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INTRODUCTION

The world is faced with a growing problem of 

how to utilise its mineral resources in a sus-

tainable manner. With the depletion of high-

grade ore bodies and advances in extractive 

metallurgy, the volume of tailings requiring 

storage is ever-increasing. Typically, mill-

circuits extract small percentages of the 

sought mineral from ore via a wet process, 

resulting in slurried tailings. The need to 

dispose of the tailings in an environmentally 

friendly, structurally stable and economically 

viable manner has resulted in a number of 

available solutions. Tailings disposal involves 

both process engineering for the thickening 

of tailings and geotechnical engineering 

for the deposition of tailings. Tailings may 

be thickened1 to a low-density slurry or a 

paste, or even filtered to a cake, increasing 

upfront water recovery, albeit at extra cost. 

Tailings then require impounding or can 

self-impound if the geotechnical behaviour 

results in sufficient strength within realistic 

time-frames. No single solution is universally 

applicable as each has its merits. This paper 

builds on research previously presented by 

the authors (Blight et al 2012) which high-

lighted the gravitational thickening of low-

density slurries during subaerial deposition, 

and extensively investigates the drying phase 

leading to strength gain in platinum tailings.

Moisture loss and strength gain

The strength gain of deposited “conven-

tional” slurries is dependent on increasing 

inter-particle forces during sedimentation, 

consolidation and, finally, drying. Pane & 

Schiffman (1985) linked the Kynch (1952) 

theory of sedimentation and the Gibson et 

al (1967) theory of non-linear, finite strain 

consolidation of saturated clays, to model 

the pelagic (i.e. in the open ocean) sedi-

mentation and simultaneous consolidation 

of sediments. Although applied to tailings 

deposition, conditions are often not pelagic, 

with deposition characterised by unstable, 

meandering, turbulent rill flow (Blight & 

Bentel 1983). Wels & Robertson (2003) 

concluded that only water liberated during 

initial sedimentation and bleed water during 

consolidation are available for recovery. Lyell 

et al (2008) proposed that by reducing the 

surface area over which low-density slurries 

are deposited, water recoveries achieved 

from the dam can be similar to those from 

paste thickening.

As solids settle out of the slurry a viscous 

mass results, with the quantity of pore water 

above the liquid limit, wL. Donaldson (1960) 

showed that in semi-arid environments 

evaporative drying results in the tailings 

losing pore water and gaining strength at a 

rate faster than can be estimated by the self-

weight consolidation theory. The movement 

of pore water is governed by gravitational 

forces and suction-induced potentials. The 

reduction in pore water, quantified by the 

gravimetric water content, wc, through seep-

age and evaporation, is proportional to the 

reduction in volume while the soil skeleton 
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remains saturated. When the solids skeleton 

reaches a maximum density, air enters the 

voids and the resulting pore water menisci 

create an increase in suction. The relation-

ship between volume change and water con-

tent or suction at constant (zero) total stress 

is termed the Volumetric Shrinkage Curve 

(VSC), while the corresponding relationship 

between water content and suction is termed 

the Suction-Water Content Curve (SWCC) 

(Fredlund & Rahardjo 1993).

As suctions develop, gravitational seepage 

reduces and eventually water may be drawn 

up from within the deposit via the suction 

potentials (i.e. capillary action). When 

gravitational seepage becomes negligible, the 

soil has reached its field capacity, with clas-

sical soil science defining the corresponding 

suction to be 33 kPa, although this is often 

closer to 10 to 20 kPa (Miller & Donahue 

1990). Koorevaar et al (1999) suggested that 

when the water table is at shallow depths, 

field capacity corresponds to hydrostatic 

equilibrium. Due to the reduction in perme-

ability as suctions develop, Meyer & Gee 

(1999) proposed that field capacity occurred 

when the hydraulic conductivity decreases 

to between 10–9 and 10–11 m·s–1, depending 

on soil type and texture. Ratliff et al (1983) 

investigated 401 soils and found the average 

standard deviation of laboratory and in situ 

field capacity values of similarly textured 

soils to be 3.6% and 4.9% respectively. 

Depending on the availability of water to 

replenish deficits, soils can remain at field 

capacity for considerable periods.

Evaporation from bare soil is often 

characterised as occurring in two distinct 

stages: the “energy limited” stage and the 

“falling rate” or “soil limited” stage. During 

the energy-limited stage, the rate is defined 

by the evaporative energy available to 

vaporise water within the soil. During the 

soil-limited stage, the hydraulic properties of 

the soil are unable to supply moisture at the 

potential evaporation rate. Allen et al (2005) 

analysed a number of soils and determined 

that the change from stage one to stage two 

evaporation occurs at a wc between the field 

capacity and wilting point. The wilting point 

is defined as the wc at a suction of 1 500 kPa 

(Miller & Donahue 1990). Stage two con-

tinues until the wc is half the wilting point 

value, which is presumed to approximate 

air-dry conditions.

