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Abstract i 

ABSTRACT 

The objective of the research described in this thesis was to develop an understanding of 

tailings evaporation behaviour and to establish theoretical or empirical bases for 

estimation of evaporation from tailings. This enhances the ability to predict the 

consolidation and desiccation behaviour of a tailings deposit, especially in arid areas, 

such as found in Western Australia ( W A ) . The prediction of tailings behaviour is 

invaluable to disposal management because this allows various disposal strategies to be 

assessed. 

Evaporation from a tailings surface is affected by a number of factors. The factors are 

salinity, hydraulic and deformation properties of the tailings, and climatic conditions. 

Saline tailings are very c o m m o n in the W A goldfields due to the use of saline 

groundwater for ore processing. Accumulation of salt and formation of a salt crust on the 

tailings surface m a y reduce the evaporation rates from the tailings. Clayey tailings often 

develop shrinkage cracks, and these may increase the evaporation rates from the tailings. 

The effect of such factors must be considered in predicting the behaviour of evaporation 

from the tailings correctly. 

Laboratory and field tests were undertaken to investigate the evaporation behaviour of 

tailings. A numerical model (MinTaCo), which incorporates large-strain consolidation 

theory, was also used for the interpretation of the test results. 

The effect of salinity on tailings evaporation was investigated in the laboratory and field 

tests. In the laboratory tests, slurries having different salinities (sodium chloride) were 

subjected to artificial drying conditions. All saline samples formed salt crusts on the 

surfaces during the drying process. The evaporation rates from the saline-water slurries 

were markedly low compared to those of the fresh-water slurries even when the salinity 

was moderate (20 and 52 g/1). During the drying tests, two quantities of the salt crusts, 

(1) shortwave reflectivity and (2) salt crust resistance to moisture transfer, were 

measured. High shortwave reflectivity and high salt crust resistance were observed 

during the drying tests. Thus, these results confirmed the significant contribution of the 

salt crust to evaporation reduction. 
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In association with the laboratory studies, some field measurements of evaporation rates 

from salt-encrusted tailings surfaces were carried out using the miero-lysimeter 

technique at the Granny Smith Mine tailings dam. The salinity of the process water was 

low (10-15 g/1 total dissolved solids). However, the measured evaporation rates were 

low and showed similar trends to those observed in the laboratory. 

Based on the energy balance concept, Dalton's equation, and the test results, two 

methods of estimating the evaporation rates from the salt-encrusted tailings surface are 

suggested. 

The first method uses the energy balance concept. The upper bound evaporation rates for 

the salt-encrusted surface were obtained by assuming that net clear day solar radiation 

received by the salt-encrusted tailings surface is totally used for evaporation. The net 

clear day solar radiation was calculated using the range of shortwave reflectivity values 

measured in the laboratory tests. For most cases, the evaporation rates calculated using 

this range of albedo values were much greater than the measured evaporation rates. This 

confirmed that this approach gives an upper bound value that can be a first-order 

estimate of evaporation rate from the salt-encrusted surface. 

The second method uses Dalton's equation. B y substituting the salt crust resistance 

values obtained from the laboratory tests, the relative evaporation rates (evaporation rates 

from the salt-encrusted surface divided by evaporation rates from fresh water under 

similar meteorological conditions) were calculated using Dalton's equation. Despite the 

crudeness of the derivation, the calculated values showed good agreement with the 

relative evaporation rates measured at several locations. This indicated that the relative 

evaporation rates obtained using Dalton's equation can be used for the estimation of the 

actual evaporation rates. The actual evaporation rates from the salt-encrusted surface can 

be obtained by multiplying the potential evaporation rates (as estimated by Class A pan 

measurements for example), by the relative evaporation rates. 

The study of the effect of shrinkage cracks on evaporation behaviour of fresh-water 

tailings was carried out at the Yoganup North Mine tailings ponds. The tailings, which 

had a very high clay content, developed significant shrinkage cracks during the 
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observation period. The evaporation rates were determined by the micro-lysimeter 

technique and the Bowen ratio method, and by measuring the volume loss of the tailings. 

D u e to the development of shrinkage cracks, the total exposed surface area of the tailings 

became as large as 4 times the original crack-free surface area. The evaporation rates 

from a unit plan area of crack opening were consistently much larger than those from the 

intact horizontal surface. It was estimated that more than about 80 % of the total 

evaporation occurred from cracks after the horizontal surface of the tailings became very 

dry. 

The evaporation rates from intact horizontal surfaces of the fresh-water tailings observed 

in the laboratory and field showed two drying stages, the non-limiting stage and the 

soil-limiting stage. During the non-limiting stage, the actual evaporation rates are equal 

to the potential evaporation rates. These two stages of evaporation were successfully 

modelled using MinTaCo by imposing an upper limit to the soil suction value. 

Based on these results, two methods of estimating the evaporation rates from fresh

water tailings surfaces were suggested. 

The first method gives a lower bound evaporation rate from fresh-water tailings. This 

assumes that the evaporation rate from a unit plan area of shrinkage cracks is equal to 

that from a unit area of the intact horizontal surface - in effect, assuming an uncracked 

surface. The lower bound evaporation rate can be calculated using MinTaCo with 

realistic material parameters and potential evaporation rates. This lower bound 

evaporation rate is a reasonable for the actual evaporation rate from fresh-water tailings 

surfaces, in particular, when the tailings are of low plasticity. 

The second method m a y give a closer approximation of the evaporation rates from 

cracked fresh-water tailings. This assumes that the evaporation rate from a unit plan area 

of shrinkage cracks is equal to the potential evaporation rate. This estimate is also given 

by using MinTaCo and subsequently correcting for the effects of the cracks. The void 

ratio at crack initiation for the material is an extra parameter for the calculation. 

The evaporation rates calculated using both methods showed good agreement with the 

rates measured at the Yoganup North Mine tailings pond._ 
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The effect of the climatic conditions can be incorporated into the proposed evaporation 

estimation methods. This can be done by obtaining the correct potential evaporation rate 

for a tailings body, since some of the proposed methods requires the potential 

evaporation rate. However, the estimation of the correct potential evaporation rate is not 

easy since it can be affected not only by the climatic conditions but also by other factors 

such as the size of the tailings dam. The Class A pan evaporation rate can be used as a 

first approximation of the potential evaporation rate. However, care must be taken, since 

it m a y deviate from the actual value. 

Thus, the study provides a useful basis for estimating evaporation rates from fresh

water and saline-water tailings. The estimated evaporation rates give correct boundary 

conditions for the MinTaCo program for the analysis of tailings behaviour. This will 

enhance the correctness of the prediction of tailings behaviour in a dry environment 
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NOTATION 

The following symbols are used in the thesis; where possible the symbol in common 

usage is adapted: 

A 

Acrack 

A-intact 

Atotal 

A 

a 

a, b, c, d 

bc 

bs 

Ch 

Cpm 

do 

Dv 

Dvc 

e 

esat 

e 

es 

ew 

eo 

E 

E a 

^Bowen 

E c 

Ecrack 

Efw 

Etfws 

Efwlys 

surface area 

surface area of crack openings 

surface area of intact soil 

total surface area 

constant in psychrometric equation 

Lagrangian coordinate 

coefficients 

coefficient that accounts for vapour density reduction due to salt crust 

coefficient that accounts for vapour density reduction due to soil 

volumetric heat capacity of soil 

specific heat of moist air at constant pressure 

zero-plane displacement height 

diffusion coefficient for water vapour 

diffusion coefficient for water vapour through salt crust 

partial pressure of water vapour (vapour pressure) 

saturation vapour pressure 

void ratio 

sedimentation void ratio 

void ratio from water content 

initial void ratio 

evaporation rate 

actual evaporation rate 

evaporation rate measured using Bowen ratio method 

evaporation rate from salt-encrusted surface 

evaporation rate from crack opening 

fresh water evaporation rate 

fresh water soil evaporation rate 

. fresh water lysimeter evaporation rate 



Notation xiii 

Eintact evaporation rate from intact soil surface 

Eiake lake evaporation rate 

E n e t net evaporation rate 

E p a n pan evaporation rate 

Ep potential evaporation rate 

Es o i l soil evaporation rate 

Esoiilys soil lysimeter evaporation rate 

E s w saline water evaporation rate 

f correction factor 

f s sleeve friction 

/(u) empirical function of wind speed 

g gravitational acceleration 

G soil heat flux 

Gs specific gravity of soil 

h relative humidity 

hs specific humidity 

H sensible heat flux 

H m a x i m u m possible height of a vertical face in a rigid plastic material 

ho thickness of soil layer 

/ flux density of incident radiation 

I(X) spectral flux density of incident radiation 

k von Karman constant 

K intrinsic permeability 

Kc intrinsic permeability of salt crust 

k hydraulic conductivity 

Kh eddy transfer coefficient of heat 

Km eddy transfer coefficient of momentum 

Kv eddy transfer coefficient of water vapour 

I thickness of salt crust 

Le latent heat of vaporisation 

M, L, T dimensions (M: mass, L: length, T: time) 



Notation xiv 

m moles solute per 1000 g solvent 

ra mixing ratio 

m * mixing ratio in water vapour saturated air 

n volume porosity 

p total pore pressure 

p' mean effective stress 

Patm atmospheric pressure 

Q total flux of radiation 

qc cone tip resistance 

q water flow rate 

R a extraterrestrial solar radiation 

Rf friction ratio 

R n n incoming longwave radiation 

Riout outgoing longwave radiation 

R n l net longwave radiation 

R n s net solar (shortwave) radiation 

R s solar (global or shortwave) radiation 

R universal (molar) gas constant (8.31432 J/mol/K) 

Rd specific gas constant for dry air (287.04 J/kg/K) 

R F rainfall 

r hemispherical total shortwave reflectivity (albedo) 

rx, hemispherical spectral reflectivity 

rx(6) directional-hemispherical spectral reflectivity 

ra air resistance to moisture transfer 

re salt crust resistance to moisture transfer 

rs soil surface resistance to moisture transfer 

rv total resistance to moisture transfer 

su undrained shear strength 

S salinity 

S s surface salinity 

S C solar constant (1367 W / m 2 or 118.1 MJ/m2/day) 
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t 

T 

Ta 

Td 

Tfs 

Ts 

Ass 

Tw 

u 

u 

u* 

ue 

Ua 

Usw 

Uw 

V 

VW0 

W 

Ws 

X 

z 

zo 

a 

P 
0' 

Y 

7s 

y» 

K 

X 

Xh 

time 

temperature (°C) 

temperature of free air 

dry bulb temperature 

fresh water surface temperature 

surface temperature 

saturated saline water surface temperature 

wet bulb temperature 

wind speed 

mean wind speed 

friction velocity 

excess pore pressure 

pore air pressure 

total pore saline water pressure 

total pore water pressure 

fluid flow rate with respect to soil grains 

specific volume of water 

water content (weight of water / weight of solid including salt) 

shrinkage limit 

reduced coordinate 

vertical coordinate 

roughness length 

volumetric fraction of water in saline solution 

B o w e n ratio 

osmotic coefficient 

psychrometric constant 

unit weight of solid 

unit weight of water 

slope of swelling line 

wavelength 

thermal conductivity 
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Hi viscosity of liquid 

liisw viscosity of saline water 

Hw viscosity of water 

v number of ions from one molecule of salt 

% osmotic suction 

9W volumetric fraction of water (volumetric water content) 

6 angle of incidence 

p density of moist air 

Pi density of liquid 

Pd density of dry air 

p v density of water vapour 

pva density of water vapour in free air 

Pvsat saturation water vapour density 

p w density of water 

cr total stress 

<yv vertical total stress 

cr'v vertical effective stress 

T vertical flux of momentum per unit area; shearing stress 

iff total suction 
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1 INTRODUCTION 

1.1 GENERAL IMPORTANCE OF RESEARCH 

Recent technological improvement and increase in demand have enabled wholesale 

exploitation of minerals from low grade ore with large open pit mines (Plate 1.1). This is 

depicted in Fig. 1.1.1 ( A B A R E , 1995). In 1981, Australia produced just 34 tonnes of 

gold. By 1994, production had risen to 255 tonnes (worth $4 billion) and is expected to 

reach 360 tonnes by 2001. The amount of tailings produced as the end product of 

mineral processing is very large. The effect of these large mining operations on the 

surrounding environment (e.g. indigenous fauna and flora, subsurface water, soil and 

landscape) has become a subject of attention of both the public and regulatory 

authorities. 

In Western Australia, the mining and energy sector is a major force in the state economy. 

Fig. 1.1.2 shows major mineral and petroleum projects in the State ( D O M E in W A , 

1995). The value of mineral and energy production was $13.4 billion in 1994-95, 

around a quarter of the State's gross product. In 1994, the major minerals produced in 

the State were gold ($3.3 billion which is approximately 7 4 % of the nation's total gold 

production and 8 % of the world's gold production), iron ore ($2.6 billion) and alumina 

($1.7 billion) (Australian Bureau of Statistics Western Australian Office, 1996). 

Because of the low grades of ore from which most of the gold is produced, the quantities 

of tailings resulting from this production is increasing. The environmental impact of 

these tailings has therefore become a major issue. This is partly due to the presence of 

cyanide in the tailings (cyanide is used in the gold extraction process). However, an 

additional factor in W A is the highly saline nature of the water used for gold production 

in many areas. 

M a n y mines are located in areas that may be important because of agricultural purposes 

or the other environmental reasons. Fig. 1.1.3 shows the arable and pastoral areas in 

W A (Australian Surveying and Land Information Group, 1992) and Fig. 1.1.4 shows 

the national parks, the nature reserves, the state reserves and the state forest declared by 
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the Department of Conservation And Land Management ( C A L M , 1994). These C A L M -

managed lands are the areas to be managed for their nature values in terms of native 

vegetation or animals, cultural and scenic value, and landscape. Even in the region where 

the weather conditions are harsh, significant numbers of species of plants and animals 

can be found. The mining activities in these areas should be carefully carried out to 

minimise the degradation of the surrounding environment. 

Recently, the Department of Minerals and Energy issued "Guidelines on the safe design 

and operating standards for tailings storages" ( D O M E in W A , 1996) to assist in the 

design, construction, management and decommissioning of tailings storages in Western 

Australia. However, in practice, these methods are highly dependent on the tailings 

properties (clay content, type of clay, quality of process water, etc), the surrounding 

environment (climate, location, nature value, etc) and the development of technology 

(dewatering technology, mineral extraction technology, etc). The selection of the most 

suitable and cost effective design of the tailings storage requires predictions of the costs 

and the possible environmental impacts of various tailings disposal schemes. Therefore, 

it is necessary to develop our knowledge of the geotechnical and environmental 

engineering properties of tailings. 

In this section, the general importance of the research was explained. The rest of this 

Chapter discusses: 

(1) the importance of this research to achieve economical and environmentally acceptable 

tailings disposal (Le. practical importance of the research); and 

(2) the academic originality of this research (i.e. academic importance of the research). 

Firstly, the general practice of mine tailings disposal in Western Australia is described. 

This will show that the method of tailings disposal is highly variable depending on 

tailings properties, climate, location, surrounding environment, technology and 

regulation. Then, the importance of the research on the dewatering process 

(consolidation, desiccation and evaporation) of tailings, particularly "Evaporation 

Behaviour of Tailings", is explained. The description is followed by an overview of 

previous studies on consolidation, desiccation and evaporation behaviour of tailings, and 
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the academic importance of the research is explained. Finally, the object and topics of 

this study are summarised, and then, the outline of thesis is given. 

1.2 TAILINGS DISPOSAL IN WESTERN AUSTRALIA 

In the mineral industry, the grinding and crushing of ores produces large volumes of 

waste material, usually referred to as "tailings". Tailings are usually in a dilute slurry 

form with a high water content. These tailings are usually contained in tailings storage 

facilities. 

According to D O M E in W A (1996), the primary objectives for the tailings storage 

facilities are: 

(1) to provide safe and economical short-term storage of fine grained wastes, with 

management to minimise the possible environment impacts; and 

(2) construction of an erosion resistant, non-polluting structure which is stable in the 

long-term. 

In this section, the general features of the tailings storage facilities used in Western 

Australia will be discussed. Prior to this, (1) a special feature of tailings in W A and (2) 

the important terms used in this thesis - sedimentation, consolidation, desiccation, and 

evaporation - are explained. 

1.2.1 Special feature of tailings in WA 

Gold tailings in many parts of W A are characterised by high salinity. Most of gold mines 

in W A are located in the dry regions of the state. In these regions, due to the scarcity of 

fresh water, groundwater is generally used for the mineral extraction process. The 

groundwater is extractable from ancient buried river channels ("paleochannels"). These 

paleochannels are in hydraulic contact with the extensive series of salt lakes in the 

region. In some regions, the groundwater is of good quality. However, in many areas, 

the salinity of the groundwater can be as high as 200-250 g/1 total dissolved solids 

(TDS). Fig. 1.2.1 shows the salinity of groundwater in the Kalgoorlie region where 

many gold mines exist. A significant area shows the groundwater "salinity to be above 
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150 g/1 T D S , which is approximately five times higher than that of sea water (about 30 

g/1 T D S ) . The salinities of process water used in some of the gold mines are shown in 

Table 1.2.1. In the rest of this thesis, "g/1" alone will be used to describe salinity instead 

of "g/1 total dissolved solids". 

Table 1.2.1 Salinity of process water of gold mines. 

Site name (see Fig. 1.1.2 for location) Approximate salinity of process water 

Hill 50 

Granny Smith 

OraBanda 

Sons of Gwalia 

N e w Celebration 

Kaltails 

Yilgarn Star 

Higginsville 

Hopes Hill 

Kanowna Belle 

(g/1) 

10 

10-15 

35 

80 

110 

110 

130 

195 

200 

200 

The tailings that contain these saline process waters can be more difficult materials to 

manage due to potential problems such as low drying rates, saline dust generation, 

groundwater contamination, etc. In this thesis, these tailings are called "saline tailings". 

1.2.2 Sedimentation, consolidation, desiccation and evaporation 

After tailings are discharged into a tailings storage facility, the tailings undergo physical 

processes such as sedimentation, consolidation, desiccation and evaporation. Sometimes 

these terms are used inconsistently. In this section, the terms used in this thesis are 

identified and explained. 

Immediately after the deposition, the high water content slurry undergoes sedimentation. 

During the sedimentation process, the slurry behaves as isolated particles or floes in 

suspension. Therefore, these soil particles or floes do not transmit static force to each 
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other. Eventually all particles or floes will settle and become a soil. Generally, the 

sedimentation period is very short compare to that of consolidation. The sedimentation 

process m a y be important for sub-aqueous deposition. However, it is not important for 

sub-aerial deposition which is c o m m o n in W A . 

The process of compression of the soil skeleton with gradual squeezing out of water is 

called consolidation. After the sedimentation process finishes, due to the increment of 

stress caused by the self-weight of the soil, the pore water is gradually squeezed out 

from the soil. This process is called "self-weight consolidation". Consolidation is also 

induced by the seepage of water from the base of a storage facility. In this case, initial 

water pressure at the base is low and creates a water pressure gradient This causes pore 

water to flow down towards the base. Simultaneously, the pore water pressure in the 

tailings gradually decreases and compression of the soil skeleton occurs. This 

consolidation process is called "consolidation by lowering the water table". These two 

consolidation processes are the major consolidation processes that occur in a tailings 

storage facility. 

Consolidation can continue over a very long time depending upon impoundment depths 

and material properties. Therefore, it can be the major consideration affecting the whole 

operation of tailings disposal. Such slow consolidation of tailings m a y require a large 

capacity for the storage and cause long term instability of a storage facility. More detailed 

explanation will be given in the following section. 

Desiccation is a very similar physical process to consolidation. It is the process of 

compression of the soil skeleton with water gradually flowing out of the soil pores. 

However, water flow during the desiccation process is caused by evaporation at the 

tailings surface. Evaporation creates negative water pressure at the tailings surface and 

hence, the water flow occurs towards the tailings surface. 

Evaporation is a phase transition process of substance from a liquid phase to a gas 

phase. In this thesis, "evaporation of tailings" refers to the water vaporisation that occurs 

at or near the tailings surface. Therefore, the term "evaporation behaviour" which is 
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often used in this thesis does not include the behaviour of the soil skeleton. The term 

"evaporation behaviour" is rather synonymous with "behaviour of evaporation rates". 

In a dry climate, evaporation loss of water from the tailings surface and the resultant 

desiccation of the tailings may be very significant. These physical processes are often 

beneficial since they accelerate the densification of tailings, reduce the instability of the 

storage facility, etc. One negative aspect is that evaporation reduces the return of reusable 

water to the plant 

1.2.3 Design and operation of tailings storage facilities 

The following description of the features of tailings storage facilities does not cover the 

entire range of storage methods. It is mainly applicable to the tailings storage methods in 

the gold industry in W A . However, the objectives of the storage facilities (safe and 

economical storage) for any types of tailings are the same in principle. These objectives 

can be achieved by considering many factors, in particular, the geotechnical behaviour of 

tailings. This is explained in this section by taking some examples from tailings storage 

facilities in W A , mainly from gold tailings dams. 

