefficient of consolidation, C,

Compression Index C.and A

Coefficient of secondary compression, C,

Bulk modulus, K

Small strain stiffness

Medium to large strain stiffness

Friction angle and M

L ETIE R IE R e
gt R I R IR IR e

Liquefaction potential

[Se]
—
o

Total 4/8

é Reconstitution method yields similar
results in comparison with undisturbed samples

# Reconstitution method yields different
results in comparison with undisturbed samples

Table 6-1. Recommended laboratory preparation method for triaxial testing of

gold tailings.

In conclusion, it appears that neither moist tamping nor slurry deposition can
fully replicate the behaviour of undisturbed samples. It is recommended that
moist tamping be used when the friction angle of gold tailings is required. The
method may also be used for small strain stiffness determinations as the results
are conservative. Slurry samples generally replicate the behaviour of
undisturbed samples better than moist tamped samples do, but may vyield
higher C,, and small strain stiffness values which may be un-conservative. It
should be emphasized that the recommendations shown in the table are based

on general application and may not be applicable to special cases.
Based on the conclusions presented in this chapter, the hypothesis: Accurate

simulation of the behaviour of gold tailings under laboratory conditions

requires appropriate replication of the material fabric, is accepted.
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RECOMMENDATIONS

Recommendations are made based on the findings of this thesis.

The effect of additives (dispersant and flocculent) on the behaviour of gold
tailings requires further investigation. The assumption was made that the
influence of additives on the general behaviour of gold tailings will be
minimal, but this assumption needs to be validated.

During the course of this research, it has become increasingly apparent that
the effect of fabric is significantly dependent on the relative density of the
samples. For this research the in situ density (or void ratio) was used as a
benchmark against which all samples were compared. Research may be
required to quantify the correlation between relative density and fabric and

its effects on the behaviour of gold tailings.

This research provides a first step in validating that the observed
differences in behaviour is in fact due to a difference in fabric. A more
comprehensive method for quantifying or classifying soil fabric may need
to be developed in order to investigate the relationship between soil fabric

and soil behaviour in more detail.

The proposed particle contact model needs to be validated or refined. The
model may provide explanation for some of the observed similarities or
differences in behaviour, but is inadequate to model comprehensively the

behaviour of gold tailings.
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