Reference evapotranspiration

Evapotranspiration is the combined process 

whereby liquid water contained within soils 

and plant tissue is vaporised. The rate of 

evapotranspiration is influenced by macro-

climatic conditions, microclimatic conditions 

and the development and management of 

plant type. A means to determine a reference 

evapotranspiration, ET0, to reflect purely 

macroclimatic conditions, was developed 

by the Food and Agriculture Organization 

(FAO) (Allen et al 1998). Two methods 

are outlined: the FAO Penman-Monteith 

method, Equation 1, when sufficient cli-

matic data are available, and the Hargreaves 

method, Equation 2, for limited climatic 

data. To further improve the performance 

of the Hargreaves method, linear regression 

between ET0 values from the two methods is 

proposed to develop a regional calibration.

ET0FAO 56 – Penman Monteith 

= 

0.408Δ(Rn – G) + γ 
900

T + 273
 u2(es – ea)

Δ + γ(1 + 0.34u2)
 (1)

where

 ET0 =  reference evapotranspiration 

(mm·day-1)

 Rn =  net radiation at the crop surface 

(MJ·m-2·day-1)

 G = soil heat flux density (MJ·m-2·day-1)

 T = daily mean temperature (°C)

 u2 = wind speed at a height of 2 m (m·s-1)

 es = saturation vapour pressure (kPa)

 ea = actual vapour pressure (kPa)

 Δ =  slope of the vapour pressure curve 

(kPa·°C-1)

 γ = psychrometric constant (kPa·°C-1)

ET0 Hargreaves = 0.0023 × (Tmax + 17.8) ×

 (Tmax – Tmin) × Ra (2)

where

 ET0 =  reference evapotranspiration 

(mm·day–1)

 Tmean = daily mean air temperature (°C)

 Tmax =  daily maximum air temperature 

(°C )

 Tmin =  daily minimum air temperature (°C)

 Ra =  extraterrestrial radiation (mm·day–1)

A review of the literature and analysis of 

carefully collected lysimeter data over a 

three-year period by Benli et al (2010) in 

arid to semi-arid climates indicated the FAO 

Penman-Monteith method to be generally 

superior, with variable results from other 

methods. Hargreaves and Allen (2003) 

outlined the historical development of the 

Hargreaves method and assessed it against 

59 000 global sites finding it universally 

applicable, although it tended to underpre-

dict in climates with high wind and overpre-

dict in climates with high relative humidity.

AIMS AND OBJECTIVES

As outlined above, it has long been accepted 

that strength gain in tailings is driven by the 

drying effect of climate aridity. Although 
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extensive laboratory research has been 

conducted, field experiments have often been 

limited. The aim of this study, therefore, was 

to investigate the in situ moisture regime 

of platinum tailings over 11 months on two 

active, back-to-back tailings dams with the 

objectives of:

1. Determining the quantity of water 

released by gravitational thickening dur-

ing deposition.

2. Developing an empirical correlation 

between ET0 and the rate of moisture 

loss.

3. Demonstrating the steady state that limits 

the degree of moisture loss during active 

deposition.

TEST WORK

Test work was carried out at Anglo 

American Platinum Mogalakwena mine, 

30 km north of Mokopane, South Africa 

(23°59’S, 28°56’E). During testing the mine 

operated two back-to-back facilities: Dam 

1, a conventional upstream spigoted facility 

(raised at 2.3 m·year–1) and Dam 2, a waste 

rock impoundment, filled via a series of 

spigots (raised at 4.6 m·year–1). Two separate 

processing plants supplied similar tailings: 

the South Plant to Dam 1 and the North 

Plant to Dam 2.

Figure 1 shows the site plan, indicating 

the test strips, locations of the rain gauge, 

A-pan and site office which housed a small 

laboratory for determining gravimetric wc. 

More detailed testing was conducted at the 

University of the Witwatersrand. The sam-

pling points for Dam 1 were marked out by 

poles every 50 m and accessed by a specially 

constructed catamaran drawn by a steel 

cable, along AC in Figure 1. Owing to opera-

tional constraints, a similar arrangement was 

abandoned on Dam 2, necessitating a new 

test strip with sampling points accessed via 

conveyor belting and scaffold planks from 

the pool-training wall.

Test depositions were scheduled sepa-

rately to operational depositions, with the 

intention of depositing 400 mm of material 

each time on each test strip. However, the 

depth of material deposited was not uniform 

due to the inherent beaching behaviour. 

The rate of rise along each test strip was 

determined by survey data, shown in 

Figure 2, and the time between depositions, 

given in Table 1. For the outer 100 m of 

both test strips, the rate of rise was roughly 

2.5 m·year–1. On Dam 1 the rate for the 

remainder of the 400 m beach was roughly 

1.2 m·year–1, whereas on Dam 2 the rate 

for the remainder of the 200 m beach was 

roughly 4.0 m·year–1. Table 2 details the raw 

data collected.

ANALYSIS OF RESULTS

Basic geotechnical parameters

To fully liberate Platinum Group metals, 

IsaMillTM technology (trademark of Xstrata 

Technology) was being introduced at the two 

plants to produce a finer grind of material. 

During testing the technology had been 

partially introduced at the South Plant and 

Figure 2 Beach surveys
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Table 1 Test depositions

Test strip Deposition Dates

Tailings 
Dam 1 

1 12 January – 17 January

2 2 March – 10 March

3 12 April – 23 April†

4 8 June – 18 June

Tailings 
Dam 2

1 21 July – 26 July

2 10  September – 19 September

3 19 October to 26 October

†  On the 4th of May the test strip was flooded 
beyond a distance of 100 m from the head 
of the beach due to operational constraints; 
however, measurements were still carried out.