1.2.3.1 Impoundments 

The most c o m m o n tailings storage method in the gold industry W A consists of the 

containment of the slurried tailings on land surrounded by constructed embankments. 

Depending on the topographic feature of the disposal site, the designs of this type of 

storage varies. Typical configurations are: 

(1) paddock impoundments; 

(2) side-hill impoundments; and 

(3) cross valley impoundments. 

These are illustrated in Fig. 1.2.2. Due to the flat land in W A , paddock impoundments 

are the most commonly used among the above three types. Plate 1.2 shows a typical 

impoundment type tailings dam. Side-hill or cross valley impoundments are more 

economic if the topography of the site is suitable for these. In W A , the tailings dam atthe 
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Granny Smith Gold Mine is an example of a side-hill impoundment, and Hedges Gold 

Mine and Argyle Diamond Mine are examples of valley impoundment (see Fig. 1.1.2 for 

the locations). 

The embankments for paddock storages are usually raised in stages. The first 

embankment normally gives sufficient capacity for the first one or two years of 

operation. The embankment is raised successively according to the filling rate of tailings 

into the storage. The rate of embankment rise is generally 1-4 m per year. 

The method of constructing the progressive raising of the embankment can be chosen 

from the following three alternatives: 

(1) upstream method; 

(2) downstream method; and 

(3) centerline method. 

These are schematically represented in Fig. 1.2.3. The final height of the embankment is 

typically 20-30 m. 

Most of the embankments for the gold tailings storage facilities in W A have been 

constructed by the upstream method. The main difficulties of this method may be caused 

by the construction of embankments over tailings. If the tailings are unconsolidated and 

soft due to a high clay content or insufficient drying, the construction of embankments is 

difficult and hence, the stability is questionable. The centerline or downstream methods 

can give a more stable structure although they require a greater volume of materials for 

the embankment and a larger area of the land. These methods are also preferable for 

mines in environmentally sensitive locations (e.g. Hedges Gold Mine). 

The upstream method works well in W A because: 

(1) it is the most economical method since the volume of imported material for the 

embankment is minimised; and 

(2) low seismicity, low rainfall (though cyclones can bring occasional heavy rainfall) and 

high evaporation rates in W A The high evaporation rates can accelerate densification of 

the surface tailings. This produces a good foundation for the next raise. 
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If land acquisition is easy, multiple impoundments can be a good alternative. In this 

method, each impoundment is used rotationaly so that the tailings in dormant 

impoundments can be densified by consolidation and desiccation. Therefore, the benefit 

of high evaporation rate can be maximised. This increases the capacity and stability of 

each impoundment 

The design of these embankments includes determination of the size of impoundments, 

the method of construction, the rate of embankment rise and the stability of 

embankments. These are determined by considering the tailings properties and the 

meteorological conditions contributing to the consolidation, desiccation and evaporation 

behaviour of the tailings. 

One example of a tailings disposal method that relies completely on evaporation is the 

use of shallow "slime ponds". This method is often utilised in the heavy mineral sands 

mines located in the South West region of W A (e.g. Yoganup North Mine in Capel, 

Plate 1.3; see Fig. 1.1.2 for the location). Clay tailings ("slimes") from the plant are 

pumped into the shallow impoundments to approximately 2 m thickness. The slimes are 

then allowed to dry. After the slimes have dried out, they are excavated, mixed with 

coarser materials and used to re-cover the site for farming use. 

The tailings deposition method is one of the important aspects for the tailings 

management strategy. Tailings can be discharged from a single point or multi points 

(spigots). Generally, multi-point discharge spigots placed around the periphery of the 

storage area are recommended to produce an evenly distributed beach. The ideal 

discharge can achieve a uniform deposition of tailings and a well controlled beach angle 

and segregation. The uniform deposition allows the storage area to be used more 

efficiently. The segregation allows deposition of coarser sands adjacent to the 

embankment and transportation of fines towards the centre of the storage area. This 

produces a suitable material as the foundation for the next raise when the upstream 

method is employed for embankment construction. Furthermore, a well-controlled beach 

angle towards the decant point (where the surface water is recovered by a pump or from 

a decant well) can minimise the area of ponded water. Therefore, the recovery of water 

can be more efficient and also the exposure of-the tailings surface to the air can be 
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maximised. This enhances the drying rate of the tailings. Good management of the 

spigotting process can ensure that at no stage is the decant pond adjacent to an external 

wall. This is important to minimise wall seepage and to enhance wall stability. 

Decantation of excess water is necessary for the following reasons. 

(1) Recovered water can be reused for ore processing. This is particularly important for 

the sites where water is scarce. 

(2) The tailings surface area contacting with the air can be maximised and hence, tailings 

densification due to drying is enhanced. 

(3) Seepage through the base or the embankment can be reduced. 

Decantation can be achieved by a decant tower or a pump mounted on a floating barge. 

The base of impoundments can be either the natural ground or an artificially sealed base. 

W h e n tailings contain contamination sources such as cyanide and saline water (gold 

tailings); caustic soda (bauxite tailings); and acid (iron-sulphide minerals), drainage of 

the low quality water from the base can be minimised by a clay liner or a synthetic 

membrane. The design of the base can be determined by considering the chemistry of the 

tailings water, the quality of the underlying groundwater and the environmental 

regulations for the site. 

Underdrainage systems can be constructed above the base. The benefits of an 

underdrainage systems are 

(1) contribution to water recovery; 

(2) reduction of water pressure head acting on the base and the wall (embankment) 

thereby improving stability and reducing leakage from the tailings dam; and 

(3) increase in the rate of consolidation of the tailings. 

However, base drainage systems are rare in the W A gold industry. 

Thus, the physical behaviour such as consolidation, desiccation, evaporation and 

seepage of tailings significantly affect the design, construction and operation methods of 

the impoundment type storage facility. The safe and cost effective management of 

tailings may be achieved by accounting for these behaviour of tailings. 
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1.2.3.2 In-pit disposal and underground disposal 

Tailings disposal into abandoned open pits is called in-pit disposal. Currently, the 

number of in-pit storages in W A is small (16 in total). Plate 1.4 shows one example of 

in-pit tailings disposal. The advantages of in-pit disposal are: 

(1) construction time and costs are low since embankment construction is not necessary; 

(2) the storage facility is very stable (slope failure may occur in the pit but it does not 

affect the function of the structure as a tailings storage facility); and 

(3) it does not require land acquisition for tailings disposal and also the pit can be 

rehabilitated by filling tailings. 

However, in most cases, the depth of tailings in the pit can be significantly greater than 

in the impoundment type. The surface area at the ground level may be similar to that of 

the impoundment type but it becomes smaller towards the bottom. This means that the 

rate of rise of the tailings can be high and the benefit of tailings drying may be reduced. 

The Hopes Hill pit (see Fig. 1.1.2 for the location) is one example of in-pit tailings 

disposal. The plan dimensions of this pit at the ground surface are 1.38 k m long by 200 

m wide. Tailings disposal commenced in 1993, and in the initial 11 months of operation, 

the depth of tailings reached 70 m. For such a case, the tailings are very likely to have a 

very low density after deposition. Large settlements caused by consolidation may take 

decades to complete depending on the properties of tailings. It may also take some time 

for the tailings surface to dry to allow rehabilitation to occur. Furthermore, the base of 

the pit is frequently below the groundwater table. This also retards the consolidation 

process. Groundwater contamination m a y occur if the tailings water contain 

unfavourable chemicals. In order to overcome these disadvantages, construction of an 

underdrainage system, decantation of excess water, thickening of tailings prior to 

deposition, groundwater protection from contamination etc may be required. 

Tailings storage into an abandoned underground mine is called underground disposal. 

The advantages and disadvantages of this method are similar to those of the in-pit 

disposal. Additional disadvantages for the underground disposal are: 

(1) drying of tailings does not occur and hence tailings densification can be very slow; 
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(2) one of the pathways for the chemical breakdown of cyanide is its volatilisation to 

hydrogen cyanide gas. However, the containment of gold tailings in an underground 

mine reduces the chance of such chemical breakdown. 

Although the in-pit and underground disposal methods have the advantages of initial low 

cost, there are many technical disadvantages. Careful prediction of the behaviour of 

tailings and groundwater (surface settlement rate, surface strength, contamination and 

etc), and long term cost performance (cost for rehabilitation and environmental 

protection) may be necessary before such options are adopted. 

The guidelines on the safe design and operation standards for tailings storage issued by 

D O M E in W A (1996) specified the cases when these disposal methods can be 

considered, as follows: 

(1) waste materials are generally non-toxic; 

(2) there is no possibility of there being a potentially viable mineral resource being 

sterilised by the deposition; 

(3) rehabilitation measures are provided to ensure that there is no long term 

environmental impact or public safety hazard; and 

(4) future underground mining beneath the tailings storage is not contemplated or likely. 

1.2.3.3 Dry (paste) disposal 

The method utilises thickeners and filters to dewater the tailings as much as possible 

before deposition into the storage area. The disposal methods such as "Robinsky 

method" or "Stacked tailings" can be included into this method. The recent 

improvements in a dewatering technology (improved thickeners and filters) has provided 

a simple, low cost dewatering system, and dry disposal has become a more practical 

alternative for tailings disposal, according to Smith (1996). H e claims that the current 

dewatering technology can achieve solids content above 70 %. The advantages of the dry 

disposal method are: 

(1) water recovery from tailings can be enhanced; 
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(2) initial high solid content reduces the initial volume of tailings and therefore, shorten 

the time required for consolidation and desiccation. 

The main disadvantage of the method is the cost of installing and running a thickener or a 

filter for dewatering. The method is not used in the gold industry W A though "dry 

disposal" is c o m m o n in the alumina industry. However, it is becoming more popular in 

Canada and U S A . With the improvement and cost reduction of the technology, dry 

disposal may become a more favourable alternative in the future. 

1.2.4 Rehabilitation of tailings storage facilities 

The objective of rehabilitation of tailings storage facilities is to achieve safe, long term 

storage of fine grained mine waste with minimal environmental impact. The guidelines 

( D O M E in W A , 1996) recommends the following practice: 

(1) Final outer walls should be 20° or less overall and should be covered with an 

adequate waste rock layer. Long term erosion should be minimised with suitable 

drainage control. 

(2) Saline tailings (which is common in the goldfields in W A ) should be covered with a 

minimum of 500 m m of suitable waste followed by revegetation. Tailings that contain 

potable quality water are not required to be covered with waste but should be 

revegetated. These surface treatments are supposed to reduce the erosion and dusting 

hazards. 

(3) Revegetation should be encouraged on all external surfaces. 

(4) Decant and underdrainage systems should be decommissioned, sumps should be 

refilled, and a drainage system for external surfaces should be developed to minimise the 

possibility of uncontrolled releases and erosion during flood periods. 

Special attention has been paid to the dust generation from saline tailings surfaces. If 

saline dust is produced and transported to the surrounding environment the degradation 

of soils, native vegetation and agricultural land may occur. In W A , land salinisation due 

to groundwater rise caused by the irrigation and clearing trees has been a serious 

problem. Fig. 1.2.4 shows the area which is affected by salinisation induced by human 
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activities. Most of the arable land (Fig. 1.1.3) has been degraded due to salinisation. 

Under these circumstance, saline dust generation from the tailings surface will not be 

allowed. Proper surface treatments are necessary for saline tailings to prevent dusting. 

However, the surface treatment of tailings immediately after completion of deposition 

m a y not be easy. The tailings surface has to be strong enough prior to the 

commencement of the surface treatment. Furthermore, significant settlement due to 

consolidation m a y occur in the long term and this may create an unfavourable surface 

shape. The rates of surface strength gain and surface settlement are mainly dependent on 

the tailings consolidation properties and the evaporation potential of the site. 

Construction of a base drainage layer may promote consolidation and produce a hard 

crust near the surface. Determining when surface treatment can commence requires an 

understanding of the consolidation and desiccation behaviour of the tailings. 

The long term stability of the embankments of an impoundment type storage facility can 

be a problem when the initial water content of tailings is high and the dewatering process 

is retarded due to high clay content of tailings. Dewatering of tailings by consolidation 

and desiccation during and after deposition is important to ensure the long term stability 

of tailings storage facilities. 

In this section, the general features of the design, operation and rehabilitation of the 

tailings storage facilities in W A have been briefly described. The two key features in the 

current tailings disposal practice in W A may be summarised as 

(1) maximisation of the benefit of evaporation and 

(2) saline tailings disposal. 

The method of the tailings disposal can be highly variable depending on the tailings 

properties, the climate, the surrounding environment and the regulations. In particular, 

the tailings behaviour during and after deposition strongly affects the tailings disposal 

strategy. Technological development and changes in the environmental regulations may 

significantly alter the current tailings disposal method in the future. However, at this 

stage, understanding and prediction of the tailings behaviour are necessary in order to 

achieve economical and environmentally acceptable tailings management. 
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1.3 DEWATERING PROCESS AND MANAGEMENT STRATEGY 

Geomechanics can contribute considerably to the design, operation and rehabilitation of 

tailings storage facilities. One of the most important outcomes achieved by introducing 

geomechanics is that the behaviour of tailings and tailings storage facilities can be 

predicted. Therefore, comparisons of the costs and safety among the possible tailings 

disposal methods can be more easily achieved. Thus, the tailings storage design and 

planning can be more rational by introducing the knowledge of geomechanics. 

Fig. 1.3.1 summarises the geomechanical problems involved in the tailings disposal. 

The Figure uses a paddock type impoundment since this type is the most c o m m o n type 

of tailings storage facility in W A 

The work described in this thesis focuses on the dewatering processes of tailings 

(consolidation, desiccation and evaporation) because of their major influence on the 

tailings disposal strategy. In particular, evaporation of tailings is studied in detail. 

Evaporation of tailings was chosen as the main topic of this thesis for the following 

reasons: 

(1) In W A , many mining sites are located in the region where evaporation rates are high 

and evaporation can have a strong influence on the tailings disposal strategy. 

(2) Although much research work on the constitutive laws for consolidation and 

desiccation of tailings has been carried out, not much attention has been given to 

"evaporation" of tailings (see Section 1.2.2 for the definition of evaporation). This is 

discussed in Section 1.5. 

The purpose of this work is to understand the dewatering behaviour of tailings and 

construct a mathematical model of tailings so that the tailings behaviour can be predicted 

by knowing the tailings properties, climate, operation method, etc. Such predictions are 

necessary to estimate the ultimate storage capacity of a disposal area, the surface 

settlement the amount of liquor discharged at the base and the surface, the time required 

prior to each embankment lift and the time before rehabilitation can commence. 
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1.4 EVAPORATION FROM TAILINGS SURFACES IN WA 

In most part of WA, the typical annual Class A pan evaporation rates vary from 2 m to 

over 4 m (Fig. 1.4.1). M a n y mining operations are located in the region where the Class 

A pan evaporation rates are above 3 m/yr. Such high evaporation rates can have a strong 

influence on the tailings behaviour. 

Evaporation from a tailings surface can be influenced by a number of factors. 

First, as shown in Fig. 1.4.1, the evaporation rate from the tailings surface varies greatly 

depending on the meteorological conditions of the site. Thus, the evaporation rates from 

two identical tailings surfaces, one located at the South West corner of the state and the 

other located at the North of Kalgoorlie are obviously different. 

Second, the hydraulic and deformation properties of the tailings affect evaporation. The 

evaporation rate from a tailings surface does not exceed the rate determined by the 

hydraulic properties (pore water pressure and permeability profiles) of the tailings. It is 

well known that the evaporation behaviour from nondeformable porous media such as 

sand can be described using a simple one-dimensional moisture flow equation that 

incorporates the hydraulic properties of the medium. However, the evaporation 

behaviour from deformable porous media such as many tailings are more complicated 

due to shrinkage cracks. The shrinkage cracks may increase the evaporation rate from the 

tailings surface. Plate 1.5 shows shrinkage cracks typical of those encountered in tailings 

dams in W A . 

Third, the salinity of the process water affects evaporation from the tailings surface. As 

mentioned earlier, saline process water is very common in the goldfields in W A (see Fig. 

1.2.1 and Table 1.2.1). High salinity may have a significant detrimental effect on 

evaporation from the tailings surface. It is well known that the evaporation rate from a 

saline water surface is lower than that from a fresh water surface (e.g. Salhotra et al, 

1985). Furthermore, a salt crust tends to form on the tailings surface due to the 

accumulation of salt The salt crust may reduce evaporation further. Plate 1.6 shows the 

surface of a saline tailings storage area which is typical in the goldfield region in W A 
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Thus, the evaporation behaviour of tailings is determined by a number of factors such as 

meteorological conditions, hydraulic and deformation properties of tailings, and salinity. 

The prediction of the evaporation behaviour of tailings has to account for these factors. 

1.5 OVERVIEW OF PREVIOUS STUDIES 

A brief literature review on consolidation, desiccation and evaporation of tailings is given 

in this section. A more detailed discussion can be found in Chapter 2. 

The consolidation of tailings slurries is a classic example of large-strain and self-weight 

consolidation, that is, large changes in geometry and soil properties (in particular, 

compressibility and permeability) occur. Finite strain consolidation theories that satisfy 

these conditions were developed by Mikasa (1965) and Gibson etal. (1967 and 1981). 

These two finite strain theories, though independently developed, are identical in 

principle (Pane and Schiffman, 1981). Pane and Schiffman (1985) also showed that the 

equation of Gibson can be extended to deal with sedimentation and simultaneous 

consolidation of pelagic sediments. Most of the tailings consolidation models are based 

on the theory of Gibson et al. (1967) and they have been successfully applied to analysis 

of tailings consolidation (Carrier et al; 1983, M c V a y et al, 1986; Townsend and 

McVay, 1990; Toh, 1992; Abu-Hejleh and Znidarcic, 1995). 

However, Gibson's theory may not be appropriate to describe some of the features of 

the desiccation behaviour of tailings. During the desiccation process, and after the soil 

starts cracking, compression of the tailings occurs isotropically, and vertical shrinkage 

cracks develop from the surface. This type of behaviour is also encountered during 

consolidation caused by lowering of the water table. Gibson's theory is a one-

dimensional consolidation model and it is not suitable for the description of three-

dimensional shrinkage. Furthermore, Gibson's theory was derived for saturated soils. 

Therefore, the behaviour of unsaturated tailings, which can be produced by continuous 

drying, m a y not be described. 

A number of researchers have attempted modelling of the desiccation behaviour of 

tailings based on Gibson's theory (Swarbrick, 1992; Abu-Hejleh and Znidarcic, 1995; 



Introduction 17 

Seneviratne et al, 1996). These include the extension of the theory to unsaturated 

consolidation (Swarbrick, 1992) and three-dimensional shrinkage (Abu-Hejleh, 1995). 

Williams et al (1989) also used a finite strain consolidation model to examine the 

consolidation and crusting behaviour of coal mine tailings. 

Alternative approaches to desiccation modelling can be found in the literature. Examples 

are Benson and Sill (1991) and Swarbrick and Fell (1992). Benson and Sill (1991) 

applied a diffusion equation to desiccation of dredged materials. Swarbrick and Fell 

(1992) employed column settling tests and a two-stage drying model for the prediction 

of desiccation of mine tailings. However, these models have more restrictions than 

Gibson's model. This reduces the flexibility and versatility of the models. 

Although a constitutive law for consolidation and desiccation behaviour has been 

developed, not much attention has been given to the evaporation process. However, it 

has to be stressed that without proper evaluation of evaporation, tailings behaviour can 

not be predicted correctly even if a sophisticated constitutive law is used. Most of the 

desiccation models mentioned above employ the concept of two stage evaporation, 

which has been developed for nondeformable porous media (e.g. Hillel, 1971). 

However, tailings usually develops shrinkage cracks during desiccation. Evaporation 

from such a cracked surface may not be well represented by the two stage evaporation 

concept used for nondeformable porous media. Furthermore, evaporation from tailings 

in W A can be more complicated due to the use of saline process water. 

The work described in this thesis focuses on the evaporation process occurring at the 

tailings surface. This includes investigation of the effects of the meteorological 

conditions, the hydraulic and deformation properties of tailings, and the salinity of 

process water on the evaporation behaviour of tailings. 

1.6 OBJECT AND TOPICS OF STUDY 

Since the tailings management and rehabilitation strategies may be significantly affected 

by the rate of evaporation from the tailings, a proper estimation of the tailings 

evaporation rate is very important. The main objectives of this thesis are: 



Introduction 18 

(1) to understand tailings evaporation behaviour as affected by various factors such as 

meteorological conditions, tailings properties, and salinity; and 

(2) to establish theoretical or empirical bases that can be used for estimation of 

evaporation from tailings. 

The research topics that are investigated and discussed in this thesis are: 

(1) effect of quality of process water (salinity) on evaporation from tailings; 

(2) effect of the hydraulic and deformation properties of tailings on evaporation from 

tailings; and 

(3) effect of climatic conditions at a mine site on evaporation from tailings. 

In particular, this study has important implications for management of gold tailings 

which generally have high salinity and cyanide. 

1.7 OUTLINE OF THESIS 

The following describes the outline of the thesis. 

In this Chapter, the three important aspects - general importance, practical importance 

and academic importance - of research on "Evaporation Behaviour of Tailings" were 

explained. 

In Chapter 2, firstly, the theories of large-strain consolidation and desiccation are 

reviewed. This includes a description of the consolidation model of Gibson and an 

examination of its applicability to tailings desiccation behaviour. Secondly, the theories 

of evaporation from water and soil-water bodies are reviewed. In particular, the factors 

(meteorological conditions, tailings properties and salinity) affecting evaporation from 

tailings are examined in detail. Finally, an explanation of a numerical model (MinTaCo) 

used in this thesis for the analysis of the test results is given. 

In Chapter 3, the first series of laboratory drying test results is presented. The effects of 

salinity on the drying behaviour of two types of materials (high clay content material and 

low clay content material) were observed. These tests demonstrated significant effects of 

salinity in reducing evaporation from tailings surfaces. 
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In Chapter 4, the second series of laboratory drying experiments is described. These 

tests also investigated the effect of salinity on evaporation from tailings surfaces. 

However, more detailed observations were carried out during these tests. These 

included: measurement of albedo of the surface; air resistance; soil surface resistance; 

and salt crust resistance of three artificial tailings with different salinity levels. Then, the 

characteristics of these parameters were examined. 

In Chapter 5, field observations of the evaporation behaviour of tailings at two mining 

sites are described. First, the results of the field tests carried out at the Yoganup North 

Mine are described. These tailings had very high clay content and the process water was 

fresh. During long term observations, the tailings developed an extensive network of 

cracks. In particular, the effect of these cracks on total evaporation from the tailings 

surface was investigated. 

Second, the results of the field tests carried out at the Granny Smith Mine are described. 

At this site, the salinity of the tailings water was 10-15 g/1 total dissolved solids (TDS) 

which is fairly benign by Western Australian goldfields standards. Evaporation 

measurements were made at the surface of an actual tailings dam. Although the salinity 

was low, reduced evaporation rates were observed. 

In Chapter 6, further analysis of the test results presented in Chapters 3, 4 and 5 is 

carried out. This leads to the proposition of some useful ideas for estimation of 

evaporation from a tailings storage facility. 

In Chapter 7, the conclusions arising from the study are presented. Recommendations 

for future research are also outlined. 
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2 CONSOLIDATION, DESICCATION AND 
EVAPORATION OF TAILINGS 

2.1 INTRODUCTION 

Evaporation loss of water from tailings is an important physical process which controls 

tailings desiccation behaviour during and after deposition. Complete modelling of the 

tailings behaviour under dry climatic conditions requires coupling of a theory of 

evaporation, which determines the evaporation demand acting at the tailings surface, and 

a theory of consolidation and desiccation, which determines the behaviour of the water 

flow and the soil skeleton in a tailings body. 

Although models describing consolidation and desiccation of tailings have been 

developed in the literature, research focussing on evaporation from the tailings surface is 

rare. However, it has to be stressed that the models do not correctly describe tailings 

behaviour under dry climatic conditions unless they incorporate a realistic value or a 

realistic model of evaporation. Thus, the main purpose of this thesis is to understand the 

evaporation behaviour of tailings and to establish theoretical or empirical bases that can 

be used for the estimation of evaporation from tailings. 

In this Chapter, first, a brief explanation of the finite strain consolidation model of 

Gibson is given. Most of the models describing the consolidation and desiccation 

behaviour of tailings are based on this model. A numerical program (MinTaCo) used in 

this thesis is also based on this theory. Although the model has been successfully applied 

to consolidation of tailings, it has some limitations in describing desiccation of tailings. 

The limitations are also discussed. 

Second, the evaporation behaviour of tailings is discussed. Three basic concepts that 

have been well accepted for the description of evaporation from water and soil bodies are 

briefly explained. These are (1) surface energy balance equation, (2) Dalton's equation 

and (3) soil moisture flow equation (Darcy's law). This is followed by an examination of 

the effects of the meteorological conditions, the hydraulic and deformation properties of 

tailings, and the salinity of the process water on evaporation from tailings. 

Simultaneously, the related previous work is reviewed. 
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Third, a numerical model (MinTaCo), which is based on the consolidation theory of 

Gibson, is explained and its applicability in analysing the consolidation and desiccation 

behaviour of tailings is discussed. In this thesis, the program is used to enhance the 

understanding of the experimental results presented in the later Chapters. 

2.2 CONSOLIDATION AND DESICCATION 

2.2.1 Finite strain consolidation theory 

Consolidation of tailings slurries involves large deformation and continuously changing 

soils properties. The large-strain consolidation model proposed by Gibson et al. (1967) 

incorporates these features of tailings consolidation. Many numerical codes based on the 

theory have been developed, and successfully applied to the consolidation problems of 

tailings (Carrier et al, 1983; M c V a y et al, 1986; Townsend and McVay, 1990; Toh, 

1992; Abu-Hejleh and Znidarcic, 1995). Furthermore, most of the desiccation models 

that have been developed are based on this model. The theory of Gibson is briefly 

explained in this section. 

The assumptions adopted in the model are: 

(1) Homogeneity of the material. 

(2) Complete saturation at all time. 

(3) Solid particles and pore water are incompressible. 

(4) The motion of pore fluid relative to solids is governed by Darcy's law. 

(5) Time effects intrinsic to the soil skeleton are insignificant 

(6) Both compression and flow are one-dimensional. 

(7) A unique relationship between void ratio and effective stress. 

(8) A unique relationship between hydraulic conductivity and void ratio. 

(9) Isothermal conditions. 

The governing equation of Gibson's theory can be derived as follows. 

A Lagrangian system is used as a coordinate system. Fig. 2.2.1 shows an element (solid 

square symbol) of-a soil mass undergoing one-dimensional consolidation from time t =0 
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to t =t. The void ratio of the element at time t = 0 is eo and that at time t is e. The 

Lagrangian coordinate of the element is a, measured positive vertically upwards from a 

datum. 

The vertical equilibrium of the soil grains and fluid occupying the element at time t 

requires that 

da 
Gs + e 

l + e0 
r =o (2.2.1) 

where e is the void ratio of the soil at time t, yw is the unit weight of water, <JV is the total 

vertical stress of the soil at time t and Gs is the specific gravity of the soil particles. 

The principle of effective stress can be expressed in differential form as: 

d q-y _ d&v dp 

da da da 
(2.2.2) 

where &v is the vertical effective stress and p is the total pore pressure. The spatial 

derivative of total pore pressure (p) can be expressed as: 

dp due 
da da 

rl+e^ 

1 + e0 
(2.2.3) 

where ue is the excess pore pressures in the element at time t. 

Application of Darcy's law gives 

( u \, 
V = -

u wj 
1 + gQ 

l + e. 

(du. 
da 

(2.2.4) 

where V is the upward water flow rate with respect to soil grains (LT~l), and k is the 

hydraulic conductivity of the soiL 

Continuity of the fluid flow across the soil element requires that 
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dV 1 de 
-T- = ~; -3- (2.2.5) 
da l + e0 dt 

Combining Eqs (2.2.1)-(2.2.5), the governing equation of self-weight consolidation in 

Gibson's Theory is obtained as: 

(Y -y )^de_ 
+
 3 

de da da 
A d&v de u x 

' "' (2.2.6) 
l + e0 dt 

where 0 = £/(yw(l + «)) and ys is the unit weight of soil. Both k and a\ are functions of 

e. 

N o closed form solution has been obtained for this equation due to the high non-linearity 

given by the &v-e and k-e relationships in the equation. B y using numerical methods 

such as a finite element method or a finite difference method, the equation can be solved 

numerically. Nonhomogeneity and overconsolidation can be incorporated in the model 

(the assumptions (1) and (7) can be omitted). This will be described in the explanation of 

the numerical model "MinTaCo" in Section 2.4. 

2.2.2 Limitations of the theory for desiccation 

The model of Gibson can describe most of the situations encountered during the process 

of tailings consolidation. However, it has some limitations for the description of the 

desiccation process. 

During the desiccation process, evaporation from the tailings surface causes development 

of suction at the tailings surface. With the development of suction, and before the 

development of cracking, the vertical effective stress is equal to the suction, and the 

horizontal effective stress is Ko times the vertical effective stress. This leads to one-

dimensional compression. Cracks develop initially at points of imperfection, and once 

this occurs, the effective stress becomes isotropic, leading to the further growth of the 

cracks. This process is in fact very complex, as described by Morris et al (1992). A 

similar phenomenon also appears during the consolidation induced by lowering of the 

watertable. Since the model of Gibson has been described for the one-dimensional case 

only, it may not be applicable to describe the three-dimensional shrinkage. 
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Another limitation is the applicability of the theory to unsaturated tailings. Tailings are 

generally fine grained materials with significant clay content The air entry values of 

clayey soils are generally high and desaturation may not occur so easily. However, 

continuous drying can desaturate tailings from the surface. In this case, a complete 

theory of the tailings behaviour must be capable of dealing with unsaturated tailings. 

Improvement in Gibson's theory has been carried out to overcome these limitations. 

Abu-Hejleh and Znidarcic (1995) proposed a model to describe one-dimensional 

consolidation and desiccation, propagation of vertical cracks and tensile stress release, 

and three-dimensional shrinkage. The model requires a "cracking function" and three 

pairs of compressibility and permeability relationships. Swarbrick (1992) incorporated 

unsaturated consolidation into Gibson's theory. 

However, the sophistication of these model may not be justified if a realistic evaporation 

rate is not used for prediction of the field behaviour. The work described in this thesis 

focuses on the evaporation process occurring at the tailings surface. The evaporation 

behaviour of tailings is discussed in the following section. 

2.3 EVAPORATION 

In this section, the effects of meteorological conditions, tailings hydraulic and 

deformation properties, and salinity on evaporation from tailings are separately 

examined, and simultaneously the related previous work is reviewed. 

First, three basic concepts, which have been well accepted for description of evaporation 

from water and soil bodies are briefly explained. These are (1) surface energy balance 

equation, (2) Dalton's equation and (3) soil moisture flow equation (Darcy's law). Most 

of the experimental methods, interpretation of test results and discussions described in 

this thesis are based on one of these concepts or a combination of two or three. 

Second, starting from a description of a classical view of evaporation from a soil-water 

mixture, the effects of meteorological conditions, tailings hydraulic and deformation 

properties, and salinity on evaporation from soil-water mixtures are reviewed. In the 
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process of the review, important parameters such as potential evaporation rate (Ep), soil 

surface resistance (rs) and salt crust resistance (rc) are also defined. 

2.3.1 Three basic concepts 

2.3.1.1 Surface energy balance equation 

Radiation energy transferred from the sun is the main source of energy for evaporation at 

the surface of the earth. For a water or soil surface, when energy fluxes in the horizontal 

direction can be ignored, the energy balance at the surface of the earth can be written as: 

Rn = LeE + H + G (2.3.1) 

where R n is the flux of net radiation, Le the latent heat of vaporisation, E the rate of 

evaporation, H the flux of sensible heat into the atmosphere and G the flux of heat 

conducted into the water or soil body. Fig. 2.3.1 schematically represents the energy 

balance at the surface of the earth. R n is positive and other terms (LeE, H and G ) are 

negative when the direction is towards the surface. 

Radiation balance 

Net radiation (Rn) is the difference between incoming and outgoing radiation of both 

short wavelengths (which is generally taken as wavelengths 0.15 to 4 u m ) and long 

wavelengths (which is generally taken as wavelengths 4 to 50 |im). Note that the 

wavelength separating the shortwave and longwave radiation is also sometimes taken to 

be 3 \xm. Since the portion of the shortwave and longwave radiation energy in the 

wavelengths between 3 and 4 (im is very small, it does not make much difference 

whether 3 ̂ .m or 4 (im is taken as a separation value. Shortwave radiation refers to the 

radiation from the sun (solar radiation), while longwave radiation refers to the radiation 

emitted by the earth and the atmospheric constituents (terrestrial radiation). Net radiation 

(R„) is given by the balance of these two types of radiation. 

The radiation measured at the top of the atmosphere is called extraterrestrial solar 

radiation (Ra). The solar radiation energy received by the earth's surface (Rs) is smaller 
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than R a due to the atmospheric constituents that absorb some portion of the solar 

radiation. The solar energy received on a horizontal surface on the earth when no clouds 

attenuate the radiation is called "clear day solar radiation" (RcS). Fig. 2.3.2 shows the 

annual values of R a and RcS for various latitudes. It also shows the values of evaporation 

rates calculated by assuming that the clear day solar radiation received by the surfaces is 

totally consumed by evaporation (RcS/(Lcpw)). These calculated values are comparable 

with the Class A pan evaporation rates shown in Fig. 1.4.1 (the latitudes of Three Rivers 

and Moora are -25° and -30° respectively). 

The solar radiation or shortwave radiation that reaches to the earth surface (Rs) can be 

reflected by the surface of materials such as water, soils and vegetation. Thus, the 

shortwave component of net radiation (Rns) received by the earth surface can be written 

as: 

Rns = Rs(l-r) (2.3.2) 

where R n s is the net solar (shortwave) radiation, r is the shortwave reflectivity of the 

surface material. 

The shortwave reflectivity (r) is also called "albedo". In this thesis, the term albedo or 

shortwave reflectivity is used to describe the reflection of radiation with a wavelength 

less than 3 |im. The reflectivity of any material surface is a function of the wavelength, 

the angle of incoming radiation and the temperature of the material. The temperature 

variation of the material on the earth is small so that the effect of the temperature on 

reflectivity can be ignored. The term albedo, or shortwave reflectivity, used in this thesis 

represents the reflectivity that is integrated over the wavelength and the angle of 

incidence. A more proper term may be hemispherical total shortwave reflectivity. This 

term is also used in this thesis (Chapter 4). 

For most natural surfaces, the fraction of the reflected radiation depends on the direction 

of the incoming beam. Therefore, on days with sunshine, the albedo of most surfaces 

depends on the altitude of the sun, but this dependence decreases with increasing 

cloudiness. Table 2.3.1 shows a brief summary of mean albedo values for surfaces 
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(adopted from Brutsaert, 1982). For example, deep water absorbs about 50 % more 

solar radiation energy than white sand. 

Table 2.3.1 Approximate mean albedo values for various natural surfaces (after 

Brutsaert, 1982). 

Nature of surface Albedo 

Deep water 0.04-0.08 

Moist dark soils; plowed fields 0.05-0.15 

Grey soils; bare fields 0.15-0.25 

Dry soils; desert 0.20-0.35 

White sand; lime 0.30-0.40 

Old and dirty snow cover 0.35-0.65 

Clean, stable snow cover 0.60-^0.75 

Fresh dry snow 0.80-0.90 

The other component of net radiation is net longwave radiation (Rni). All objects at 

temperatures greater than absolute zero emit radiation at intensities proportional to the 

fourth power of their absolute temperature. Longwave radiation is the radiation that is 

emitted from atmospheric gases, land and water surfaces, and vegetation. The longwave 

component of net radiation (Rni) received by the earth's surface can be written as: 

Rnl = Rlin-Rlout <2'3-3) 

where Run is the incoming longwave radiation and Riout is the outgoing longwave 

radiation. The outgoing longwave radiation (Riout) originates from the earth's surface. 

Most of the radiation emitted by the earth's surface is absorbed by the atmosphere, 

particularly by water vapour, clouds, and carbon dioxide. All layers of the atmosphere 

participate in the emission of radiation as well as the absorption of radiation. The 

incoming longwave radiation (RUn) is mainly emitted from the constituents of the 

atmosphere. 

B y combining Eqs (2.3.1), (2.3.2) and (2.3.3), the energy balance equation can be 

rewritten as: 
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R n = R s (1 - r) + Rlin - Rlout = LeE + H + G (2.3.4) 

Latent heat flux, sensible heat flux, and subsurface heat flux 

The net radiation energy absorbed by the surface materials such as water or soil is 

consumed as latent heat flux, sensible heat flux and subsurface heat flux. The physical 

principles of each heat transfer process are briefly explained below. 

Latent heat flux is the product of the evaporation rate and the energy (latent heat) required 

for water vaporisation. Evaporation from the surface to the atmosphere occurs when the 

concentration of water vapour over the surface is greater than that of the atmosphere. The 

evaporation rate can become higher by increasing the concentration gradient or by 

increasing the degree of turbulence of the air. Thus, the latent heat flux in the 

atmospheric boundary layer (the lower part of the atmosphere where the nature and 

properties of the surface affect the turbulence directly) is expressed as: 

LeE = ~LeKv^ = -LeKvp^ (2.3.5) 
dz dz 

where Kv is the eddy transfer coefficient of the water vapour (L
2T-7), p v is the vapour 

density in air, p is the density of moist air, z is the distance upwards from the surface 

and hs is the specific humidity in air. 

W h e n the water vapour concentration adjacent to the land surface is lower than that of the 

surrounding air, condensation of water occurs. In this case, the energy (latent heat) is 

released to the surroundings. Condensation of water on the ground surface often occurs 

in early morning when the surface temperature becomes low. 

The sensible heat transfer (H) occurs when the temperature of the material surface is 

different from that of surrounding air. The sensible heat flux is controlled by both the 

temperature gradient and the degree of the turbulence of air. The sensible heat flux in the 

atmospheric boundary layer is expressed as: 

H = -pc„A^ (2.3.6) 
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where Kh is the eddy transfer coefficient of heat (L2r-7), p is the density of the moist 

air, Cpm is the specific heat of moist air at constant pressure, and Td is the dry bulb 

temperature. 

O n a wet surface that is surrounded by hot and dry land surfaces (e.g. a tailings dam 

surface in a semi-arid or arid environment), when the air is horizontally transferred from 

the hot and dry land areas to the wet surface, heat is often transferred from the air to the 

wet surface. Thus, the sensible heat flux is directed towards the surface and consumed in 

the forms of LeE and G. The phenomenon is called "sensible heat advection". 

The sensible heat flux (H) is often treated together with the latent heat flux (LeE). The 

ratio of these two fluxes is called the Bowen ratio (Bowen, 1926): 

B = — (2.3.7) 
H LeE 

It has been widely accepted that the eddy transfer coefficients of water vapour (Kv) and 

heat (Kh) are very similar. The assumption of identity leads to the following expression 

of the Bowen ratio: 

/? = — = y^- (2.3.8) 
LeE dhs 

where the psychrometric constant y = cpm/Le. By combining the Eqs (2.3.1) and 

(2.3.8), the latent heat flux is computed as: 

LE=RnZG (2.3.9) 
l-p 

The latent heat flux can be calculated by measuring the net radiation, the subsurface heat 

flux, and the humidity and temperature gradients. This evaporation estimation method is 

called the Bowen ratio method. The method is used in Section 5.2 in this thesis for the 

estimation of evaporation rates from tailings surfaces. 
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Transfer of heat also occurs between the surface and subsurface of the material. For a 

soil surface, the term G in Eq. (2.3.1) represents the heat flux into the ground. For a 

water surface, G is the heat flux into the underlying water body. 

The main mechanism of heat transfer in the soil is conduction. The vertical downward 

flux, with z measured downwards from the surface, can be written as: 

G = -Xh^f- (2.3.10) 
dz 

where Xh is the thermal conductivity. Because the heat transfer also involves other 

mechanisms, such as convection by water movement, Xh is also referred to as the 

apparent thermal conductivity. Substitution of Eq. (2.3.10) in the equation of 

conservation of heat produces 

where Ch is the volumetric heat capacity of the soil. Both Xh and Ch vary depending on 

the volume fractions of soil solids, water and air. 

W h e n the energy balance equation (2.3.1) is applied to the thin layer or film of water at 

the surface of the ocean or of a lake, the term G involves several heat transport 

mechanisms. These are the conduction and vertical convection of heat to deeper layers, 

and the penetration of radiation below the surface. The estimation of heat transfer into a 

water body is a complex problem and is not treated in this thesis. 

2.3.1.2 Dalton's equation 

According to Brutsaert (1982), Dalton's paper in 1802 was one of the major events in 

the development of evaporation theory. Dalton's result can be written in present-day 

notation as: 

Efw = /(u)(pwa,(Ts) -Pva) (2.3.12) 
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where Efv is the fresh water evaporation rate, pv«zr(Ts) is the saturation vapour density 

above the fresh water surface as a function of surface temperature, pva is the vapour 

density in air, and/( u) is an empirical function of mean wind speed u. The function 

/(u) depends on wind profile, atmospheric stability, and the elevation at which u and 

pva are measured. Even though Eq. (2.3.12) is not exactly in the form proposed by 

Dalton, this equation is referred to in this thesis as "Dalton's equation". 

The above equation may also be written as: 

Efw = Pv^(Ts)-Pva (2.3.13) 
ra 

where ra is the air resistance, which is the inverse of/(u). 