Table 2 Details of raw data

Data source Raw data obtained

Beach sampling 
via bulk samples, 
grab samples and 
auger samples

Particle size distributions, 
particle specific gravities, 
gravimetric water content, 
calibrated gypsum block 
suction tests and triaxial 
permeability tests

Site climatic data

A-Pan evaporation, 
rainfall and daily 
minimum and maximum 
temperatures

South African 
Weather Service, 
Mokopane Station 

Daily temperature, 
wind speed and relative 
humidity

Historical 
monitoring and 
design data

Atterberg limits, 
evaporative drying tests, 
filter paper suction tests 
and triaxial permeability 
tests

Figure 3 Particle size distribution on Dam 1
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was fully operational at the North Plant. 

Consequently, the grading envelope along 

the Dam 1 beach was wider than that along 

the Dam 2 beach, as illustrated by Figures 3 

and 4. Grading curves at the point of deposi-

tion (0 m) contained slightly more coarse 

material with little segregation along the rest 

of the beach.

The mean particle specific gravity, Gs, 

was 3.10, as determined by the vacuum 

method from 31 samples, with a standard 

deviation of 0.03. Atterberg limits, deter-

mined from five data sets, indicated that 

the liquid limit, wL, varied between 25% and 

20% with a mean of 23%, and that the plastic 

limit, wP, varied between 21% and 18% with a 

mean of 19%. Based on the average plasticity 

index and average clay fraction, the activity 

(wL–wP/% clay fraction) was 0.3, indicating 

that the clay fraction contains only a small 

portion of clay minerals.

The permeability was determined on two 

remoulded samples of representative material 

during the consolidation stages of triaxial 

testing during the study. Permeabilities were 

also determined on remoulded samples, dur-

ing the consolidation stage of triaxial testing, 

as part of mine operational monitoring. The 

results from both sets of test work are sum-

marised in Table 3.

Table 3: Triaxial permeability test results

Study
Cell 

pressure 
(kPa)

Permeability (m·s-1)

Individual 
result

Average

Current

100 9.0 ×10–8

7.5 ×10–8

400 6.0 ×10–8

Operational 
monitoring

350 6.5 ×10–8

5.2 ×10–8500 5.9 ×10–8

700 3.2 ×10–8

Water recovery during 

gravitational thickening

The water released from the slurry during 

sedimentation was investigated by taking 

successive grab samples after cessation of 

deposition. Relevant average slurry proper-

ties during deposition, and the correspond-

ing values after sedimentation, are given 

in Table 4. These values were calculated 

from wc, using the mean Gs, due to the 

small scatter in values and assuming full 

saturation, as samples were taken from the 

beach surface soon after deposition. Based 

on the successive grab samples, sedimenta-

tion was observed to be complete within 

65 hours (7 hours standard deviation) with 

the time increasing down the beach towards 

the pool.

Figure 4 Particle size distribution on Dam 2
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Table 4 Water release during gravitational thickening

Relative density
(kg·m-3)

Solids content, 
cw (%)

Water content, 
wc (%)

Dam 1

Average slurry properties 1 500 49 104

Average settled slurry properties 1 800 – 2 000 66 – 74 52 – 35

Dam 2

Average slurry properties 1 400 42 138

Average settled slurry properties 1 925 71 41

Table 5 Water balance

Component
Methodology of 

determining value
Dam 1

(April to November)
Dam 2

(April to June)

Feed water (Mm3)
Calculated from half-hourly 
slurry density and flow rates

2 941 1 796

Dry tons (Mt) 2 964 1 431

Decant flow (Mm3)
Calculated from daily flow over 
calibrated weirs

1 681 705

Drain flow (Mm3)
Calculated from daily drain 
flow measurements

22 47

Evaporation (Mm3)
Calculated by applying 60% of 
measured A-Pan evaporation 
over the entire dam area†

803 196

Precipitation (Mm3)
Calculated by applying 
measured rain gauge rainfall 
over entire dam area

250 180

Water recovered from 
tailings (Mm3)

Decant flow + Drain flow 1 703 752

Percentage water 
recovered (%)

Ratio of water recovered to feed 
water

58 42

Apparent settled 
relative density (kg·m-3)

Calculated from unrecovered 
water and dry tons

1 900 1 600

Apparent settled solids 
concentration, cw (%)

Calculated from unrecovered 
water and dry tons

71 58

Apparent settled water 
content, wc (%)

Calculated from unrecovered 
water and dry tons

41 72

†  The large difference in evaporation quantities on the two dams is due to the duration of investigation 
and seasonal differences during which the respective water balances were determined. 
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One anomalous result, not included in 

Table 4, was the average settled conditions 

following the first deposition on Dam 1. 

Owing to operational constraints, the 

test section had remained dormant for 

six months, resulting in a dry beach, and 

sampling only took place five days after 

deposition had ceased. Consequently, a 

large volume of water was drawn into the 

underlying dry layers, resulting in average 

settled wc values along the beach of 20% 

(cw = 83%).