In a similar way, evaporation from a saline water surface may be described by Dalton's 

equation (Salhotra et al, 1985). Evaporation from a saline water surface is less than 

from a fresh water surface because the number of water molecules in a unit volume is 

decreased by the presence of salt, and the thermal energy of water molecules is affected 

by molecular interactions. Hence, the vapour density above a saline surface, pv«tf(Ts, 

Ss), decreases with surface salinity, Ss. This results in reduced evaporation, which can 

be expressed 

Esw = /(5)(Pv«(Ts,Ss) -Pm) = P-*»(Ts.S8)-P«. (13.14) 
ra 

where E s w is the evaporation rate from the saline water body. The function/(u) is the 

same in Eqs (2.3.12) and (2.3.14). 

A n approximate relationship between the mean (time average) wind speed (u) of Eq. 

(2.3.12) and the air resistance (ra) of Eq. (2.3.13) can be obtained by assuming the 

similarity of the eddy transfer coefficients, and that the logarithmic wind profile law is 

valid. The relationship between u and ra is derived in the rest of this section. Prior to the 

derivation, brief explanations of the similarity theory and the logarithmic wind profile 

law are given. 
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The similarity of the eddy transfer coefficients of water vapour, heat and momentum are 

often used in aerodynamic theory. The eddy transfer coefficients of water vapour (Kv) 

and heat (Kh) were defined by Eqs (2.3.5) and (2.3.6) earlier and that of momentum 

(Km) is defined by Eq. (2.3.17) later. All of these coefficients have identical dimensions 

(LPT-1). Observations suggest that the assumption of identity in the transfer coefficients 

is valid only when the atmosphere is in a condition of nearly neutral stability. As 

mentioned earlier, the Bowen ratio method (Eqs (2.3.8) and (2.3.9)) is valid when the 

similarity between the eddy transfer coefficients of water vapour and heat holds. 

In the surface sublayer, when the atmospheric stability is neutral, the mean wind speed 

(u) can be described as a logarithmic function of elevation z. This is called the 

"logarithmic wind profile law". The surface sublayer is the lower part of the boundary 

layer above the roughness obstacles, where the flow is relatively unaffected by the 

viscosity of the air and the structures of the individual obstacles, and by the Coriolis 

force. The logarithmic wind profile law is expressed as: 

u = -^{ln(z-<f0)-ln(zo)} (2-3.15) 
k 

u* = f-Y (2-3.16) 

where u* is the friction velocity as defined by Eq. (2.3.16), ris the vertical momentum 

flux per unit area, p is the density of moist air and assumed as constant in the surface 

sublayer, k is the von Karman constant whose value is of the order of 0.40, do is the 

zero-displacement height and zo is the roughness length. The value u*/k is constant 

The momentum transfer in the atmospheric boundary layer can be written as: 

where Km is the eddy transfer coefficient of momentum. Over a uniform surface, 

conservation of momentum leads to a constant momentum flux along a vertical direction. 



Consolidation, Desiccation and Evaporation of Tailings 33 

Eqs (2.3.15), (2.3.16) and (2.3.17) allow the eddy transfer coefficient to be calculated 

from the wind profile as: 

Km = ku*(z - do) = k2(z - do)\ 
du 

dki(z-do) 
(2.3.18) 

See Appendix 1 for the derivation of Eq. (2.3.18). Assuming the similarity of the eddy 

transfer coefficients of water vapour (Kv) and momentum (Km), the eddy transfer 

coefficient of water vapour is also given as: 

Kv = ku*(z - do) = k
2(z - do)\ 

dn 

dki(z-do) 
(2.3.19) 

From Eqs (2.3.5) and (2.3.13), the relationship between the air resistance and the eddy 

transfer coefficient of water vapour is obtained as: 

ra JZs Kv 

(2.3.20) 

See Appendix 1 for the derivation of Eq. (2.3.20). Suppose the upper and lower 

measurements of the mean wind speeds are taken at Za and zs over a smooth surface (i.e. 

d0 = 0). Assuming zs is equal to zo, and hence u(zs) = 0, the air resistance for water 

vapour can be given as: 

Ta k 2 T fc) 
(2.3.21) 

Using Eq. (2.3.21), the relationship between the air resistance and the mean wind speed 

at ̂  can be obtained. The relationship between ra and u(za) for zs = 0.001 m is depicted 

in Fig. 2.3.3. 

Note that the relationship given by Eq. (2.3.21) is valid in the surface sublayer where the 

similarity of the eddy transfer coefficients, the logarithmic wind profile law, and neutral 

atmospheric stability are satisfied over a uniform surface. 
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2.3.1.3 Soil moisture flow equation (Darcy's law) 

Darcy's law has been used to describe the flow of water (in a liquid state) in a wide 

range of saturated and unsaturated soils including clays. For nondeformable soils, 

Darcy's law for one-dimensional vertical flow may be expressed as: 

q = -p w K(ew)^-—+i 
dz llw 

(2.3.22) 

where p w is the density of water, q is the upward flow rate of water (ML-^T~
l), 6W is 

the volumetric moisture content, K(6W) is the intrinsic permeability (L
2) of soil which is 

a non-linear function of 6U uw is the total pore water pressure, z is the distance from the 

lower boundary of the soil and measured upwards, and jiw is the viscosity of water 

(MLrlT~l). Note that the hydraulic conductivity k(6w) (LT~
l) is given as: 

k(ew)=
K<"dw)Pw8 (2-3.23) 

where g is the gravitational acceleration. 

In deformable soils such as tailings, both the liquid and solid (soil grains) phases move. 

Therefore, Darcy's law is applied to the flow of the liquid phase with respect to the soil 

grains. Assuming that deformation and water flow in the soil occurs only in the vertical 

direction (one-dimensional), the upward flow rate of water is given by Eq. (2.2.4) using 

a Lagrangian coordinate. In Eq. (2.2.4), k is a function of e and hence it is only 

applicable to saturated soil. However, if k is taken as a function of 6W, Darcy's law as 

given by Eq. (2.2.4) can be extended to unsaturated soil as well. 

Using Darcy's law, the moisture flow for drying in a nondeformable soil can be 

described by a simple isothermal model: 

d6w _ d_ 
dt dz I, dz P-w) 

(2.3.24) 

In this equation, it is assumed that gravity effects are negligible for the drying soil, and 

that the air pressure in the soil pores is equal to atmospheric pressure. 
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For a more accurate description of soil moisture flow, a non-isothermal moisture flow 

model (e.g. Philip and de Vries, 1957) can be used. Water transport in the profile is 

sensitive to the temperature gradients in the soil, specially after the soil has become very 

dry. However, it has generally been assumed that the isothermal flow equation predicts 

many of the essential features of evaporation processes (e.g. Philip, 1957; Gardner and 

Hillel, 1962). Furthermore, when the profile has become very dry, the rate of 

evaporation is usually so small that it is of little significance in practice. 

For a description of moisture flow for drying of a deformable soil, Eq. (2.2.6) can be 

used. However, as mentioned in the Section 2.2.2, the equation may not be suitable for 

the description of three-dimensional shrinkage and unsaturated soil. 

2.3.2 Evaporation from a soil-water mixture 

It is a well known phenomenon that the evaporation behaviour from granular porous 

media can be separated into two stages. The two—stage theory has been developed for the 

description of evaporation of nondeformable porous media which can be treated as a 

one-dimensional system. The theory describes important features of the physical 

phenomena that occur during soil drying. In principle, the theory may also be applicable 

to the drying process of deformable media. However, the non-uniformity due to 

shrinkage cracks makes application of the theory to deformable media difficult. The 

following explains the two stages of the drying process of nondeformable porous media 

using Dalton's equation and Darcy's law. 

In the first stage, which prevails as long as the soil is still sufficiently moist the 

evaporation rate is primarily controlled by the meteorological conditions. Obviously, for 

constant meteorological conditions, the rate of drying is constant. The duration of this 

stage depends on the evaporation rate required by the atmospheric conditions and the 

ability of the soil profile to supply this rate. In this thesis, this stage is called the "non-

limiting stage". It is also often stated that the rate of evaporation from granular materials 

is approximately equal to that from a free water surface during the non-limiting stage. 

Evaporation in this stage can be written as: 
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Efws = m(pvsat(Ts,uw) -Pva) =
 pv^(Ts,uw) ~Pva (2 3 25) 

ra 

where uw is the surface water pressure, which can be negative at the soil surface. Note 

that the value pvsat is not determined by matric suction (ua-uw) since the ua and uw affect 

pvsat independently. During the non-limiting stage, negative water pressure at the soil 

surface is generally small and its effect on vapour density is negligible. As shown in Fig. 

2.3.4, a negative water pressure of 1 M P a decreases saturation vapour density by only 

0.7 %. Therefore, the evaporation rate ( E ^ ) from a fresh-water soil surface is nearly 

equivalent to the evaporation rate (Efw) from fresh water, providing the surface water 

temperatures of both bodies are the same. 

In this thesis, E f w s during the non-limiting stage of drying, when the effect of uw on 

pVSat is negligible, is defined as the potential evaporation rate (Ep) for the soil. The 

potential evaporation rate will be defined in more detail in Section 2.3.2.1. 

In the second stage of drying, the water supply to the surface falls below that required by 

the atmospheric conditions, and evaporation from the soil is controlled by the moisture 

flow properties of the soil. In this thesis, this stage is called the "soil-limiting stage". 

Applying Darcy's law to the soil surface, the evaporation rate from a fresh water soil 

surface may be written as: 

Efws = - P w 
rK(dw)^y 
V dz Vwj 

(2.3.26) 

In this equation, it is assumed that gravity effects are negligible for the drying soil, and 

that the air pressure in the soil pores is equal to atmospheric pressure. 

Since supply of water to the surface is limited by the conditions and properties of the soil 

profiles, the vapour density over the soil surface becomes less than the saturation vapour 

density determined by T s and uw. Using Dalton's equation, therefore, the rate of 

evaporation from a fresh water soil can be written as: 

Ete = /M(fc«P«(T..»,) -Pra) = "-fr""")-"- (2.3.27) 
ra"iL-Ts 
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where bs is the coefficient that accounts for the reduction of vapour density caused by the 

soil, and rs is the soil surface resistance, which similarly accounts for evaporation 

reduction caused by the soil. The rate of evaporation may also be written as: 

Efwg =
 bsPVsat{Ts,Uw)-pva _ {l-bs)pvsA^s,Uw) 3 

ra rs 

The concept of soil surface resistance was first incorporated into a Penman-Monteith 

type equation (Shuttleworth and Wallace, 1985; Choudhury and Monteith, 1988). The 

Penman-Monteith type equation, which is a combination of surface energy balance and 

Dalton's equation, does not have a theoretical basis for soil-limiting evaporation. 

Therefore, it was necessary to incorporate soil surface resistance to account for the 

evaporation reduction caused by the hydraulic properties of the soil. 

Equating Eqs (2.3.26) and (2.3.28), an expression may be obtained for the soil surface 

resistance: 

r, = 7 — ^ tz.j.zy; 

~/« \duw 1 
-Pw K{ewy *w 

dz p Vf / 

This equation implies that the soil surface resistance is determined not only by hydraulic 

properties of the soil but also by the difference between the vapour density that is in 

equilibrium with soil surface water (pVSat(Js, uw)) and the actual vapour density over the 

soil surface (bspVsat(Ts, uw)). The relationship between the soil surface resistance (rs) 

and other variables in Eq. (2.3.29) is schematically explained in Fig. 2.3.5. 

The non-limiting stage and soil-limiting stages of drying can be defined using the rs 

value as follows. For the non-limiting stage, since the soil does not limit water flow 

towards the evaporating surface, 

rs 
= 0 (2.3.30) 

O n the other hand, for the soil-limiting stage, 
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rs>0 (2.3.31) 

In the literature, the terms "the first stage of drying" and "the second stage of drying" are 

often used instead of "the non-limiting stage of drying" and "the soil-limiting stage of 

drying". However, these terms may cause some misunderstanding, since the first stage 

of drying can re-appear during the second stage of drying if the potential evaporation 

rate falls below the soil-limiting evaporation rate. 

2.3.2.1 Effect of meteorological conditions 

The classical view of the soil evaporation process suggests that the evaporation rate 

during the non-limiting stage is solely determined by the meteorological conditions. This 

means that the evaporation rate from the soil is nearly equivalent to the potential 

evaporation rate (Ep) during the non-limiting stage. Therefore, it is important to estimate 

an appropriate Ep in order to account correctly for the effect of meteorological conditions 

on soil evaporation rate. However, estimation of potential evaporation rate for a water 

body or a soil-water mixture is not straightforward. For practical purposes, the Class A 

pan evaporation rate, or the evaporation rate calculated by Penman-type equations, are 

often used to estimate the potential evaporation rate, although they are not very accurate. 

In this section, first, the term "potential evaporation rate" used in this thesis is defined 

since the concept of potential evaporation has some ambiguity; there exists a multiplicity 

of definitions (Granger, 1989). Second, the applicability of Class A pan evaporation rate 

as an estimate of the potential evaporation rate for a tailings dam is examined. 

Potential evaporation rate 

The potential evaporation rate (Ep) used in this thesis is simply defined as "evaporation 

from a free fresh (pure) water surface or a sufficiently wet soil surface of the same area 

as the area being considered". To clarify the meaning of this definition, the following 

examples are given. 

(1) T w o identical fresh water bodies under the same meteorological conditions should 

have the same value of Ep. However, if the sizes of the two water bodies are different, 

the values of-£p can be different. Usually, the greater the surface area, the lower the 
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evaporation rate, because the humidity of the air flowing over the moist surface increases 

with "fetch". Depth may affect the heat capacity of the water body and hence modify the 

surface energy balance. Note that for each water body, the potential evaporation rate and 

the actual evaporation rate are the same in this example. 

(2) Under the same meteorological conditions, a fresh water body and a body of 

sufficiently " w e f soil-fresh water mixture, which have identical size, have different Ep 

values. The "wet" soil-fresh water mixture indicates that evaporation is in the non-

limiting stage. In this case, differences in the optical properties (such as reflectivity) or 

difference in the subsurface thermal properties (such as heat capacity, thermal 

conductivity etc) affect the energy balance in each body and this results in different 

evaporation rates. Note that for each body, the potential evaporation rate and the actual 

evaporation rate are the same in this example. 

(3) The potential evaporation rate for a saline water body is equivalent to the evaporation 

rate from a fresh water body under the same conditions (size of the water body, 

meteorological conditions, etc). Thus, the value of E p for a saline water body is greater 

than the actual evaporation rate. 

(4) The potential evaporation rate for a "dry" soil (meaning that evaporation is in the 

soil-limiting stage) can be determined if the soil is brought to a sufficiently "wet" 

condition (the non-limiting stage) and evaporation measurement of the wet soil is carried 

out. B y bringing the soil to a "wet" condition, the optical properties or difference in the 

subsurface thermal properties are also altered. In reality, under high evaporative 

conditions, the period of the non-limiting stage can be very short, since the near-surface 

soil profile quickly loses the ability to transmit water to satisfy the evaporation demand. 

Note that the soil water is fresh. In this case, the value of E p is greater than the actual 

evaporation rate from the "dry" soil. 

(5) The potential evaporation rate for a cracked soil surface can be determined if the soil 

is brought to a non-cracked and sufficiently wet condition. Note that the soil water is 

fresh. In this case, the value of Ep is different from the actual evaporation rate from the 

cracked soil surface. (The actual evaporation rate can be higher than Ep in this case). 

Thus, the potential evaporation rate for a particular fresh water body or a soil-fresh 

water mixture can be determined by direct measurement or estimation of evaporation 
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rates from these bodies (the soil-fresh water mixture has to be sufficiently "wet", i.e. it 

should be in the non-limiting stage of drying). Direct measurement or estimation, 

however, is expensive and labour intensive. Furthermore, for the soil-fresh water 

mixture, the period of the non-limiting stage can be very short under high evaporative 

conditions as mentioned earlier. This makes the direct measurement or estimation of E p 

from the soil-fresh water mixture more difficult 

Estimation of Ep 

As shown in the above examples, there are many factors to be accounted for in 

estimating potential evaporation from a tailings dam. These include the surface area and 

the depth of the dam, as well as meteorological parameters such as temperature, 

radiation, humidity and wind speed. Therefore, potential evaporation indices such as 

Class A pan evaporation rate, or the evaporation rate calculated by Penman type 

equations, which do not account some of the factors mentioned above and also which 

have been developed to estimate E p for a free water surface, may not be a good 

representation of E p from a tailings surface. Apparently, application of these potential 

evaporation indices to tailings dams requires some correction such as a pan coefficient 

for Class A pan evaporation. However, determination of such a coefficient requires 

comparison of the index values with directly measured tailings evaporation rates, which 

are not readily available. 

Considering these circumstances, Class A pan evaporation data (Epan) can be used as a 

first approximation for Ep from a tailings surface. In Australia, Class A pan evaporation 

data are readily available from the Bureau of Meteorology. One of the examples is the 

evaporation m a p (Fig. 1.4.1) after Luke et al (1987). However, Class A pan 

evaporation generally tends to overestimate evaporation from saturated surfaces such as 

irrigated grass and lakes. Therefore, specific pan coefficients must be found for more 

accurate estimation. 

For example, Hoy and Stephens (1979) proposed a pan coefficient for lake evaporation 

that was obtained by comparing measured lake evaporation and Epan in various locations 

in Australia. They suggested that the monthly lake evaporation from shallow lakes (mean 
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depth less than 4 m ) can be estimated by correcting pan data using the following 

relationship (they proposed four regression equations, however only one equation is 

presented here): 

Eiake/Epan = 0.635 hl5 + 0.000076 RF + 0.474 (2.3.32) 

where his is the mean annual relative humidity at 3:00 p m expressed as a fraction, R F is 

the mean annual rainfall (mm), and E p a n is the Class A pan evaporation without bird 

guard. This can be obtained by multiplying Class A pan with bird guard by 1.07. Luke 

et al. (1987) present a pan coefficient map obtained using Eq. (2.3.32) for dam 

evaporation in Western Australia (Fig. 2.3.6). The map shows that the pan coefficient 

can be as low as 0.6 in the arid areas. 

Thus, care must be taken when Class A pan data are used for estimating the potential 

evaporation for tailings dams. In this thesis, no attempt is made to obtain improved 

methods of estimating the potential evaporation rate. However, such work has to be 

done in future. 

2.3.2.2 Effect of hydraulic and deformation properties of tailings 

The amount of volumetric shrinkage during desiccation of a soil becomes significant 

with increase in the clay content of the soil. Soft clayey materials such as many tailings 

easily develop cracks due to this volumetric shrinkage. After initiation of cracks, 

evaporation occurs not only from the horizontal surface but also from the newly created 

vertical surfaces of the cracks. The evaporation from shrinkage cracks may be significant 

and this contributes to water loss from the tailings. 

From field observation of shrinkage cracks in Houston Black clay, Adams and Hanks 

(1964) showed that the area of the exposed vertical surfaces of the cracks, which become 

secondary evaporation planes, was 3 to 4 times more than the horizontal surface area. 

Wide cracks permit the entry of turbulent air, which sweeps out water vapour from the 

deeper reaches of the soil profile (Adams et al, 1969). The results of field and 

laboratory tests carried out by Selim and Kirkham (1970), Ritchie and Adams (1974), 

and Hatano et al (1988) suggest that cracks may intensify water loss from the soil. In 
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particular, after the horizontal soil surface becomes dry, evaporation from cracks m a y be 

a significant contribution to water loss from the soil. 

Since a simple one-dimensional moisture flow model does not account for evaporation 

from cracks, such a model may underestimate the evaporation rate from a tailings surface 

unless the effect of cracks is properly incorporated into the model. Abu-Hejleh and 

Znidarcic (1995) carried out numerical simulation of desiccation of soft clay using a 

large-strain model. The model can describe three-dimensional shrinkage and crack 

propagation, but evaporation from the cracks may not be modelled correctly. They 

showed that for a high evaporation rate, the desiccated crust can seal the soil surface, 

leaving a soft unconsolidated soil zone under a thin crust, preventing further desiccation 

of the soil. Then, they suggested that high evaporation rates can have a detrimental effect 

on the overall consolidation and desiccation process. However, the model m a y 

underestimate evaporation from cracks. Furthermore, the calculation terminates when the 

shrinkage limit of the surface soil is reached. This may also underestimate evaporation 

from the soil surface, since evaporation occurs even after the shrinkage limit of the 

surface soil is reached, although the rate gradually decreases (the soil-limiting stage of 

drying). 

Thus, shrinkage cracks m a y have a significant effect on evaporation from a tailings 

surface. However, to date, no theoretical or empirical model that correctly quantifies 

evaporation from cracks has been developed. 

2.3.2.3 Effect of salinity 

For soil containing saline water, salt crust formation occurs at the evaporation front 

where water vaporises. Salt precipitation may occur below the soil surface when the soil 

surface is very dry. However, evaporation from such a dry soil surface occurs at a very 

low rate, even without the effect of salinity. Usually, tailings are initially fully saturated, 

therefore evaporation occurs at the tailings surface. This causes precipitation of salt on 

the tailings surface. 

M a n y authors have shown that evaporation from a salt-encrusted surface is extremely 

low. In this section, evaporation from salt-encrusted surfaces is discussed. First, using 



Consolidation, Desiccation and Evaporation of Tailings 43 

Dalton's equation and a moisture flow equation for the salt crust, the concept of salt crust 

resistance is introduced. The salt crust resistance has similar physical meaning to the soil 

surface resistance, and these two resistances are referred to frequently in later Chapters. 

Second, previous studies on evaporation from salt-encrusted surfaces are reviewed and 

the evaporation reduction mechanisms suggested by the researchers are summarised and 

examined. 

Salt crust resistance 

Using Dalton's equation, evaporation from a salt-encrusted surface may be written as: 

Ec = mibsbePvsMs^Us*) -Pva) =
 P^(Ts,Ss,^) ~Pm ^^ 

ra + rs + rc 

where bc is the coefficient that accounts for vapour density reduction due to the salt 

crust bs is the coefficient that accounts for the reduction of vapour density caused by the 

soil, usw is the total pore saline water pressure at the soil surface, rc is the salt crust 

resistance and rs is the soil surface resistance. Eq. (2.3.33) can also be written as: 

E = bsjl-bJPvsatiTtiSsiUsw) (2 3 34) 

rc 

Moisture flow through a salt crust is not well understood. However, it must be a 

combination of liquid and vapour flow. Water flow through a salt crust m a y be written 

as: 

q = (2.3.35) 

where q is the upward flow rate of water (ML-iT~l), a is the volumetric fraction of 

water in the saline solution, Kc is the intrinsic permeability of the salt crust Psw is the 

viscosity of saline water in the salt crust and Dvc is the diffusion coefficient (L
2T~l) for 

water vapour through the salt crust The term Kc(dusw/dz)/pSw in the above equation is 

the volumetric flow rate of saline solution (LT~l). Therefore, this term multiplied by a 

becomes the volumetric flow~rate of water. While the properties of K and Dv are 
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frequently available for soil, the corresponding properties for a salt crust (Kc and Dvc) 

are not well known. In this equation, it is assumed that gravity effects are negligible for 

the drying salt crust, and that the air pressure in the salt crust pores is equal to 

atmospheric pressure. 

B y equating Eqs (2.3.34) and (2.3.35), the following expression can be derived for the 

salt crust resistance: 

b s(l-bc)p vsat (Ts, Ss, u sw) 
rc = — ; r — ^ (2.3.36) 

dusw 1 , ̂  dp, <XPWKC^— + D V 

d* P-sw fa 

Just as for the soil surface resistance, the salt crust resistance is determined by 

differences in the vapour densities immediately below and above the salt crust, 

bspvsat(Js-> Ss, Usv^-bsbcPvsaAJs, Ss, Wjw), and the hydraulic properties of the salt crust. 

The relationship between the salt crust resistance (rc) and other variables in Eq. (2.3.36) 

is schematically explained in Fig. 2.3.7. 

Previous study 

Several researchers have measured evaporation from salt-encrusted surfaces (see Table 

2.3.2 on the next page). Despite the shallow water tables, the measured evaporation rates 

are very low. The reasons of the evaporation reduction due to high salinity have been 

discussed by these researchers including Thorburn et al. (1992). Reduced evaporation 

rates from salt-encrusted tailings surface have also been observed. Corless and Foley 

(1992) reported the reduced evaporation rates from the salt-encrusted surface of bauxite 

tailings in shallow drying ponds. They suggested that breaking down of the surface salt 

crust using a low ground pressure bulldozer increased the surface area exposed to 

evaporation and reduced the drying time. 

The possible factors affecting evaporation from salt-encrusted surface are summarised 

and examined after the presentation of Table 2.3.2. 
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Table 2.3.2 Estimates of evaporation rate from salt-encrusted surface. 

Place & 

Test period 

(Author) 

Lake Frome, 

South Australia; 

1973-74 

(Allison et al, 

1985) 

Lake Eyre, 

South Australia; 

Mar/83 

(Ullman, 1985) 

Spring Lake, 

central Australia; 

1984-87 & 

Jul-Sep 1985 

(Jacobson and 

Jankowski, 

1989) 

Great Salt Lake 
West Desert, 

USA; 

l/Oct/86-

30/Sep/87 

(Malek et al., 

1990) 

Lake Amadeus, 

central Australia; 

Oct/86 

(Chen, 1992) 

Kesterson 
Reservoir, 

California, U S A 

(sites 8EP and 

9BE); 

Jul/88-Jun/89 

(Zawislanski et 

al, 1992) 

Soil type 

(Salt crust 

features) 

(Sodium 
chloride) 

Gypseous muds 

and m u d d y 

sands (Halite) 

Gypsum sand 

and clay 

(Halite and 

other salts) 

(3 m m in late 
summer. None 
during the 

winter) 

Sand, clay and 

minor gypsum 

(Up to 10 m m 
thick. Halite 

crust) 

Sandy to silty 
loam often 

covered with a 
thin veneer of 

clay 

(Up to 20 m m 
thick together 
with organic 

matter) 

Water table 
depth 

300 m m 

0.3-0.5 m 

50 m m of 
surface water 
to 300 m m 

below surface 

Lower than 

400 m m 

8EP: 

1.3-2.3 m 

9BE: 

0.3-1.5 m 

Potential 
evaporation 

rate(Ep) 

Class A pan 

Ep: 

3200 mm/yr 

Class A pan 

Ep: 

>3000 mm/yr 

Class A pan 

Ep: 

2800 mm/yr 

Penman Ep 

during the test 

period: 

1543 m m 

Class A pan 

E p during the 

test period: 

288.3 
mm/month. 

Class A pan 

Ep: 

2234 mm/yr 

Actual evaporation 

rate(Ea) 

170 mm/yr 

Summer max Ea: 

28 mm/yr 

20 yr average Ea: 

9-20 mm/yr 

275 mm/yr 

(1984-1987) 

0.28-0.45 mm/day 

(Jul-Sep 1985) 

E a during the test 

period: 229 m m 

E a during the test 

period: 

8.3 mm/month 

8EP:0.1-1.1 
mm/day 

9BE:0.2-1.5 

mm/day 

Summer & fall 

1988 

8EP: 0.66 mm/day 

9BE: 0.73 mm/day 

Spring & summer 

1989 

8EP: 0.38 mm/day 

9BE: 0.59 mm/day 

Ea/Ep 

0.05 

0.03-0.09 

0.09 

0.03-0.05 

0.15 

0.03 

8EP: 

0.02-0.18 

9BE: 

0.03-0.25 

8EP: 

0.06-0.11 

9BE: 

0.10-0.12 



Consolidation, Desiccation and Evaporation of Tailings 46 

(I) High albedo (shortwave reflectivity) 

High albedo (reflectivity of radiation whose wavelength is less than 3 urn) reduces the 

amount of energy (Rn in Eq. (2.3.1)) received by the soil surface. Malek et al (1990) 

measured the albedo of the salt-encrusted surface at the Great Salt Lake West Desert in 

Utah. They reported that the albedo of the dry salt crust exceeded 0.75. However, when 

the crust was wet, the albedo dropped to 0.24. Table 2.3.1 presented earlier in Section 

2.3.1 shows a brief summary of mean albedo values for various surfaces (adopted from 

Brutsaert, 1982). Albedo values of soils are considerably lower than the 0.75 value for 

the dry salt crust. This level of albedo significantly reduces the amount of net radiation 

received by the ground surface. Therefore, high albedo may reduce evaporation from 

salt-encrusted surface. 

Hillel (1977) conducted a simulation study using a non-isothermal soil moisture flow 

model combined with the surface energy balance equation (Eq. (2.3.1)) and Dalton's 

equation (Eq. (2.3.12)) to investigate the effect of soil surface albedo on evaporation by 

setting two different albedo values, 0.05 and 0.5 for same soil. The results of the study 

showed that a low albedo condition can cause about 30 % more evaporation in 

comparison with a high albedo condition during the first three days (the non-limiting 

stage of drying). 

(2) Heat of solution of salt 

From a surface energy balance point of view, salt crust formation introduces another 

term, enthalpy of solution, into the energy balance equation. For example, when crystals 

of sodium chloride are formed from solution, this releases 0.0328 kJ/g (the heat of 

solution for saturated brine according to Kaufmann, 1960) of heat to the surroundings at 

25 °C. However, this heat of crystallisation is very low compared to the latent heat of 

vaporisation for water, which is 2.442 kJ/g at 25 °C. Thus, the heat of crystallisation 

does not have much significance in the surface energy balance equation. 
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(3) L o w vapour density of highly saline water. 

The low saturation vapour density of saline water decreases the vertical vapour density 

gradient over the surface (Fig. 2.3.8). Since the salt concentration of soil water for a 

salt-encrusted surface is probably equal to saturation concentration, the vapour density 

that is in equilibrium with the soil surface solution should be about 76 % (for sodium 

chloride) of that for fresh water. This plays an important role in reducing evaporation 

from salt-encrusted surfaces. Furthermore, condensation of water to a salt-encrusted 

surface occurs much more easily than to a fresh water surface. This also reduces net 

evaporation from a salt-encrusted surface. However, the reduction of evaporation from 

salt-encrusted surfaces is much more significant than from open saturated saline water. 

(4) High salt crust resistance to moisture transfer 

Probably the clearest evidence of the high resistance of a salt crust to moisture transfer 

was given by Lee (1927). According to Turk (1970), Lee showed that a thin crust tends 

to form on a brine surface during the evaporation process unless the solution is agitated, 

and the evaporation rate declines sharply when such a crust forms. Thus, his experiment 

completely removed the effect of soil and showed that a salt crust alone can reduce the 

evaporation rate dramatically. 

The following test results and remarks also support the concept of a high salt crust 

resistance. Malek et al. (1990) measured the water vapour transfer resistances of salt-

encrusted surfaces (Fig. 2.3.9) and suggested that the thin salt crust has a very high 

resistance to water vapour transfer. Chen (1992) concluded that the very porous, 

buckled structure and dry nature of a salt crust effectively reduces the capillary rise of 

moisture and inhibits the removal of vapour from the soil surface. Zawislanski et al. 

(1992) showed that the rates of evaporation from salt-encrusted surfaces are similar to 

those observed from a soil with a surface mulch (Gardner and Fireman, 1958) and 

suggested that the salt crust on the soil may have an effect similar to a mulch. 
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(5) Effect of high salinity on hydraulic properties in soils 

Thorburn et al. (1992) suggested that the low hydraulic conductivity of salt-flat soils 

was one of the reasons for low evaporation from the salt flats. However, the reasons for 

the low hydraulic conductivity are not clear. Some possible reasons for the alteration of 

the soil hydraulic properties are described below. 

First, water flow rates in two identical chemically inert soils (i.e. where the intrinsic 

permeability of the soil is not affected by salinity) mixed with fresh water and saline 

water under the same pressure gradients are different. This is caused by difference in 

viscosities of the two solutions and in the numbers of water molecules in a unit volume 

of the two solutions. Fig. 2.3.10 shows the effect of viscosity on relative flow rate (flow 

rate of saline solution divided by that of fresh water). The viscosity of a sodium chloride 

solution is a m a x i m u m at saturation concentration, and this decreases the relative flow 

rate of the saturated solution to approximately 0.5. In addition, due to the reduction in 

the number of water molecules in a unit volume of the saline solution, the flow rate of 

water is reduced further (Fig. 2.3.10). However, during the soil drying process, the 

pressure gradient towards the soil surface is determined by the evaporation rate occurring 

at the surface. The pressure gradient can become larger depending on the evaporation 

rate to compensate for the smaller water flow rate for a soil-saline water mixture. 

Second, since the surface tension of a solution increases with salt concentration (Table 

2.3.3), capillary pressure must be dependent on salt concentration. To visualise the 

effect of changes in surface tension, capillary pressures were plotted against radius of a 

capillary tube (Fig. 2.3.11) for solutions of different salinities. This shows that effect of 

salinity on capillary pressure can therefore be ignored. 

Table 2.3.3 Effect of salinity (NaCl) and temperature on surface tension of water. 

Salinity (g/1) 0 58.5 117 234 351 

Surface tension (mN/m) at 20 °C 72.75 74.39 76.03 79.29 82.55 

Temperature (°C) 0 10 20 30 40 

Surface tension (mN/m) 72.75 74.23 72.75 71.2 69.6 



Consolidation, Desiccation and Evaporation of Tailings 49 

Third, chemically active soils such as montmorillonite clay may change their hydraulic 

properties due to salinity. The influence of clay-brine interactions on the geotechnical 

properties has been studied to understand the behaviour of clay barriers used in the 

waste-disposal area (e.g. Barbour and Yang, 1993). They stated that the alteration of 

hydraulic conductivity of clay soils may occur due to the permeation of concentrated 

brine. The main mechanism causing this change is considered to be shrinkage of the 

diffuse double layer around the clay particles and the resulting alteration of the macro or 

micro structure of the clay. During the soil drying process, the surface soil m a y 

encounter a situation similar to the brine permeation, due to the accumulation of salt 

caused by evaporation. However, Barbour and Yang (1993) showed that the hydraulic 

conductivities of clay soils generally increase with brine permeation and the increase 

becomes smaller as the confining stress increases. Thus, the accumulation of salt in the 

surface soil may alter the hydraulic properties; however, this seems to have little effect in 

reducing evaporation from soils. Moreover, the clay minerals in the tailings produced in 

W A are mainly kaolinite. Kaolinite is normally considered to be less chemically active. 

Therefore, the effect of an increase in salt concentration on the hydraulic properties of 

these tailings is probably small. 

Forth, one possible reason for the low diffuse (evaporative) discharge from salt flats is a 

physical blocking of soil pores by precipitation of salts as suggested by Thorburn et al 

(1992). A physical blocking may cause the low permeability, though no definite 

evidence of such a phenomenon has been found in the literature. However, even if this is 

true, it can be very difficult to differenciate and quantify each effect of a physical 

blocking of soil pores and a salt crusting at the ground suface on evaporation. Thus, in 

this thesis, it is assumed that the effect that can be caused by a physical blocking of soil 

pores is included in that of a salt crusting. 

In summary, from the above examination of the possible evaporation reduction 

mechanisms, three mechanisms - high albedo (shortwave reflectivity) of the dry salt 

crust, vapour density depression due to salinity, and high salt crust resistance to 

moisture transfer - can be considered to be responsible for evaporation reduction of salt-

encrusted surfaces. T w o of the mechanisms - high albedo of dry salt crust and high salt 
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crust resistance to moisture transfer - are solely induced by presence of a salt crust. 

Thus, a salt crust is likely to have a significant effect in reducing evaporation from salt-

encrusted surfaces. 

2.3.2.4 Effect of other factors 

Generally, the analysis of tailings behaviour assumes uniformity of the materials. 

However, such an assumption may be too simplistic for many cases. Fig. 2.3.12 shows 

two sets of data from cone penetration tests carried out at the Sons of Gwalia Gold Mine 

tailings dam (impoundment type) in W A . One test was carried out at a distance of 70 m 

from the decant tower constructed at the centre of the tailings dam (Borehole 4A). The 

other location was 150 m from the decant tower (Borehole 3A). Each set of data shows 

the cone tip resistance (qc), the sleeve friction (fs) and the friction ratio (Rf). The friction 

ratio is given as: 

fs A 
Rf = 100 

Icy 
(2.3.37) 

Clean sands usually have a value of Rf less than 1, while clayey and silty soils have 

much greater values of Rf. 

Both sets of data indicate significant layering of sandy and clayey materials, as indicated 

by both the qc and Rf values. Furthermore, the qc data show that the materials close to 

the decant tower (in Borehole 4A) are softer than in Borehole 3A. These spatial 

variations in the tailings may cause significantly different behaviour from that of a 

uniform deposit. For such a case, the analysis of the tailings behaviour may need to 

account for the spatial variation of the material. 

In this thesis, the problems related to the spatial non-uniformity of the material will not 

be treated. However, such problems have to be investigated in the future. 
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2.4 NUMERICAL MODEL : MINTACO 

A one-dimensional self-weight consolidation program (MinTaCo: Mine Tailings 

Consolidation) has been developed by the Geomechanics Group at U W A over a number 

of years (Toh, 1992). The most recent version is described in detail by Seneviratne et al. 

(1996). The purpose of this is to assess the geotechnical performance, such as storage 

capacity, water balance, and stability of a tailings dam at various stages during and after 

the filling operation. 

The program is used here to help further understanding of the results of the laboratory 

and field tailings drying tests presented in the following Chapters. In this section, a brief 

explanation of the numerical model (MinTaCo) is given. The applicability of the current 

version of the MinTaCo program to tailings evaporation and desiccation behaviour is 

also discussed. 

2.4.1 Numerical modelling 

The description of the program that follows is taken largely from Seneviratne et al 

(1996), and is given here without further explicit reference to that paper. 

The formulation essentially follows the Gibson model (1967 and 1981) and is based on 

an updated Lagrangian coordinate system, in which the properties and the geometry of 

the soil are updated in each time step. 

The governing equation of self-weight consolidation of Gibson given by Eq. (2.2.6) can 

be rewritten by using the reduced coordinate as: 

( \d(b de d 

(rs-rw)—^-
+-de dx dx 

dcfyde 

de dx 
— (2.4.1) 
dt 

where Q = k/(yw( 1 + e)) and x is the reduced coordinate given by 

^ = (l + e0) (2A2) 
dx V J 
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Total pore pressure is used as a suitable dependent variable since the boundary 

conditions in tailings consolidation and desiccation problems can be easily specified 

using total pore pressure. Eq. (2.4.1) can be reformulated in terms of the total pore 

pressure as: 

d_ 
dx V dx 

dk dp dc7v ,_ . _„ 

where 77 = -de I d&v . 

The numerical solution of Eq. (2.4.3) for various boundary conditions is given using a 

finite element weak formulation for the space variable coupled with a finite difference 

time scheme. Let the soil mass be divided into a number of layers, with nodal points at 

the boundaries of each layer. Consider the layer / at time t, with the nodal values q\ and 

#2 representing a linear variation of total pore pressure across the element, and x being 

the element reduced coordinate measured positive upwards from the base of the element 

If the material thickness of the layer (i.e. thickness of the layer at zero void ratio) is ho, 

the total pore pressure p is 

p = Nq (2-4.4) 

where N = (1 - x/ho, x/ho) and qT = (q\, qi). 

Ignoring the boundary surface integrals, which are considered later in the section on 

boundary conditions, the finite element weak formulation of Eq. (2.4.3) for the layer i is 

obtained using the Galerkin technique and Green's theorem as: 

f-**L+*Lqdx + f^** = -fVnf + fV,% (2.4.5) 
Jo dx dx* Jo dx Jo dt Jo dt 

Using a backward time difference scheme of the form 

««* = «. + i%** (2A6) 
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and a single integration point at the centre of the layer, Eq. (2.4.5) for layer i can be 

expressed as: 

rjho + AQSt l]ho-44>8t 

jiho-44>8t rjho + 44>8t 

In Eq. (2.4.7), 0, rj and k represent the integration point values at time t + St, pt is 

the total pore pressure at the integration point at time t and A C T is the increase in the total 

vertical stress at the integration point during time increment St. A flow-controlled 

boundary with an inflow rate of Vn at time t + St is specified by adding a term 4Vnho(St) 

to the right-hand side of Eq. (2.4.7) at the boundary nodes. Eq. (2.4.7) is not used at 

the boundaries with prescribed total pore pressure; instead nodal values are directly 

specified. 

The assembly of equations for the layers results in a tri-diagonal set of equations for the 

nodal variable, the solution of which is straightforward. The solution at time t + St is 

obtained by successive iterations starting from the values at time t. Eq. (2.4.7) is updated 

after each iteration using improved estimations for 0, ff and k etc., and the A C T term is 

modified after each iteration to accommodate the latest approximation to changes in self-

weight stresses during the time increment 

The formulation presented above has been encoded in a computer program called 

MinTaCo. The convergence criterion is based on a tolerance for the void ratio change 

between successive iterations. If convergence is not reached within 25 iterations, the 

time increment is halved and the iteration cycle is repeated. 

2.4.2 Material properties 

The numerical model requires the mathematical expression of e-a\ and k-e 

relationships to simulate the one-dimensional large strain consolidation behaviour. 

Different forms of e-rfv and k-e relationships may be found depending on the nature of 

the soil. In the MinTaCo program, the following relationships has been employed and 

successfully used for the analysis of large strain consolidation of tailings (Toh, 1992). 

at+St ~ 
4khoSt + 2r]hlpt 

-AkhoSt + lrihlPt 
+ 2T7/I§A(T (2.4.7) 
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The change in hydraulic conductivity that occurs as the void ratio of a saturated soil 

reduces due to consolidation is of the form: 

where a and b are empirical material constants. 

The e-&v relationship of a saturated normally consolidated soil over a large range of 

void ratio is described by a power law of the type: 

e = c[&v) (2.4.9) 

where c and d are empirical material constants. 

The program also requires the void ratio at the end of sedimentation (es). This value 

corresponds to the void ratio when the vertical effective stress (c'v) is equal to zero. In 

practice, the void ratio of the discharged tailings slurry may be very much larger than the 

sedimentation void ratio (es). This is handled in the program by allowing all freshly-

deposited layers to compress instantaneously to the sedimentation void ratio, with the 

excess water generated contributing to the ponded water on the surface or being available 

for decantation or evaporation. 