An investigation by the mine (Vietti et 

al 2010) with a view to implementing paste 

technology illustrated that a slurry density 

of 1 900 kg·m-3 (cw = 70%, wc = 43%) could 

be achieved for similar material. The experi-

mental evidence discussed in this paper sug-

gests that, provided deposition is not onto a 

dry beach, and all decant water is recovered, 

the beach acts as a gravitational thickener at 

no additional cost.

To investigate how much of the superna-

tant water released during sedimentation is 

recovered, water balances were determined 

from April to November on Dam 1 and 

from April to June on Dam 2. Table 5 

shows the water balances components, the 

quantity of water recovered and the appar-

ent settled conditions determined from the 

unrecovered water volume and dry tons 

deposited. On Dam 1 the apparent and 

measured settled conditions were compara-

ble, confirming that the water released was 

recovered. On Dam 2 the apparent settled 

conditions and measured values differed, 

suggesting that some of the water released 

during sedimentation was not recovered. 

A possible reason for this is that 75% of the 

outer wall on Dam 2 and the pool-training 

wall were constructed from highly pervious 

waste rock. During field work, ponded water 

was observed between the toe of the rock 

wall and the solution trench, even though it 

was the dry season. It is plausible to say that 

the unaccounted water seeped through the 

rock wall interface.

Correlating reference 

evaporation and moisture loss

Moisture loss regression model

A multiple straight-line regression model 

was fitted to the observed moisture loss 

based on gravimetric wc. The initial wc was 

taken from plant slurry densities. Surface 

Table 6  Multiple straight-line regression 

model methodology

Step Procedure

1

The first straight line plotted was 
through the wc determined from slurry 
densities and grab samples during 
sedimentation. This was to determine 
the rate of sedimentation.

2

The 15 rates of sedimentation 
determined from the above step were 
plotted against beach position and 
the average rate at each deposition 
point determined. Due to supernatant 
water flowing along the beach the rate 
of sedimentation decreases towards 
the pool. This rate was then used in 
further steps.

3

The second straight line was plotted 
through the first three drying stages 
wc and intersected with the straight 
line from the sedimentation step above. 
This was used to establish the range in 
wc values following sedimentation.

4

The third straight line was plotted 
through the n + 3 wc values following 
the drying stage. The probability of a 
linear trend with time for this stage 
was found to be less than 0.05 in all 
cases. As such the steady state wc was 
assumed to be the average of the n + 3 
values at each position.

5

The straight line from step 3 was then 
intersected with the steady state wc 
value determined in step 4 to determine 
the rate of drying.

Figure 5 Drying curve at 0 m along beach
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Figure 6 Drying curve at 50 m along beach
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Figure 7 Drying curve at 100 m along beach
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samples were recovered and tested during 

sedimentation, drying and apparent steady 

state. On Dam 2 a total of three depositions 

were sampled at five sampling points 50 m 

apart, resulting in 15 data sets. An iterative 

statistical method was used to intersect three 

separate linear regression curves through the 

sedimentation stage, drying stage and steady-

state condition. The methodology followed is 

outlined in Table 6.

Figures 5 to 9 illustrate the fitted regres-

sion models, along with the raw data from 

the 15 test depositions. The sedimentation 

behaviour as discussed in the preceding sub-

section was observed to be complete within 

three days, with no significant seasonal vari-

ation. The drying period varied depending 

on the season, with the steady-state wc being 

predominantly a function of beach position. 

The steady state is discussed at length in 

the following subsection. The scatter plot in 

Figure 10 illustrates the performance of all 

the multiple straight-line regression models 

against the field data. Individual scatter plots 

showed that the performance of the model 

was poorer for the sampling points at 150 m 

and 200 m along the beach.

Reference evapotranspiration

A regional calibration of the Hargreaves 

method was developed from climatic data 

obtained from the South African Weather 

Bureau station at Mokopane:

ET0FAO 56 – Penman Monteith 

= 1.1 × ET0 Hargreaves – 0.7 (R2 = 0.91) (3)

ET0 values calculated for the test site were 

found to compare adequately with historical 

data from Polokwane and Mokopane. The 

mean ratio between the A-Pan data and ET0 

values was 0.65, which is consistent with 

expected behaviour reported by Allen et al 

(1998). However, a great deal of scatter was 

observed. This is considered a consequence 

of variable microclimatic conditions and 

operational constraints with the A-Pan.

Empirical correlation

An empirical correlation between the change 

in wc per day during the drying stage for 

the outer 100 m and ET0 was developed, 

as shown in Table 7. In order for the coef-

ficient to be compared with other sites, it 

was necessary to correlate the rate of drying 

with a macroclimatic measure of evapora-

tive energy. This is independent of the dam 

surface microclimate that resulted in scat-

tered A-Pan data. It is clear that the rate of 

drying is slower during the winter periods 

when evaporative energy is low and high 

during the summer period. The steady state 

reached, as shown in the next subsection, is 

field capacity, when seepage losses become 

negligible. Up to this point water loss is due 

to both evaporation and seepage.

Evaporative energy varies throughout the 

year. However, the rate of seepage is con-

trolled by the materials’ permeability, which 

remains essentially constant (assuming the 

material remains saturated and density does 

not change significantly). During winter 

the evaporative energy is lower and more 

moisture may be lost through seepage, with 

the opposite being the case during summer. 

It is also likely that this water bleeds up to 

the surface and is recovered as the mate-

rial consolidates. This is illustrated by the 

k-values being slightly higher during winter 

than in summer, but a longer study would be 

required to quantify this variation. The rela-

tionship would need to be developed taking 

into account evaporation, seepage and bleed 

water. Figure 11 illustrates the time required 

Figure 8 Drying curve at 150 m along beach
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Figure 9 Drying curve at 200 m along beach
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Figure 10: Scatter plot
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Table 7 Developed empirical relationship

Deposition Change in water  content per day
Average 

daily ET0
(mm·day-1)

k – value 
per 

deposition

Average
k – valueDistance 

along beach 
0 m 50 m 100 m

1 0.96 0.54 0.71 3.0 0.25

0.212 1.24 0.98 0.87 5.3 0.20

3 1.03 1.23 0.88 5.9 0.18
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for the sedimentation step and then, using 

the average k-value, the number of days to 

reach steady state based on daily ET0 values. 

Such relationships can be used to optimise 

the safe development of tailings dams.

Steady state

The wc regime was investigated by analysing 

auger samples taken at 200 mm intervals to 

a depth of 1 m, increasing to 2.5 m as the 

study progressed. The large quantity of data 

generated enabled the apparent steady state 

to be investigated relative to sampling posi-

tion, sampling time and material parameters.

Laboratory geotechnical model

Five laboratory evaporative drying tests and 

a filter paper test were used to determine 

the Volumetric Shrinkage Curves (VSC) 

illustrated in Figure 12. All the samples dried 

along the zero air voids curve to a wc of 

roughly 27%, after which air entry occurred. 

After air entry the dry density remained 

essentially constant, at roughly 1 700 kg·m-3, 

consistent with accepted in situ dry densities 

for the material. Box plots (indicating the 

minimum, maximum and interquartile val-

ues) of all the wc values determined for the 

respective dams are included in the figure 

for comparison. This illustrates that roughly 

25% of the samples were taken before peak 

density, whereas 75% of the samples were 

taken at varying degrees of desaturation.

Three separate Suction-Water Content 

Curves (SWCCs) were determined. Two 

drying and subsequent wetting curves were 

determined with calibrated gypsum blocks 

on samples before and after the introduction 

of the finer grind (Tests 1 and 2 in Figure 13). 

The third drying curve was determined by 

the filter paper method on a prepared sample 

of finer grind material (Test 3 in Figure 13). 

The computer program RETC (Van 

Genuchten et al 1991) was used to estimate 

the SWCC from the raw data based on the 

Van Genuchten model. Figure 13 illustrates 

the curves obtained: the range of air entry 

values, the range of field capacity values 

at 33 kPa and asymptotic suction increase 

below a wc of 14%. Air entry occurred at an 

average wc of 25% and a standard deviation 

of 4.9%. The average field capacity was 21% 

with a standard deviation of 4.3%, similar to 

the range reported by Ratliff et al (1983). The 

range in values reflects the slight differences 

in grading of the samples tested. Due to 

the fine nature of the material, the SWCCs 

have a steep gradient which results in air 

entry and field capacity occurring at close 

wc values.

The computer program SEEP/W 

(GeoStudio 2007) was used to predict the 

relationship between wc and hydraulic 

conductivity. The volumetric water content 

function was determined using the modified 

Kovács method proposed by Aubertin et al 

(2003). This method assumes that both cap-

illary and adhesive forces act simultaneously 

to induce suction and is applicable to tail-

ings, silts and various other soils. The input 

variables are the particle size corresponding 

to 10% and 60% passing on the particle size 

distribution curve, porosity, and liquid limit. 

Figure 11 Drying behaviour

D
a

y
s 

to
 s

te
a

d
y 

st
a

te

80

70

60

50

40

30

0

Months

Nov

20

10

k = 0.18

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

DryingSedimentation Deposition 1 Deposition 2 Deposition 3

k = 0.25

Figure 12 Volumetric Shrinkage Curve

D
ry

 d
e

n
si

ty
 (

t/
m

3
)

2.0

1.6

1.2

0.8

0.4

0
80706050403020100

Water content (%)

1 2 3 4 5 6

Dam 1 box plot

Dam 2 box plot

Figure 13 Suction-Water Content Curves

W
a

te
r 

co
n

te
n

t 
(%

)

35

30

25

20

15

10

5

0
8007006005004003002001000

Suction head (kPa)

10 300 kPa

F
ie

ld
 c

ap
ac

it
y

Test 1 drying

Test 1 wetting

Test 2 drying

Test 2 wetting

Test 3 drying



Journal of the South African Institution of Civil Engineering • Volume 55 Number 3 October 201364

To account for the range in particle sizes 

along each beach, the minimum, maximum 

and quartile grading parameters were used. 

The porosity was calculated to be 0.48 from 

the dry density of 1 700 kg·m–3 and particle 

specific gravity of 3.10. The method uses 

the liquid limit in an empirical expression 

to calculate the specific surface area for 

fine-grained plastic-cohesive materials. This 

expression, however, is required only when 

the wL is above 30%, which was not the case 

for this material as the average wL was 23%.