Carrier et al. (1983) have shown that the consolidation characteristics of many mineral 

wastes may be described by Eqs (2.4.8) and (2.4.9). Other forms of relationships have 

also been proposed (e.g. Al-Tabbaa and Wood, 1987; Tan et al, 1988; Liu and 

Znidarcic, 1991). 

W h e n a soil is overconsolidated, it is convenient to use the classical semi-logarithmic e-

o'v relationship, i.e., 

e = em-Kln (2.4.10) 
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where the suffix m refers to a normally consolidated state. The stress history m a y not 

significantly affect the k-e relationship so that Eq. (2.4.8) is used for an 

overconsolidated soil as well (provided they remain saturated). Thus, the 

overconsolidated soil behaviour can also be described by the MinTaCo program. In a 

tailings deposit, overconsolidated states occur for soil that is exposed to evaporation-

induced consolidation, and is subsequently covered by a fresh layer of slurried tailings. 

Another material parameter of importance is the suction limit value. The suction limit 

value can be estimated by determining the water content (and hence void ratio) at the 

shrinkage limit. The importance of the parameter is described in the following Section 

2.4.3. 

The material parameters for the compressibility and hydraulic conductivity relationships 

(Eqs (2.4.8) and (2.4.9)) may be obtained from various test methods. The parameters 

for the materials used in this thesis determined by either the centrifuge tests or the 

conventional consolidation tests (using a R o w e cell). 

Toh (1992) describe a procedure based on centrifuge testing. This consists of carrying 

out consolidation of slurry with undrained base conditions in the centrifuge. The pore 

pressure dissipation at various depths and the surface settlement are monitored during the 

tests, and the void ratio profile of the end of consolidation (after dissipation of excess 

pore water pressure) is determined by sampling at the end of tests. The vertical effective 

stress profile is easily calculated from the measured void ratio profile and hence 

parameters c and d in Eq. (2.4.9) are obtained. The MinTaCo program is used to model 

the test behaviour (pore water pressure and surface settlement), with values of 

parameters a and b in Eq. (2.4.8) being varied until the best match has been achieved 

with the observed behaviour. 

In this procedure, care must be taken for the preparation of slurry. If the initial water 

content of the slurry is too high, segregation of coarse and fine materials m a y occur after 

starting the centrifuge test (Townsend etal, 1989; Eardley, 1996). Since the clay shear 

strength will remain unchanged during acceleration, it may not be able to support the 

increased weight of a grain under accelerated conditions. Furthermore, the one-
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dimensional compression curve in the low stress range is highly dependent on the initial 

void ratio (Liu and Znidarcic, 1991). Thus, the initial water content of the slurry which 

is used to obtain the consolidation parameters has to be chosen carefully. 

The centrifuge tests are generally carried out in conjunction with conventional 

consolidation tests (using a R o w e cell). This gives reliable data at high effective stresses 

(say 25 kPa and greater), but is difficult to apply to very low effective stresses. However 

the behaviour in the centrifuge test is found to be quite sensitive to the forms of the e-&v 

and k-e relationships at low effective stress, so the combination of centrifuge and R o w e 

cell testing is believed to give reliable data over the whole range of effective stress. 

Other methods of determining the e-o'v and k-e relationships have also been reported. 

O n e of these is a seepage induced consolidation test (Abu-Hejleh and Znidarcic, 1992) 

in which the consolidation pressure is applied by fluid flow rather tharL direct stress 

application. 

The sedimentation void ratio (es) may be determined by a simple sedimentation test The 

test is somewhat similar to a hydrometer test. Dilute slurry in a cylinder is thoroughly 

mixed and left until sedimentation ceases. Then, the sedimentation void ratio is obtained 

by determining the volume of slurry. 

2.4.3 Surface boundary condition for evaporation 

The current surface boundary condition for evaporation in the MinTaCo program is a 

similar type of boundary condition to that employed in isothermal drying models for 

incompressible soil (e.g. Hillel, 1977). 

Since the soil drying process can be separated into two stages (i.e. the non-limiting stage 

and the son-limiting stage), the model has a boundary condition for each stage. 

During the non-limiting stage, the soil surface gradually dries out and water moves 

upward in response to increasing suction gradients. The rate of evaporation is nearly 

equal to the potential evaporation rate (Ep) as long as the increasing gradient at the soil 
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surface compensates for the decreasing hydraulic conductivity. The boundary condition 

during this stage, therefore, is given by 

E = Ep (2.4.11) 

This is achieved by adjusting the surface pore pressure (suction) to give a hydraulic 

gradient sufficient to achieve upward flow equal to Ep, given the current hydraulic 

conductivity of the surface material. 

Once the abihty of the soil to transport water towards the evaporating surface falls below 

the potential evaporation rate, the soil-limiting stage of drying starts. 

In the MinTaCo program, the soU-limiting stage of evaporation is modelled by limiting 

the m a x i m u m suction value of the soil. This is a similar concept to the air dryness water 

content used in the isothermal drying model for incompressible soil (Hillel, 1971). Once 

the surface suction value reaches the specified maximum value, the suction gradient 

begins to decrease and the conductivity remains constant. Thereafter, evaporation from 

the soil surface decreases below Ep. The constant suction boundary persists until new 

material is added or the specified potential evaporation rate falls below the actual 

evaporation rate. 

It is not certain that what sort of a suction value is appropriate for a maximum value. For 

the numerical simulation presented in Chapter 6, the suction that corresponds to the 

shrinkage limit of the soil was used as a maximum suction value. This is partly because 

the governing equation, Eq. (2.4.3), is derived for saturated soils. Once the water 

content of a soil falls below the shrinkage limit (i.e. soil is desaturated), the governing 

equation does not hold. The suction limit may not represent the real situation directly, 

however, the model simulated the actual evaporation rate very well (Section 6.2). 

2.4.4 Applicability to tailings desiccation and evaporation behaviour 

Applicability of the numerical model to one-dimensional consolidation of slurries in the 

absence of evaporation has been well confirmed by Toh (1992) and its versatile 

performance has been shown by the parametric studies detailed by Seneviratne et al. 
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(1996). However, there are some problems in applying the MinTaCo program to tailings 

desiccation and evaporation behaviour. 

2.4.4.1 Three-dimensional shrinkage (surface cracking) 

As long as the tailings deposit can be treated as a one-dimensional soil column, 

desiccation and evaporation may be modelled by applying the surface boundary 

condition described in Section 2.4.3. However, soft clayey materials such as some 

tailings usually undergo three-dimensional shrinkage and develop vertical shrinkage 

cracks during the drying process. After initiation of cracks, evaporation occurs not only 

from the intact horizontal surface but also from the vertical sides of the cracks, and 

deformation of tailings occurs rather more isotropically. For such a case, the modelling 

described above may not be applicable. The following points must be considered to 

evaluate evaporation from a tailings surface correctly. 

First, as mentioned earlier (Section 2.3.2.2), the model may not account for evaporation 

from cracks correctly. In particular, after the intact areas of the horizontal soil surface 

become dry, and hence the rate of evaporation from the horizontal surface falls, 

evaporation from cracks may become significant. If so, the model may underestimate 

evaporation from the cracked surface. 

Second, after initiation of cracks, soil desiccation induced by evaporation occurs more 

isotropically. The micro-structures of soils in three-dimensional shrinkage and one-

dimensional consolidation are different, and this m a y causes difference in the 

compressibility and hydraulic conductivity relationships. Abu-Hejleh and Znidarcic 

(1995) suggested that three pairs of compressibility (e-cfv) and hydraulic conductivity 

(k-e) relationships for consolidation, desiccation under one-dimensional shrinkage, and 

desiccation under three-dimensional shrinkage are necessary to solve the desiccation 

behaviour of clay. They suggested that the three pairs of compressibility and 

permeability relationships for soft china clay are almost identical, but more tests for other 

materials are necessary before general conclusions can be made. 

Furthermore, the governing equation and material properties given by Eqs (2.4.3), 

(2.4.8), (2.4.9) and (2.4.10) do not hold under unsaturated conditions. These need to be 
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extended for unsaturated soil if the analysis of soil behaviour after desaturation is 

required. Most of the work in this thesis deals with saturated soil conditions, which 

prevailed in all the cases involving salt crusting. A full treatment of the post-saturation 

behaviour is outside the scope of this thesis. 

2.4.4.2 Salinity 

As shown in Table 2.3.2, even when the soil is sufficiently wet to satisfy the 

evaporation demand dictated by the meteorological conditions, evaporation from a salt-

encrusted surface is generally much lower than the potential evaporation rate. The 

MinTaCo program does not allow for this explicitly. At present, evaporation from saline 

tailings is dealt with by specifying a reduced evaporation rate appropriate to the salinity 

level (as measured in a range of mine sites in W A ) . 

Thus, the current version of MinTaCo program does not model the above conditions 

explicitly. However, by using the actual evaporation rates appropriate to fresh-water 

tailings and tailings of different salinities, the approximate behaviour of tailings deposit 

can be determined (e.g. Fahey and Fujiyasu, 1994). In this thesis, the MinTaCo 

program helped further understanding of the test results shown in later Chapters. 

Furthermore, it is shown that the model is useful in making an estimation of evaporation 

from fresh-water tailings surface. 

2.5 SUMMARY 

The following is a summary of Sections 2.2, 2.3 and 2.4 presented in this Chapter. 

In Section 2.2, a brief explanation of the finite strain consolidation model of Gibson and 

a discussion of the model applicability to tailings desiccation behaviour were given. The 

summary is given as follows. 

(1) The model of Gibson has been successfully applied to the analysis of tailings 

consolidation in the absence of evaporation. 
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(2) Three-dimensional shrinkage occurs during desiccation, or during consolidation 

induced by lowering the water table. The model of Gibson was derived for one-

dimensional soil behaviour, and it may not be appropriate for describing the three-

dimensional behaviour. 

(3) Continuous drying of tailings eventually leads to desaturation. The model of Gibson 

was derived for saturated soils and it m a y not be suitable for the description of 

unsaturated soil behaviour. 

In Section 2.3, three basic concepts for the description of evaporation from water and 

soil bodies are briefly explained, and the effects of meteorological conditions, tailings 

hydraulic and deformation properties, and salinity on evaporation from tailings were 

discussed. The summary is given as follows. 

(1) The physical meaning of soil surface resistance and salt crust resistance are defined 

using Dalton's equation and Darcy's law. 

(2) Potential evaporation rate used in this thesis is defined. 

(3) Class A pan evaporation can be used as the first approximation of potential 

evaporation from a tailings surface. However, care must be taken since a Class A pan 

tends to overestimate potential evaporation rate for most saturated surfaces. 

(4) Evaporation behaviour from a deformable soil (soft clayey soil) may differ 

significantly from a nondeformable soil due to crack development during the soil drying 

process. Vertical surfaces exposed to the atmosphere due to crack opening m a y 

contribute considerably to water loss from soil. Current soil drying models may not 

correctly account for extra water loss from the cracks. 

(5) Evaporation rates from salt-encrusted surfaces are extremely low. Three mechanisms 

- high albedo of dry salt crusts, vapour density depression due to salinity, and high salt 

crust resistance to moisture transfer - are the principal factors contributing to evaporation 

reduction from a salt-encrusted surface. 
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In Section 2.4, a numerical model (MinTaCo), which is based on the consolidation 

theory of Gibson, was explained and its applicability in analysing the desiccation and 

evaporation behaviour was discussed. The summary is given as follows. 

(1) The MinTaCo program has been successfully applied to the analysis of tailings 

consolidation in the absence of evaporation. 

(2) The MinTaCo program may not be appropriate to analyse evaporation and desiccation 

of tailings due to the three-dimensional shrinkage and salinity. However, by specifying 

the correct evaporation rate, the disadvantages may be overcome. 
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3 FIRST SERIES OF LABORATORY EXPERIMENTS 

3.1 INTRODUCTION 

A qualitative investigation of the effect of salinity on tailings drying behaviour is 

described in this Chapter. In Section 2.3.2.3, it was shown that salinity can dramatically 

reduce the rate of evaporation from soil surfaces. In particular, the effect of a salt crust in 

reducing evaporation was stressed. The first question to be addressed in this Chapter is 

then whether salinity similarly reduces evaporation from materials like tailings under the 

high evaporative conditions experienced in an arid climate. T o answer this, drying tests 

of artificial saline tailings were carried out The drying behaviour of (1) artificial tailings 

with different salinity levels and (2) artificial tailings with different clay contents were 

observed under high evaporative conditions created in the laboratory. 

These tests were designed to be simple to provide an initial broad picture of the effects of 

salinity on rate of evaporation. The philosophy was that if these tests showed the effects 

to be significant more sophisticated testing would be warranted to quantify the effects. 

3.2 MATERIALS 

3.2.1 Initial conditions and properties of test materials 

T w o types of materials, (1) kaolin clay and (2) a mixture of 30 % kaolin clay and 70 % 

silica flour (quartz powder) by dry weight, were used for the tests. Since many tailings 

produced in W A contain kaolinite, the artificial tailings used for the tests were meant to 

be an idealisation of actual tailings. 

The particle size distributions of these artificial tailings are shown in Fig. 3.2.1. The 

distribution curves for the Yoganup North Mine (heavy mineral sands mine), Granny 

Smith Mine (gold mine) and Kaltails Mine (gold mine) tailings are also shown in Fig. 

3.2.1. These tailings will be treated in later Chapters (Chapter 5 and 6). The Yoganup 

North Mine tailings had very high clay content The kaolin sample has a similar grading 

curve to the Yoganup North Mine tailings and represents very fine tailings. The mixture 
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of kaolin and silica flour represents the ordinary tailings produced in W A in terms of the 

particle size distribution. Slurry samples were prepared by mixing these soils with 

solutions with different salinity (NaCl) levels. The initial salt concentrations of the 

solutions for each slurry are shown in Table 3.2.1. 

Table 3.2.1 Summary of test conditions. 

Drum 
no. 

Drum 
-2 

Drum 
-3 

Drum 
-4 

Drum 
-8 

Drum 
-9 

Drum 
-15 

Drum 
-16 

Drum 
-17 

Sample 
conditions 

Soil type (by 
dry weight) 

kaolin 

kaolin 

kaolin 

kaolin 

kaolin 

kaolin(30%) + 

silica 
flour(70%) 

kaolin(30%) + 

silica 
flour(70%) 

kaolin(30%) + 

silica 
£lour(70%) 

Initial water 
content (w %) 

and void ratio 

(«) 

w =126 

e = 3.30 

w=115 

e = 3.31 

w=126 

e = 3.40 

w=115 

e = 3.16 

w=119 

e = 3.33 

w = 80 

e = 2.12 (before 
consolidation) 

w = 19 

e = 2.13 (before 
consolidation) 

w = 78 

e = 2.13 (before 
1 consolidation) 

Initial 

salinity of 

solution 

(g/1) 
0 

230 

52 

107 

166 

0 

52 

107 

Initial sample 
height (mm) 

705 

701 

697 

700 

700 

544 (after 

consolidation) 

559 (after 

consolidation) 

561 (after 

consolidation) 

Drying 
conditions 

Initial distance 
between lamp 
and sample 
surface (mm) 

340 

340 

340 

340 

340 

800 (after 

consolidation) 

800 (after 

consolidation) 

800 (after 

consolidation) 

Note 

Test was started 
after mixing. 

Test was started 
after mixing. 

Test was started 
after mixing. 

Test was started 
after mixing. 

Test was started 
after mixing. 

Test was started 
2 months after 

mixing. 

Test was started 
2 months after 

mixing. 

Test was started 
2 months after 

mixing. 

Tap water was used to make all samples. The concentration of total dissolved solids in 

tap water varies between about 170 and 500 mg/1 (quoted from Water Corporation in 

Perth). The salinities of the solution for drum-2 and 15 were therefore not exactly 0 g/1. 

The properties of kaolin and kaolin-silica flour mixture are listed in Table 3.2.2. These 

properties were obtained from the non-saline samples. 
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Table 3.2.2 Soil properties of the test material. 

Specific Gravity 

Liquid Limit 

Plastic Limit 

Kaolin 

2.65 

60 

27 

Kaolin-silica flour mixture 

(30:70) 

2.65 

28 

17 

3.2.2 Consolidation properties 

Compressibility and hydraulic conductivity relationships of the test materials were 

determined using the results from centrifuge consolidation tests and conventional 

consolidation tests (using a R o w e cell). The method of determining the consolidation 

properties for slurries using the geotechnical centrifuge is described by Toh (1992). 

These tests were carried out using non-saline samples. The relationships obtained from 

both tests are shown in Fig. 3.2.2. These can be described by the following equations. 

For kaolin, 

fc = 4.32E-5 
Kl + ej 

(3.2.1) 

e = 3.15oV°-162 (3-2.2) 

For kaolin-silica flour mixture (30% + 70% by weight), 

fc = 5.0E-3 (3.2.3) 

e = 1.098 crV0-103 (3-2-4) 

where k is the. hydraulic conductivity (m/day) and a'v is the vertical effective stress 

(kPa). 
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3.3 EXPERIMENTAL METHOD 

The tests consisted of subjecting slurried samples to artificial drying conditions in the 

laboratory. A typical test set up is shown in Plate 3.1 and Fig. 3.3.1. 

All samples were prepared in 200 litre (44 gal) steel drums (height : 820 m m and 

diameter : 570 m m ) with a plastic liner to prevent water leakage and salt damage. Soil, 

tap water and sodium chloride were thoroughly mixed in a drum using a 220 m m 

diameter propeller driven at 300 rpm by a 3 phase motor. The mixing period was 2-3 

hours to make a uniform mixture. 

The arrangement used to provide the artificial drying conditions are illustrated in Fig. 

3.3.1. This consisted of an infra-red light (250 W ) and a three-speed fan suspended 

over each drum. The initial distances between the infra-red lamp and the sample surface 

in the drum before starting drying are shown in Table 3.2.1: they were 340 m m for 

kaolin (i. e., drum-2, 3, 4, 8 and 9) and 800 m m for kaolin-silica flour mixture (i. e., 

drum-15, 16 and 17). The lamps were fixed; therefore, the distances varied as soil 

settlement progressed. The fans were fixed in the same position relative to the drums 

(Fig. 3.3.1) and were operated at low speed for all tests. The initial sample conditions 

and the drying conditions of each test are summarised in Table 3.2.1. While the drying 

tests of kaolin samples were started immediately after mixing, for the kaolin-silica flour 

mixture, the tests were started two months after mixing to minimise the effect of self-

weight consolidation during drying. 

In all cases, drums containing fresh water (fresh water drums) were simultaneously 

subjected to the same drying conditions to measure the "fresh water evaporation rate" in 

the laboratory. The amount of water in each fresh water drum was adjusted to maintain 

the same surface elevation as that in the corresponding soil sample during the tests except 

drum-3 (the fresh water drum for drum-2 was used for drum-3 as well). The 

evaporation rates from the fresh water drums obtained during the tests are shown in Fig. 

3.3.2. Under these artificial drying conditions, the average fresh water evaporation rate 

in the laboratory was 13 mm/day (4.7 m/year) which is similar to the daily Class A pan 

evaporation rate in summer at the goldfields in Western Australia (Fig. 1.4.1). Since the 
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ambient air temperature and humidity were not controlled in the laboratory, the fresh 

water evaporation rate varied during the tests as shown in Fig. 3.3.2. 

During the tests, evaporation rate and settlement of each sample were measured. The 

evaporation rate was calculated from a change in weight of the drum measured by a large 

mass balance (max 375 kg and resolution 0.5 kg). The measurement was carried out 

every day or every few days depending on the rate of evaporation. The resolution, 0.5 

kg, is equal to 2 m m water loss in the drum. Although it is impossible to measure small 

fluctuations in evaporation rate over a short time, this level of accuracy is adequate for 

these tests. Surface settlement was measured daily using a ruler. 

For some cases, pore pressures were measured by miniature pore pressure transducers 

(Druck P D C R 81) buried in the soil samples. They were free to move vertically with 

deformation of the sample. These transducers consist of a 6 m m diameter by 12 m m long 

stainless steel body with a ceramic filter at one end. The pore-water pressure that can be 

measured by this sensor is limited to approximately negative 90 kPa due to the 

possibility of cavitation of the water. De-airing of the transducers is necessary prior to 

insertion in the slurry. This was done by placing the transducers in a container filled with 

water, and de-airing them by applying a vacuum to the container. 

At the end of the tests, the strength profiles in the drums were obtained using a miniature 

vane shear device. The profiles of void ratio, water content and salt concentration were 

then determined from samples obtained using a P V C tube sampler (24 m m in diameter). 

Once the sample was removed, it was divided into several segments. The segments near 

the slurry surface were the smallest and were usually 5 m m thick. The sections were 

progressively larger with increasing depth, since the gradients of the water content and 

salinity were expected to be smaller. The largest section was usually about 30 m m thick. 