The hydraulic conductivity function was 

estimated from the volumetric water content 

function, saturated hydraulic conductivity 

and residual water content using the Van 

Genuchten method. The average saturated 

hydraulic conductivity of 7.5×10–8 m·s–1 

was used. The residual volumetric water 

content, 4.6%, was determined from the wc at 

a suction of 1 500 kPa (Van Genuchten 1980) 

using the filter paper SWCC. This is roughly 

10% of the saturated volumetric water con-

tent. Volumetric water contents were con-

verted to wc using phase relationships. Meyer 

& Gee (1999) suggested that field capacity 

occurs when the hydraulic conductivity 

decreases to between 10–9 and 10–11 m·s–1, 

depending on soil type and texture. Figure 14 

illustrates the hydraulic conductivity curves 

and the range in field capacity values at a 

hydraulic conductivity of 10–9 m·s–1. The 

values at 10–11 m·s–1 were lower than the 

laboratory-determined values and therefore 

not realistic. The average and standard 

deviation of predicted field capacity values 

were 22% and 6% for Dam 1, and 23% and 

4% for Dam 2. This was comparable to the 

laboratory-determined values (average 21% 

and standard deviation of 4.3%). The larger 

variability of the predicted values on Dam 1 

compared with Dam 2 is a consequence of 

the wider grading envelope for the former, 

highlighting the sensitivity of soil-suction 

characteristics to particle size distribution.

Field behaviour

Figures 15 and 16 illustrate that there was no 

correspondence between wc values at incre-

mental depths over time. Rather, wc values 

varied within a narrow band that did not 

change within the time-frame of a deposi-

tional cycle. The focus of the study therefore 

was to explore what this distribution was, 

whether it changed with depth or over longer 

time steps, what impact the weather had 

and what material properties controlled it. 

Finally, the impact of this limitation on dry-

ing, to strength gain, was assessed.

The entire data set was analysed against 

depth, and Figure 17 shows the mean and 

variance of wc at each depth increment. The 

mean is essentially constant, although the 

variance is roughly 50 for the top 500 mm, 

35 from 500 to 1 000 mm and 20 below 

1 500 mm. The large dispersion of the data 

for the first 500 mm is a consequence of 

Figure 14 Hydraulic conductivity curves
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samples being at varying stages of drying, 

from sedimentation to air-dry. As the depth 

increases, this dispersion decreases as the 

influence of evaporation becomes less.

Figures 18 and 19 indicate the deposition 

sampling periods for the respective dams, 

with black dots indicating the sampling 

dates. The ranges of wc determined for each 

sampling period are represented by separate 

histograms, with row lengths representing 

the relative frequency. The mean wc for 

the entire data set was 27% with a standard 

deviation of 6%. Therefore, assuming a nor-

mal distribution, 98% of the data lie between 

41% and 14%. These values correspond to the 

average wc after sedimentation and the wc 

at which asymptotic suctions develop. The 

Pearson coefficient of skewness quantifies 

the degree of skew about the mean of the 

entire data set.

Initial sampling on Dam 1 was to a 

depth of 1 m and on a beach that had been 

dormant for six months due to catamaran 

commissioning constraints. Figure 18 illus-

trates that, as a result, the wc values were 

prominently skewed to low values indicative 

of large suctions. The first deposition “hung 

up” on the dry beach with virtually no mate-

rial deposited past 150 m. The large skew 

in the baseline sampling was not observed 

during active deposition, although the distri-

butions for the first three depositions during 

summer and autumn were skewed to lower 

values. As the beach did not dry out as much 

during active deposition, subsequent deposi-

tions were more uniform. Substantial rainfall 

during the second deposition highlighted 

the limited effect of these events on dry-

ing. The final deposition during winter on 

Dam 1 was slightly skewed to values higher 

than the mean of the entire data set. During 

winter the ET0 values were markedly lower, 

reflecting the lower evaporative conditions. 

Although the sampling period was similar to 

previous depositions, less drying took place.

Before the test work, Dam 2 was raised 

at roughly twice the rate of Dam 1 and 

consequently the initial sampling resulted in 

a distribution skewed to high values. Three 

test depositions on Dam 2, in spring and 

summer, were at similar rates of rise to that 

of the outer portion of Dam 1. Despite the 

high evaporative conditions, the distribu-

tions remained slightly skewed to values 

above the mean. Dam 2 was therefore sig-

nificantly moister than Dam 1, although the 

sampling window and evaporative conditions 

were similar. The wet baseline conditions 

appeared to have persisted throughout. It is 

also postulated that the finer material and 

shorter beach length affected these results.

To explore the controlling effect of field 

capacity on the degree of moisture loss, the 

following null and alternative hypotheses 

were tested:

H0:  Water contents at each sampling point 

have a different population mean to the 

field capacity mean.

H1:  Water contents at each sampling point 

have the same population mean to the 

field capacity mean.

The two-tailed t-test with unequal vari-

ances was used to test the hypotheses. The 

variances were assumed to be different 

as the field samples were taken at various 

stages of drying, whereas field capacity has 

a narrower variance. The predicted field 

capacity values for each dam were used as 

these were assumed to better represent the 

grind differences.

Figure 20 illustrates the distribution of wc 

at each position along the beach against the 

results of the hypothesis testing for Dam 1. 

The alternative hypothesis is accepted for 

the outer 250 m, although the degree of 

confidence decreases from being high at the 

head of the beach. Past 250 m the hypothesis 

is rejected as the probability is less than 0.05. 

Following air entry, determined to occur 

Figure 20 Dam 1 beach relationship
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Figure 19 Dam 2 time relationship
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from a wc of 27%, suctions start to develop. 

As the material reaches field capacity, seep-

age becomes negligible with moisture loss 

being dominated by evaporation. Initially, 

capillary rise will provide moisture at a rate 

equal to the evaporation rate. If suctions can 

continue to develop, the hydraulic properties 

will restrict this moisture loss and stage 

two evaporation starts, continuing until the 

material is air-dry. During active deposition 

only a few samples indicated that suctions 

larger than field capacity had developed. It is 

assumed that seepage into base layers during 

deposition rises during drying to replen-

ish the developing deficits. As illustrated 

earlier, it was only during the six months 

of dormancy on Dam 1 that this moisture 

was depleted and stage two evaporation was 

observed to have occurred. Hence, during 

active deposition the degree of moisture loss 

is controlled by the material’s field capacity. 

Further along the beach moisture can also 

be obtained from the closer phreatic surface 

springing from the pool. This is illustrated 

by the larger portion of saturated wc values 

past 250 m due to equilibrium with the 

phreatic surface.

Figure 21 illustrates the relationship 

for Dam 2, with the alternative hypothesis 

accepted for the outer 100 m, albeit with less 

confidence, and rejected for the remainder of 

the beach. From the baseline sampling, this 

dam contained significantly more moisture 

from previous depositions to replenish any 

developing deficits. Equilibrium with the 

phreatic regime appears to occur higher up 

the beach and this is postulated to be the 

result of the phreatic surface not becoming 

as depressed along the shorter beach.

To illustrate the effect of the limited dry-

ing that occurs on strength gain, liquidity 

indices IL were calculated from the average 

Atterberg limits.

IL = 
wc – wP

wL – wP

 (4)

The IL values have been divided into three 

categories: less than 0 (i.e. wc < wP), between 

0 and 1 (i.e. wc between the wP and wL) and 

greater than 1 (i.e. wc > wL). Negative IL 

values are indicative of heavily overconsoli-

dated soil deposits (Das 2008) and high shear 

strengths (Bovis 2003). Values between 0 and 

1 are indicative of soils that behave plasti-

cally, resisting shear failure, whereas values 

greater than 1 are indicative of soils that are 

extremely sensitive to breakdown if sheared 

(Holtz & Kovács 1981). These categories 

are shown graphically in Figures 22 and 23 

respectively, in relation to sampling positions 

relative to the final elevation at the end of 

the test work.

On Dam 1 it is apparent that only the 

outer section reached a state of high shear 

strength, with 48% of the samples having an 

IL less than 1 and 34% being negative-based 

on the average Atterberg limits. However, 

75% of the wc values at this position were 

lower than the maximum wL of 25%. After 

50 m the proportion of samples with an IL 

less than 1 was on average 15% for all sam-

pling points, being slightly higher at 50 m 

and decreasing towards the pool. Thus, the 

majority of the interior is prone to fail under 

shear, although it is able to support a man 

and prevent the auger hole from collapsing. 

At the head of the beach the distribution 

with depth is fairly constant for the baseline 

beach and the first two depositions. As 

Figure 21 Dam 2 beach relationship
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Figure 22 Dam 1 distribution of Liquidity Index
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Figure 23 Dam 2 distribution of Liquidity Index
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mentioned, the baseline conditions were dry 

due to the extensive dormant period. The 

first two depositions during months with 

high evaporative conditions resulted in a 

similar strength gain. The third deposition 

was done under evaporative and rainfall 

conditions similar to those of the second 

deposition, but appeared to result in less 

strength gain. On closer inspection, 65% of 

the samples were below the maximum wL 

so it is likely that this material was slightly 

finer. Due to the low evaporative energy 

during the final deposition, only 30% of the 

samples reached a high strength state during 

the sampling period.

Baseline sampling on Dam 2 indicated 

that it had not gained significant strength, 

with only 30% of the samples at the head 

of the beach having an IL below 1 and the 

average for the remainder of the beach being 

5%. This is attributed to the high rate of rise 

prior to the test deposition. Analysis at the 

head of the beach within the first two test 

depositions indicated that 51% of the samples 

had an IL below 1, with 75% of the samples 

being below the maximum wL, as was the 

case for Dam 1 at this position. This drying 

front also appeared to extend roughly 1 m 

below the first deposition, yet insufficient 

strength gain appeared to have occurred 

during the shorter sampling window of the 

final deposition.

DISCUSSION AND CONCLUSIONS

This paper has reported on extensive field 

and laboratory work to guide mining houses 

in disposing of tailings. Test work was 

carried out on two back-to-back facilities 

receiving similar tailings at Anglo American 

Platinum Mogalakwena Mine. Dam 1 is an 

upstream spigot facility and Dam 2 is a waste 

rock impoundment facility. On-beach sam-

pling was undertaken with laboratory test 

work carried out on site and at the University 

of the Witwatersrand, and additional data 

were sourced from monitoring records. The 

following conclusions are drawn from the 

study in order of the stated objectives.

1. On-beach sampling illustrated that within 

65 hours (7 hour standard deviation) the 

settled wc values equalled those antici-

pated from mechanical paste thickening. 