The salt crust at the slurry surface was sampled separately. Immediately after sampling, 

each element was weighed, dried and re-weighed to determine water content. The dry 

sample was then mixed with a known quantity of deionised water to dissolve the salt into 

water. The mixture was filtered using a phase separator (Whatman, IPS) to extract the 

salt solution. The concentration of the solution ,which was obtained by drying the 

solution in the oven, was used to calculate the amount of salt included in the original 
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segment. Then, the salt concentration was calculated from the amount of salt and water 

in the original sample. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Evaporation behaviour 

Figs 3.4.1 and 3.4.2 show the effect of salinity on the rate of evaporation from the 

kaolin samples (drum-2, 3, 4, 8 and 9) and the kaolin-silica flour mixtures (drum-15, 

16 and 17), respectively. The actual evaporation rates from the samples are expressed as 

relative evaporation rates (i.e. the actual evaporation rate divided by the measured "fresh 

water evaporation rate" for each sample) to compare the results from each sample. All 

saline samples decreased their relative evaporation rate to approximately 0.2 or less. 

Even with moderate salinity (52 g/1), the relative evaporation rates gradually merged to a 

value similar to that of samples with high salinity. N o apparent difference in evaporation 

behaviour was seen in three kaolin samples with high salinity levels (107,166 and 230 

g/1). O n the other hand, non-saline samples (drum-2 and 15) showed high relative 

evaporation rates of about 0.6 (kaolin, drum-2) and 0.8 (kaolin-silica flour mixture, 

drum-15). Note that a shrinkage crack that appeared between the non-saline sample and 

the drum wall may have increased the evaporation rate from these drums. 

The surface settlements for the kaolin samples (drum-2, 3, 4, 8 and 9) and the kaolin-

silica flour mixtures (drum-15, 16 and 17) are plotted on Figs 3.4.3 and 3.4.4, 

respectively. In Fig. 3.4.3, the surface settlement caused by the self-weight 

consolidation alone, which was calculated using the MinTaCo program with (k-e) and 

(e-o'v) relationships (Eqs (3.2.1) and (3.2.2)), is also plotted. The rate of calculated 

settlement due to self-weight consolidation was much smaller than that observed in any 

kaolin samples and this confirmed that the effect of self-weight consolidation on the 

evaporation rates is negligible for kaohh samples. The surface settlement curves of the 

saline kaolin samples showed slow settlement rate. In particular, the settlement curves 

for three high salinity samples (drum-3,8, and 9) were similar. The settlement curves of 

kaolin-silica flour mixtures showed similar trends to those of kaolin samples (Fig. 
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3.4.4). The non-saline sample (drum-15) had obviously reached its shrinkage limit at 

the end of the test 

All saline samples rapidly developed salt crusts on the slurry surfaces during the 

evaporation process. These salt crusts were clearly distinguishable from the soils. Figs 

3.4.5 and 3.4.6 show the water content and salt concentration profiles of drum-3 and 4 

and drum-15 and 16 at the end of the tests, respectively. In both cases, the salt crusts are 

represented on the plots where the depth is zero. The saline slurries were fully saturated 

during the drying process, so evaporation must have occurred at the slurry surfaces. 

This probably caused rapid increase in solute concentration at the surface and resulted in 

the precipitation of salt on the slurry surface. 

Thus, these results confirmed that accumulation of salt and crust formation on the slurry 

surface can greatly reduce the evaporation rates from saline tailings. Even with moderate 

salinity, evaporation reduction can be significant, and the degree of reduction is not 

likely to be dependent on the clay content of the materials. 

3.4.2 Effect of reduced evaporation 

L o w evaporation rates from saline samples reduced the rate of soil densification. Figs 

3.4.7 and 3.4.8 show comparison of the water content profiles obtained at the end of the 

tests. The water contents of saline slurries were much larger than those of non-saline 

slurries, despite the fact that the drying periods were longer. Measured pore water 

pressure and vane shear strength profiles (Figs 3.4.9 and Fig. 3.4.10) obtained from a 

non-saline sample (drum-2) and the 52 g/1 saline sample (drum-4) also depict the 

dramatic effect of reduced evaporation rate due to salinity. 

3.5 SUMMARY 

Qualitative laboratory investigation of the effect of salinity on tailings evaporation 

behaviour was carried out using artificial tailings under high evaporative conditions. The 

findings are summarised as follows. 
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(1) Under strong evaporation conditions, the salt accumulation process was rapid and all 

samples mixed with saline solution created salt crusts on the slurry surface. 

(2) Salt accumulation at the surface and formation of salt crust dramatically reduced 

evaporation from slurries. The actual evaporation rate can be less than 2 0 % of the fresh 

water evaporation rate even when the initial salinity is moderate (52 g/1). The slurries 

with salinity levels more than 107 g/1 showed similarly low evaporation rates which were 

approximately 10 % of the fresh water evaporation rate. 

This preliminary series of experiments confirmed that salinity could have a significant 

effect on evaporation rate. This provided the impetus to extend the investigation using 

more detailed laboratory and field experiments. These are detailed in the following 

Chapters. 
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4 SECOND SERIES OF LABORATORY EXPERIMENTS 

4.1 INTRODUCTION 

The first series of laboratory tests (Chapter 3) showed that salt accumulation and crust 

formation at the artificial tailings surface can reduce evaporation considerably. As 

described in Section 2.3.2.3, the evaporation reduction from a salt-encrusted surface is 

probably caused by the following three factors. They are: 

(1) the reduction of radiation energy received by the soil surface due to the high 

shortwave reflectivity (albedo) of the salt crust 

(2) the low saturation vapour density for a saline solution, and 

(3) the high resistance of the salt crust to moisture transfer. 

The purpose of the second series of tests was to monitor each of these quantities during 

the desiccation process of saline-water slurries. In particular, the properties of (1) and 

(3) were examined. For a non-saline slurry, soil surface shortwave reflectivity and soil 

surface resistance were measured instead of (1) and (3), respectively. 

A n understanding of the properties of the shortwave reflectivity and the resistance to 

moisture transfer of the salt crust is important to model the effects of the salt crust on 

evaporation from the salt-encrusted surface. Once a proper model of the salt crust is 

established, it can be combined with theories of evaporation such as the energy balance 

concept or Dalton's equation (Section 2.3.1). Such a combined model may enhance the 

ability to predict the evaporation rate from the salt-encrusted surface. 

Three slurry samples with different salinity levels were placed into large black 

polyethylene tanks (1100 m m i.d. x 1130 m m height) and were exposed to artificial 

drying conditions in the laboratory. The advantages of the large sample tests are: 

(1) disturbance of the soil surface caused by soil sampling and other test activities 

(micro-lysimeter tests and vane shear tests) is less significant, and 

(2) long term behaviour can be observed. 
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4.2 M A T E R I A L S 

4.2.1 Initial conditions and properties of test materials 

The test samples consisted of a mixture of kaolin clay and silica flour. Three samples 

with an identical proportion of kaolin clay to silica flour but with different salinity (NaCl) 

levels were tested. The particle size distributions and the initial conditions of the samples 

are shown in Fig. 4.2.1 and Table 4.2.1 respectively. Note that the water content in 

Table 4.2.1 is given by (weight of water) / (weight of solid including salt). 

Tap water was used to make all samples. The concentration of total dissolved solids in 

tap water varies between about 170 and 500 mg/1 (quoted from Water Corporation in 

Perth). Thus, the total salinity of the solution for slurry-1 is not exactiy 0 g/1. However, 

zero salt concentration for slurry-1 was assumed in the analysis of the test results 

presented in the later sections. 

Table 4.2.1 Initial conditions of test materials. 

Material 

Soil 

Salinity of 

solution 

Void ratio 

Water content 

Slurry-1 

kaolin 50 % + 

silica flour 50 % 

by dry weight 

0g/l 

(0 ppm) 

2.25 

0.85 

Slurry-2 

kaolin 50 % + 

silica flour 50 % 

by dry weight 

166 g/1 

(150,000 ppm) 

2.25 

0.70 

Slurry-3 

kaolin 50 % + 

silica flour 50 % 

by dry weight 

20 g/1 

(20,000 ppm) 

2.25 

0.83 

The properties of kaolin-silica flour mixture are listed in Table 4.2.2. These properties 

were obtained from the non-saline slurry. 
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Table 4.2.2 Soil properties of the test material. 

Kaolin-silica flour mixture (50:50) 

Specific Gravity 2.65 

Liquid Limit 33 

Plastic Limit 17 

Shrinkage Limit 16 

4.2.2 Consolidation properties 

Compressibility and hydraulic conductivity relationships for the test material were 

determined using the results from centrifuge consolidation tests and conventional 

consolidation tests (using a Rowe cell). These tests were carried out using non-saline 

slurry (slurry-1). The relationships obtained from both tests are shown in Fig. 4.2.2 and 

represented by the following equations: 

fc = 2.5E-4 
( 53 "\ 
' e 
l + e 

(4.2.1) 

e = 2.063ar°-
206 (4.2.2) 

where k is the hydraulic conductivity (m/day), e is the void ratio and <J'V is the vertical 

effective stress (kPa). 

4.2.3 Matric suction and water content relationship 

The matric suction (ua-uw) - water content relationship for the test material was 

determined using both the filter paper method and a 15 bar ceramic plate extractor. 

4.2.3.1 Filter paper method 

Non-saline slurry samples (slurry-1), which were taken from the tank at the end of test, 

were placed into aluminium containers with contact and non-contact filter paper 

(Whatman No. 42). The dimensions of a container and a sample were 59 m m i.d. x 45 

m m height and 54 m m o.d. x 35 m m height respectively. After equilibrium was achieved 

(after 10 days in a constant temperature room), the water content of each filter paper was 
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determined and equilibrium suction was calculated from the calibration curve (after 

Fawcett and Collis-George, 1967) (Fig. 4.2.3). The matric suction of the sample was 

determined from the water content of the contact filter paper. 

4.2.3.2 Ceramic plate extractor (15 bar) 

A 15 bar ceramic plate extractor (Soilmoisture Equipment Corporation) was used to 

measure the matric suction of the material. Non-saline slurry samples with an initial 

water content of 60 % were prepared and placed on the saturated ceramic plate with 

retaining rings (1 m m high and 48 m m diameter). Matric suction can be created by 

building up the pressure in the extractor. At any given air pressure in the extractor, soil 

moisture will flow around each soil particle and through the ceramic plate until the 

effective curvature of the water films through the soil are the same as at the pores in the 

ceramic plate (equilibrium). W h e n equilibrium was achieved, the water content of the 

samples were then determined. 

Fig. 4.2.4 shows the relationships obtained between matric suction and void ratio for the 

non-saline slurry. The vertical effective stress versus void ratio relationship obtained 

from the centrifuge and R o w e cell tests are also shown in this Figure. The void ratio of 

an equivalent saturated sample (ew) at the same water content (w) was used to extend the 

relationships to the region where water content is below the desaturation point. The 

stress versus void ratio relationship between 10 and 1,000 kPa of matric suction or 

vertical effective stress can be represented by the following unique equation: 

ew = 2.063 cfv^
206 = 2.063(ua-uw)-°-

206 (4.2.3) 

ew=wGs (
4-2-4) 

where Gs is the specific gravity of the soil. However, it is well known that the effective 

stress is not equal to the matric suction after desaturation of soil. Thus, Eq. (4.2.3) is not 

valid after desaturation of soil. Note that the void ratio calculated from the water content 

(ew) and the true void ratio (e) have different values below the desaturation point. 
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The results of the filter paper method in Fig. 4.2.4 are obtained from the contact filter 

paper. The non-contact filter paper was also used to measure the total suction values of 

the same samples. However, the suction values obtained from both types of filter paper 

did not differ much. Thus, this may suggest that the effect of osmotic suction for non-

saline slurry (slurry-1) is not significant 

4.3 EXPERIMENTAL SET UP 

Fig. 4.3.1 shows the set up for the drying tests. From left to right, there are two large 

tanks (1100 m m i.d. x 1130 m m height) that contain slurry samples, a logging 

computer, and a 200 litre drum (570 m m i.d. x 820 m m height) filled with fresh water. 

Plate 4.1 also shows a similar picture of the test set up. Each of the three containers is 

surrounded by a metal frame equipped with a radiation heat source and fans that gives an 

identical drying condition to the three containers. Slurry-1 and 3 were tested in the left 

tank, and the right tank was used for slurry-2. 

4.3.1 Artificial drying condition 

4.3.1.1 Artificial radiation heat source 

Since the high shortwave reflectivity (albedo) of the salt crust is considered as one of the 

factors contributing to evaporation reduction, an appropriate artificial radiation source, 

with similar properties to solar radiation, was required to study the effect of high 

shortwave reflectivity. In this context, shortwave radiation is considered to have a 

wavelength less than 3000 nm. The radiation heat source used for the tests is detailed 

below. 

Tungsten halogen lamp 

Different types of lamps (xenon-arc lamps, tungsten halogen incandescent lamps, and 

fluorescent lamps) can be used for daylight simulation. A tungsten halogen lamp was 

chosen for the radiation heat source since it has the following advantages: 
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(1) It maintains initial output through its life. Fig. 4.3.2 shows the typical lumen 

maintenance curve (according to the bulletin issued from the Sylvania Lighting Centre). 

At the end of the life, it still maintains 9 5 % of its initial intensity. 

(2) It has a long life (2000 hrs). 

(3) It is inexpensive. 

Since the drying tests lasted for 2 to 7 months, high stability and long life were 

important. For this experiment, tungsten halogen lamps (240 V, 500 W ) with floodlight 

housings were used. The colour temperature of the lamps was about 3000 K. 

Fig. 4.3.3 compares the spectral distribution curves of radiation from the sun (Moon, 

1940) and a tungsten halogen lamp (obtained from the manufacturer). The solar radiation 

curve represents solar irradiation measured at sea level on a surface perpendicular to the 

sun's rays, with an air mass value of 2. Air mass is the ratio of the length of the path 

through the atmosphere traversed by the sun's rays compared to the path length when the 

sun is directly overhead. The light created by tungsten halogen lamps has only a small 

percentage (10-12%) of the total energy in the visible region. Approximately 8 0 % of the 

energy is in the infra red region. O n the other hand, radiation from the sun has 4 4 % of 

its total energy in the visible and 5 2 % in the infrared region. Thus, the two radiation 

curves are quite different. However, later in this section, it is shown that the shortwave 

reflectivity of the test materials for both radiations are very similar. 

Configuration of radiation heat source 

In this series of tests, slurries in the large tanks and fresh water in a 200 litre drum were 

dried under radiation heat sources consisting of tungsten halogen lamps. The tungsten 

halogen lamps were positioned to give identical intensities of radiation over the slurry 

surfaces in the large tanks and the water surface in the drum. 

Fig. 4.3.4 shows the configuration diagram of the radiation heat source for the large 

tanks (Plate 4.2). Six tungsten halogen lamps were attached on each frame (the frame 

actually had 12 lamps but only 6 of them were operated at any time during the 

experiment). The aiming angle can be adjusted to control the tight intensity distribution. 

For this experiment, the lamps were aimed slightly outwards as shown in Fig. 4.3.5. At 



Second Series of Laboratory Experiments 76 

this angle, the lamps created a uniform intensity over the slurry surface as shown in the 

next section. The intensity at the slurry surface can be controlled by changing the 

distance between the radiation source and the slurry surface or by changing the number 

of lamps. During the tests, the distance between the lamps and the slurry surface was 

kept constant at 940 m m . 

Three lamps were enough to produce an identical intensity for a fresh water drum since it 

had a smaller surface area (the frame actually had 6 lamps but only 3 of them were 

operated at any time during the experiment). Fig. 4.3.6 shows the arrangement of lamps 

for the fresh water drum. The distance between lamp bulbs and the water surface was 

960 m m during the tests. With this distance, the radiation intensities received by both 

slurry and water surfaces were almost identical, as shown in the next section. 

Spectral distribution and intensity of radiation 

The spectral distribution emitted from the tungsten halogen lamp bulb can be altered by a 

reflector and a glass lens mounted on the lamp housing. Fig. 4.3.7 shows the reflectivity 

of the reflector and the transmittance of the glass lens. These were measured using 

instruments in the Chemistry Department at U W A . The transmittance of the glass plate 

drops significantly at a wavelength of about 2800 nm. Therefore, the spectral range of 

the light reaching the sample surface can be limited in the range between 300 and 2800 

nm. Fig. 4.3.8 shows the spectral distribution curve obtained by multiplying the 

transmittance of the glass to the original spectral distribution (Fig. 4.3.3). This curve 

represents the spectral distribution of the light at the slurry surface more properly than 

the original one shown in Fig. 4.3.3. 

The intensity of the light was determined by an Eppley Precision Pyranometer (Model 

PSP) which measures radiation with wavelength ranging between 285 n m and 2800 nm. 

Figs 4.3.9 (a) and (b) represent typical intensity distributions measured at the slurry 

surface in the large tank and by the fresh water surface in the drum during the tests, 

respectively. The measured average intensity over the surface was between 390 W / m 2 

(33.7 MJ/m2/day) and 420 W / m 2 (36.3 MJ/m2/day). This is similar to clear day solar 
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radiation of about 35 MJ/m2/day in December in middle latitudes of the Southern 

Hemisphere. The variation of intensity over the surface was less than 15 %. 

Shortwave reflectivity for the artificial radiation heat source 

The reflectivity of any material surface is a function of: 

(1) the wavelength of incoming radiation; 

(2) the angle of incoming radiation; and 

(3) the temperature of the material surface. 

Differences in these three parameters under solar radiation and artificial radiation may 

produce different shortwave reflectivities for the same material surface. The following 

section explains how the shortwave reflectivity of the test materials can be affected by 

differences in these factors. 

Effect of wavelength of incoming radiation 

Since the spectral distributions of the solar and artificial radiations are quite different 

(Fig. 4.3.3), total shortwave reflectivities (r) of the same material surface for both 

radiations m a y be different. Note that the total shortwave reflectivity represents the 

reflectivity that is integrated over the wavelength. In order to simulate field shortwave 

energy balance at the slurry surface or salt-encrusted surface, total shortwave reflectivity 

of those surfaces under both types of radiation should be similar. Therefore, it was 

necessary to check the similarity of total shortwave reflectivities of the test materials for 

the solar and the artificial radiations. 

The total reflectivities of the test materials (kaolin-silica flour mixture and salt crust) 

under both radiation sources were calculated from the directional-hemispherical spectral 

reflectivity, rx(0), of the test materials (where d is the angle of incidence, i.e. the angle 

between the line perpendicular to the surface and the direction of radiation). Fig. 4.3.10 

schematically represents the definition of the directional-hemispherical spectral 

reflectivity. The directional-hemispherical spectral reflectivities of the samples were 

measured with a Beckman A C T A M I V spectrophotometer with an integrating sphejre 
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attachment The angle of incoming radiation (6) is fixed in the instrument and is slightly 

larger than 0°. Fig. 4.3.11 shows the measured r^ values for this value of 6 for the test 

materials (salt crust from slurry-2 and kaolin-silica flour mixture from slurry-1) taken 

from the surface during the drying tests. Using the obtained rx,, the directional-

hemispherical total reflectivity (see Fig. 4.3.10 for the definition) of the test materials for 

the solar and artificial radiation were calculated from 

I r _ «>300nm 

2800 nm 

l{X)rxdk 
/•2800nm 

l(X)dk 
J300nm 

(4.3.1) 

where r is the directional-hemispherical total reflectivity, I(X) is the spectral flux density 

of the incident radiation, and X is the wavelength. The solar radiation curve in Fig. 4.3.3 

and the radiation curve for the tungsten halogen lamp in Fig. 4.3.8 were used for I(k). 

The calculated directional-hemispherical total reflectivity for both radiation sources are 

shown in Table 4.3.1. This suggests that the directional-hemispherical total reflectivity 

observed in the field and in the laboratory do not differ significantly. 

Table 4.3.1 Directional-hemispherical total reflectivity of test materials for the sun and 

the tungsten halogen lamp. 

Material 

Dry salt crust (w = 0%) 

W e t salt crust (w = 2 0 % ) 

Dry slurry-1 (w = 0%) 

W e t slurry-1 (w = 2 2 % ) 

Solar radiation 

0.83 

0.53 

0.71 

0.49 

Tungsten-halogen 

0.79 

0.37 

0.71 

0.42 

Effect of angle of incoming radiation 

W h e n radiation is incident on the natural surfaces (e.g. soil and vegetation) at a moderate 

angle of incidence, the shortwave reflectivity for solar radiation does not vary much 

(Monteith, 1973). This is probably the same for the reflectivity for a tungsten halogen 

lamp. The radiation that reaches the slurry surface from the tungsten halogen lamps has 

angles of incidence approximately between 0° and 45°. The variation of reflectivity 
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against the incoming radiation within this range should be small. Therefore, the 

hemispherical total reflectivity (the reflectivity that is integrated over the wavelength and 

the angle of incidence) of the materials against the artificial radiation source should be 

similar to that shown in Table 4.3.1. As mentioned earlier, the directional-hemispherical 

total reflectivities in Table 4.3.1 represent the values for the angle of incidence of about 

0°. 