Deposition onto a dry beach indicated 

that cycle times should maintain wet 

beaches to release water. A rate of rise of 

2.5 m·year-1 over the 100 ha Dam 1 was 

adequate to achieve this. Water balances 

indicated that the water released on Dam 1 

was indeed recovered, providing a signifi-

cantly cheaper means of recovering water. 

Similar water recoveries were not observed 

on Dam 2; it is assumed that this was due 

to water losses through the highly pervi-

ous waste rock impoundment.

2. Following sedimentation, the rate of 

change of wc values during the dry-

ing stage was correlated with ET0, a 

macroclimatic measure of evaporative 

energy. The average ratio or k-value 

was calculated to be 0.21, being slightly 

lower during the winter months due to 

lower evaporative energy. The effects of 

seepage and consolidation bleed water on 

moisture loss over the course of the year 

need to be investigated further to fully 

define the k-value. Such relationships can 

be used to optimise the safe development 

of tailings dams.

3. After the drying stage a steady state 

developed, with wc values varying within a 

narrow band. The mean wc for the entire 

11-month data set was 27% (standard 

deviation of 6.0%) which was also deter-

mined to be the air entry value. Assuming 

a normal distribution, 98% of the data 

were between 41% and 14%. These values 

corresponded to the average settled wc and 

the wc below which asymptotic suctions 

developed in suction tests.

With depth the mean wc remained 

constant, although the dispersion 

decreased substantially. The freshly 

deposited layer exhibited the greatest 

dispersion, with samples at varying stages 

from settled to air dry. Below this layer 

the dispersion was lower, decreasing 

steadily to 1 500 mm before remaining 

constant, suggesting that this is the limit 

of evaporative influence.

The wc distribution was observed to 

vary slightly from one deposition to the 

next, reflecting changes in evaporative 

conditions and baseline conditions. The 

Dam 1 baseline was significantly skewed 

to low values, indicative of high suctions 

due to six months’ dormancy over spring 

and summer. Test depositions in sum-

mer and autumn resulted in more values 

below the mean wc, with the opposite 

being the case for the one winter deposi-

tion. Baseline sampling on Dam 2 indi-

cated skew to high wc values due to the 

high rate of rise prior to test depositions. 

Test depositions were similarly negatively 

skewed, albeit to a much smaller extent, 

although the sampling period and evapo-

rative conditions were similar to those 

of Dam 1. The wet baseline conditions 

appeared to have restricted drying.

During active deposition wc distribu-

tions were controlled by the material 

reaching field capacity. Distributions for 

the outer section of the beach matched 

those of classically defined material 

field capacity values as partial suctions 

developed. During deposition, seepage 

into the beach rises to replenish deficits, 

preventing the development of suctions 

greater than field capacity. The baseline 

dormancy on Dam 1 illustrates that over 

long periods this source of moisture can 

be diminished and air-dry conditions 

may be approached. Closer to the pool 

the distributions were observed to be in 

equilibrium with the phreatic surface due 

to the greater portion of saturated values. 

This observation was more pronounced 

on Dam 1 than on Dam 2, presumably 

due to the fact that  phreatic surfaces 

become more depressed along longer 

beaches.

Particle size distributions at the head 

of the beach contained slightly coarser 

material which contributed to the drier 

conditions at this point, despite the mini-

mal beach segregation. This was a result 

of the IsaMillTM technology utilised by 

the mine, leading to a predominantly silty 

material being deposited.

As a consequence of these factors 

controlling moisture loss, liquidity indices 

showed that substantial shear strength 

developed only within the first 25 m to 

50 m of the beach. Liquidity indices for 

the remainder of the beach indicated 

that the material was prone to fail under 

shear. This observation was made for all 

test depositions where the rate of rise for 

the outer sections was 2.5 m·year-1. The 

baseline conditions on Dam 2 did not 

exhibit this strength gain at the beach 

head due to the 4.6 m·year-1 rate of rise 

– hence the requirement of a waste rock 

impoundment.
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LIST OF SYMBOLS

 Δ  slope of the vapour pressure curve 

(kPa·°C–1)

 cw solids concentration by mass

 ea actual vapour pressure (kPa)

 es saturation vapour pressure (kPa)

 ET0  reference evapotranspiration 

(mm·day–1)

 G soil heat flux density (MJ·m-2·day–1)

 Gs particle specific gravity

 IL liquidity index

 Ra extra-terrestrial radiation (mm·day–1)

 Rn  net radiation at the crop surface 

(MJ·m–2·day–1)
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 SWCC Suction-Water Content Curve

 T daily mean temperature (°C)

 Tmax  daily maximum air temperature (°C)

 Tmean daily mean air temperature (°C)

 Tmin  daily minimum air temperature (°C)

 u2 wind speed at a height of 2 m (m·s–1)

 VSC Volumetric Shrinkage Curve

 wc gravimetric water content

 wL liquid limit

 wP plastic limit

 γ psychrometric constant (kPa·°C–1)

NOTE

1  Here thickening is a process step whereby the solids 

concentration by mass, cw, is increased by a mechan-

ical process. Low-density slurry has cw values 

between 30% and 50%, paste has cw values between 

50% and 65% and cake has cw values above 80%.
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