Effect of temperature of material surface 

Surface temperatures in the laboratory and field experiments typically varied from about 

10°C to 50°C. It is not known how this temperature difference affects reflectivity, but no 

effect was discerned from the tests conducted. N o reference could be found in the 

literature on any such effect 

Thus, the above examinations suggested that the hemispherical total reflectivity observed 

in the field and the laboratory will not differ significantly. Therefore, the tungsten 

halogen lamps can be used to simulate the field conditions. 

4.3.1.2 Fans 

T w o fans were placed behind each tank and the fresh water drum to give similar air 

movements over the slurry and water surfaces. Fig. 4.3.12 shows the positions of fans 

behind the tank and the fresh water drum. The fans had 3 speed settings (low, medium 

and high). 

4.3.1.3 Comparison of fresh water evaporation rate 

To check the similarity of the artificial drying conditions over the three containers (i.e. 

two large tanks and one fresh water drum), fresh water evaporation rates from the three 

containers were measured simultaneously. Before allowing evaporation, the water 

surface level in each container was adjusted to 140 m m below the top of the container. 

Table 4.3.2 gives typical measured evaporation rates from the three containers under two 

types of artificial drying conditions, given by operating (1) fans only and (2) both lamps 

and fans. These tests were carried out during—5-6/2/1995 and 15-16/2/1995 
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respectively. Figs 4.3.13 and 4.3.14 shows temperatures at the water surface in the three 

containers, and wet and dry bulb temperatures in the laboratory during the test 

Table 4.3.2 Typical fresh water evaporation rates from three containers. 

Drying condition 

Water loss in Tank-1 

Water loss in Tank-2 

Water loss in Drum 

Fans only (low speed) 

8.8 mm/day (3.2 m/yr) 

8.7 mm/day (3.2 m/yr) 

8.9 mm/day (3.2 m/yr) 

Lamps and fans (low speed) 

16.9 mm/day (6.2 m/yr) 

17.6 mm/day (6.4 m/yr) 

16.4 mm/day (6.0 m/yr) 

W h e n both lamps and fans were being operated, the rates of evaporation from the three 

containers were in the range 16 to 18 mm/day, which is similar to the Class A pan 

evaporation rates on a very dry day in summer at the goldfields in W A . O n the other 

hand, using only fans, a rate of 9.0 mm/day was achieved. Note that the actual 

evaporation rates achieved at any time also depend on ambient temperature and humidity 

(which were measured, but not controlled) in the laboratory. 

The evaporation rates and the surface temperatures of the three containers were similar 

under the artificial drying conditions. Therefore, the drying environments for the three 

containers created by the tungsten-halogen lamps and fans should be comparable. 

4.3.2 Monitoring equipment 

Fig. 4.3.15 shows the typical monitoring system used in the tests. Each tank was 

equipped with 9 or 10 temperature sensors and 3 pore pressure transducers. The fresh 

water drum had 1 surface temperature sensor. All containers were surrounded by glass 

wool and reflective aluminium foil for insulation purposes. A psychrometer was located 

adjacent to the tanks to measure temperature and humidity in the laboratory. The data 

measured by these sensors were logged into a desktop computer. Daily measurement of 

reflected radiation was carried out using a pyranometer placed above the tank. The details 

of each instrument are presented below. 
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4.3.2.1 Temperature sensors 

National precision integrated-circuit temperature sensors (LM35CA) were used for 

temperature monitoring. The sensor was coated with epoxy resin to avoid contact 

between the metal electrical wires and the solution in the slurry. All sensors were 

calibrated with a platinum resistance thermometer. The accuracy of the temperature 

sensors after calibration was about 0.1 °C. 

The PVC-coated cables of the temperature sensors close to the slurry surface were 

buried horizontally to minimise heat conductance along cables. All temperature sensors 

were very carefully positioned into the slurry. These sensors were not fixed, therefore 

they were able to move with slurry movement. 

The temperature sensor in the fresh water drum (Fig. 4.3.15) measured water surface 

temperature. This sensor was attached to the underside of a block of white polystyrene 

(50 m m x 40 m m x 20 m m ) , covered with aluminium foil, floating in the water. The 

aluminium foil minimises radiation heat transfer to the temperature sensor. 

4.3.2.2 Pore-water pressure transducers 

Pore-water pressure transducers (Druck P D C R 81) were inserted into the slurry at 

different depths to monitor the progress of consolidation and desiccation. These 

transducers consist of a 6 m m diameter by 12 m m long stainless steel body with a 

ceramic filter at one end. The pore-water pressure that can be measured by this sensor is 

limited to approximately negative 90 kPa due to the possibility of cavitation. 

These sensors were placed into the slurry in the same manner as the temperature sensors. 

This allowed the transducers to settle with slurry. 

De-airing of the transducers was necessary prior to insertion in the slurry. This was 

done by placing the transducers in a container filled with water, and de-airing them by 

applying a vacuum to the container. 
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4.3.2.3 Psychrometer 

A psychrometer was mounted on the wall in the laboratory close to the tanks to monitor 

ambient air temperature and humidity. 

Fig. 4.3.16 shows its construction. The psychrometer consists of two ventilated 

temperature sensors (National precision integrated-circuit temperature sensor L M 3 5 C A ) . 

One of these, the dry bulb sensor, measured air temperature directly. The other, the wet 

bulb sensor, was covered with a cotton wick saturated in deionised water. This sensor 

therefore measured temperature lowered by an amount determined by the evaporative 

cooling caused by the sample air. The procedures for calculating humidity and vapour 

density are described in Appendix 2. 

The temperature sensors (dry bulb and wet bulb) were installed in a cylindrical P V C 

shield of 150 m m diameter, covered with insulation material (glass wool) to minimise 

radiative or conductive heat transfer to the sensors. The P V C shield was aspirated with 

an air velocity of about 3-4 m/s. The temperature sensors were located approximately at 

the midpoint of the shield. 

The water reservoir in the psychrometer was replenished with deionised water every 24 

hours. The temperature change of water in the reservoir due to replenishment should be 

negligible since the amount of water for each replenishment was much smaller than the 

total amount of water in the reservoir. 

4.3.2.4 Equipment for reflectivity determination 

The hemispherical total shortwave reflectivity (r) of material surfaces can be obtained by 

knowing the incoming radiation flux to the soil surface and the reflected radiation flux 

from the surface. A s described in Section 4.3.1.1, the incoming radiation flux was 

measured using a pyranometer. The pyranometer was also used to determine reflected 

radiation flux from the slurry surface (Fig. 4.3.15). However, the point measurement of 

radiation flux reflected from the slurry surface does not represent the average reflected 

radiation due to spatial non-uniformity of the reflected radiation intensity distribution. A 

spectrophotometer was therefore used to correct the point reflected radiation measured by 
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the pyranometer. The detail of the method for correcting the measured reflected radiation 

will be given in Section 4.4.5. A brief explanation of the two instruments (pyranometer 

and spectrophotometer) is presented below. 

Pyranometer 

The intensity of the radiation reflected from the slurry surface was measured by an 

Eppley Precision Pyranometer (Model PSP). The spectral range of the reflected radiation 

should be the same as that of the incoming radiation (from the tungsten-halogen lamps) 

which is approximately between 300 n m and 2800 nm. The radiation within this range 

can be measured using an Eppley Precision Pyranometer which has a flat response to 

radiation between 285 n m and 2800 nm. 

Spectrophotometer 

The directional-hemispherical spectral reflectivity (r\) of any material surface can be 

measured by a Beckman A C T A M I V spectrophotometer with an integrating sphere 

attachment. The spectral range that can be measured with this instrument was 250-2500 

nm. 

In operation, the sample and a standard reference plate were alternatively irradiated by 

monochromatic radiation from either a tungsten or deuterium light source. The 

directional-hemispherical spectral reflectivity of the sample was determined by the 

instrument by comparing the hemisphericalry reflected light from the sample with that 

from the standard surface. 

4.4 EXPERIMENTAL PROCEDURE IN DRYING TESTS 

The drying experiments lasted for 2 to 7 months and traced the drying histories of the 

slurries. Each stage of the experiment is described below. 
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4.4.1 Mixing and placement 

Kaolin, silica flour, water and sodium chloride were thoroughly mixed in a 200 litre 

drum by a 220 m m diameter propeller driven at 300 rpm by a 3 phase motor. The mixing 

period was generally 2-3 hours to promote a uniform mixture. One mixing produced 

about 185 kg of material and 8 mixings were required to fill one large tank up to a height 

of 1 m. 

All sensors were fixed in the appropriate positions using fishing tine prior to placement 

of the mixtures. The mixtures were carefully poured into the tank to avoid disturbing the 

sensor positions. Before starting the test, all the fishing lines were cut to free the 

sensors. 

4.4.2 Fresh water evaporation 

The fresh water evaporation rate from the fresh water drum gives an idea of evaporative 

demand under the artificial drying condition in the laboratory. 

The amount of water loss from the drum was measured using a vessel and a pointer. 

After every 24 hour period, the pointer was placed on the top of the drum and water was 

added to the drum using the vessel until the edge of the pointer, which was positioned 

140 m m below the top of the drum, just touched the water surface. The amount of water 

that was poured into the drum was equivalent to the loss of water by evaporation during 

the previous 24 hours. 

4.4.3 Soil surface settlement and evaporation 

After preparation of the slurries, the radiation heat source and fans were placed at the 

predetermined positions and switched on. 

During the experiment soil surface settlements were measured daily at 21 measurement 

points in each tank using a ruler. The amount of water loss due to evaporation can be 

considered to be the same as the settlement of the slurry while horizontal shrinkage was 

negligible. 
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At each measurement time, the distance between the soil surface and the radiation heat 

source was re-adjusted to maintain the heat source at a constant height (940 m m ) above 

the surface. By doing this , the incident radiation at the soil surface was kept constant. 

Since the tank is made of black coloured polyethylene, the effect of reflection from the 

increased area of the tank exposed by consolidated slurries should be small, though there 

may have been some effect due to absorption of heat by the tank walls and re-radiation 

of this heat. 

4.4.4 Temperature and pore water pressure 

Data from temperature sensors and pore-water pressure transducers were logged into a 

desktop computer. Sampling was carried out each 5 minutes during the experiment. 

Logging included: 

(1) Soil temperatures at various depths. 

(2) Ambient wet and dry bulb temperatures of the laboratory. 

(3) Pore-water pressures at three depths. 

4.4.5 Determination of hemispherical total shortwave reflectivity 

The reflectivity of the material surface was determined with an Eppley pyranometer and a 

Beckman spectrophotometer, as described earlier. 

The intensities of incoming and reflected radiations were measured with the Eppley 

pyranometer. As described in Section 4.3.1.1, the flux density of the incoming radiation 

at the soil surface was almost uniform and the average value was approximately 405 

W/m 2 . 

For reflected radiation, the pyranometer, facing downward to the sample surface, was 

positioned at 540 m m above the centre of the sample surface (Fig. 4.3.15). At this 

position, the pyranometer did not create a shadow on the sample surface and also 

responded reasonably well to the reflected radiation. At each measurement, the position 

of the pyranometer was adjusted depending on the amount of surface settlement to keep a 
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constant distance (540 m m ) from the soil surface. However, the measured radiation 

intensity (Qmeasured) does not represent the average reflected radiation from the surface 

due to spatial non-uniformity of the reflected radiation intensity. A correction factor (f), 

expressing the ratio, QtruelQmeasured, was required to convert measured intensity to true 

intensity (Qtrue)- The correction factor (f) was determined using three reference materials: 

(1) wrinkled aluminium foil; 

(2) four layers of white filter paper: and 

(3) a wooden board. 

The following explains the procedure for determining the correction factor. 

The first step was to measure the directional-hemispherical spectral reflectivity of the 

reference materials using the Beckman spectrophotometer (Fig. 4.4.1). The total 

reflectivity of the reference materials were then calculated using the following equation. 

•2800nm J»28uunm 
l{X)rxdX 

300 nm 
/•2800nm 

l(X)dX 
J300nm 

r = i^imS (4-3.1 bis) 

'300 nm 

where r and rx, are the hemispherical total reflectivity and the hemispherical spectral 

reflectivity of the reference material respectively, I(k) is the spectral intensity of 

incoming radiation, and X is the wavelength (nm). Note that the directional-

hemispherical spectral reflectivity of the reference materials was assumed to be 

independent of the angle of incidence for these calculations. The definitions of the 

directional-hemispherical reflectivity and hemispherical reflectivity were schematically 

represented in Fig. 4.3.10. B y substituting I(X) of a tungsten halogen lamp (Fig. 4.3.8), 

the hemispherical total shortwave reflectivity (r) of the reference materials for tungsten 

halogen lamps were calculated as shown in Table 4.4.1. Using the obtained total 

shortwave reflectivity (r), Qtrue values of the reference materials for 405 W / m 2 of 

incoming radiation from tungsten halogen lamps were calculated as shown in Table 

4.4.1. 
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Having determined the reflectivity (r) of the reference materials, three 1.1m diameter 

circular plates were made of each of the three reference materials. Each plate was 

positioned in turn at the same level as the slurry surface in a large tank (940 m m below 

tungsten halogen lamps), and the intensity of the reflected radiation (Qmeasured) was 

measured with the pyranometer, positioned 540 m m above the reference material 

surface. The measured intensities for three reference materials are listed in Table 4.4.1. 

B y taking the ratio of Qtrue and the intensities measured with the pyranometer, Qmeasured, 

the correction factors (f) were calculated (Table 4.4.1). The correction factors did not 

vary much and the average value was 1.88. 

Table 4.4.1 Correction factors for three reference materials. 

r 

Qtrm (W/m
2) 

Qmeasured (W/m2) 

f 

Wrinkled 

aluminium foil 

0.94 

381 

197 

1.93 

4 layers of white 

filter paper 

0.84 

340 

189 

1.80 

Wooden board 

0.71 

288 

151 

1.91 

Average 

1.88 

During the tests, the reflected radiation measured by the pyranometer was multiplied by 

this correction factor (1.88) to obtain Qtrue- Thus, the hemispherical total shortwave 

reflectivity of the slurry surface was estimated as: 

^ ^ ( W / m 2 ) 

405 (W/m2) 
(4.4.1) 

4.4.6 Determination of resistances to moisture transfer 

Resistances to moisture transfer from the slurry surface to the air can be determined 

using Dalton's equation. The total resistance to moisture transfer, rv (s/m) can be 

calculated as: 

rv = 
Pvsat ~P vsat r yg -(4.4.2) 
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where pVSat is the equilibrium vapour density for the soil surface water (kg/m
3), pva is 

the actual vapour density in the surrounding air (kg/m3), and E is the density of the 

vapour flux to the air (kg/m2/s). 

The total resistance for a non-saline slurry surface involves air resistance (ra) and soil 

surface resistance (rs), and the total resistance for a saline slurry surface involves salt 

crust resistance (rc) in addition to the former two resistances. The method of determining 

total resistance and air resistance for slurry surfaces is presented below. 

4.4.6.1 Micro-lysimeter technique 

A micro-lysimeter technique (Boast and Robertson, 1982) was used to determine the 

evaporation flux (E) from the slurry surfaces. This technique involves pushing a thin 

walled cylinder into the soil and removing it filled with soil. The cylinder is sealed at the 

base (to make it water tight) and its mass is determined. Then, the cylinder is replaced in 

the soil, with the top surface level with the surrounding soil. The lysimeter is then 

exposed for a certain period of time and re-weighted to determine the loss of water due 

to evaporation. 

For field tests, cylinders of 96 m m diameter by 120 m m high were used (see Section 

5.2.3.3 for more detail). However, a smaller stainless steel cylinder (48 m m diameter 

and 60 m m long) was used for these laboratory tests to minimise the disturbance of the 

slurry surface. A n exposure period was chosen depending on the rate of evaporation. It 

was less than 10 hours for high evaporation rates and more than 12 hours for low 

evaporation rates. The lysimeter was weighted 3 or 4 times periodically during each 

exposure period. 

A more detailed explanation for the micro-lysimeter technique can be found in Section 

4.4.6.2 Determination of total resistance and air resistance 

Three different resistances: air resistance (ra), soil surface resistance (rs), and salt crust 

resistance (rc), are involved in the transfer of vapour from the slurry surface to the 
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surrounding air, as mentioned in Section 2.3. The total resistance for a non-saline slurry 

is expressed as: 

rv = ra + rs (4.4.3) 

For a salt-encrusted surface, the total resistance can be written as: 

rv=ra + rs + rc (4.4.4) 

Two micro-lysimeters, one containing slurry which was carefully sampled from the soil 

surface and the other one containing fresh water, were simultaneously used for each test 

to determine the values ra and rv for the surface. Figs 4.4.2 (a) and (b) show the set up 

of the lysimeter tests for non-saline and saline slurries, respectively. Superimposed on 

the diagrams of the micro-lysimeters are plots representing schematically the variation of 

vapour density above the surfaces for the micro-lysimeters, to illustrate the concepts of 

air resistance, soil surface resistance and salt crust resistance. Plate 4.3 also shows the 

micro-lysimeter test set up. For this case, three lysimeters were used simultaneously. 

The right lysimeter contained slurry, the front one contained fresh water and the left one 

contained saturated saline water. Three electric wires in Plate 4.3 are those of 

temperature sensors which measured temperatures of the three sample surfaces. 

For both slurries, the air resistance ra (s/m) was calculated from 

r _Pv^(
Ts)-Pva(Ta^) (4 4 5) 

Efw 

where pvsat(
Ts) and pva(Ta, h) are the vapour densities (kg/m

3) over the fresh water 

surface and in the free air respectively. These can be calculated using the fresh water 

surface temperature Ts, air temperature Ta, and air humidity h, measured with the 

temperature sensor and the psychrometer (see Appendix 2 and 3). Efw is the evaporation 

flux (kg/m2/s) determined from the rate of water loss from the fresh water lysimeter. 

The total resistance to moisture transfer rv (s/m) of a non-saline slurry was calculated 

from 
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r _Pvsat(^¥s)-Pva^„h) 

f̂ws 

where pVsat(Js, yfs) is the equilibrium vapour density for the surface soil water (kg/m
3). 

The value can be calculated using the slurry surface temperature T s and surface total 

suction y/s (see Appendix 3). The surface temperature T s is measured with a sensor 

placed immediately below the slurry surface (Fig. 4.4.2 (a)). The surface total suction 

ys, which is equal to matric suction for a non-saline slurry, was calculated using the 

relationship between matric suction (ua-uw) and void ratio (ew) expressed as Eq. (4.2.3). 

Osmotic suction may exist at the slurry surface because of the minor amount of salts that 

are originally contained in tap water and clay minerals. However, it is assumed that the 

osmotic suction is zero at the slurry surface for the analysis of the test result for a non-

saline slurry. EfwS is the evaporation flux (kg/m
2/s) determined from water loss from the 

micro-lysimeter containing non-saline slurry. 

In a similar way, the total resistance to moisture transfer rv (s/m) for a saline slurry with 

a salt-encrusted surface was calculated from 

r _PVsat(
Ts>Vs)-Pva(T*>h) (4 4 ?) 

Ec 

where PvSat(Ts, Ws) is
 m e equilibrium vapour density for the surface soil water (kg/m3). 

The value can be calculated using the slurry surface temperature T s and surface total 

suction y/s (see Appendix 3). The surface temperature T s is measured with the 

temperature sensor placed immediately below the slurry surface under the salt crust (Fig. 

4.4.2 (b)). The surface total suction y/j was calculated using measured salinity and 

matric suction. The matric suction was obtained in the same way as that for a non-saline 

slurry. E c is the evaporation flux (kg/m
2/s) determined from water loss from the 

lysimeter containing the saline slurry covered with salt crust. Note that there are some 

uncertainties in estimating surface salinity, which is necessary to calculate pVjar(Ts, yrs). 

In this calculation, it was assumed that the concentration of the solution is 311 g/1 (which 

is equivalent to 25.8% by weight in solution at 20°C) for a salt-encrusted surface. 

However, it m a y have been more appropriate for this calculation to use either a higher 

90 

(4.4.6) 
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value due to super saturation or a lower value due to the steepness of the salinity profile 

at the slurry surface. The value, pVsat(^s, Ws), that is calculated using the equations in 

Appendix 3 is not so sensitive to the change in salinity. Decrease in salinity from 2 6 % to 

2 3 % and 2 0 % reduces the calculated PvJaf(Ts, tft) by 1.5% and 2.9% respectively. Note 

that the concentration of saturated solution is 26.4% at 20°C and 26.7 at 40°C. 

Extreme care was necessary during the soil sampling stage of the micro-lysimeter tests 

to minimise disturbance of the lysimeter sample. In particular, for the saline slurry, 

sampling had to be done without breaking the fragile surface salt crust since the 

disturbance might have affected the test result. Furthermore, although the lysimeter was 

weighed 3 or 4 times periodically during one test (this means that 3 or 4 values of E can 

be obtained from one lysimeter test), the first 1 or 2 data points were discarded to avoid 

possible errors due to disturbance of the sample. 

At the end of each test, the water content and salinity profiles of each lysimeter sample 

were determined. For the saline slurries, the salt crusts were always separately sampled 

from soil at the surface, and the thickness and water content of salt crusts were 

determined. The method of determining the water content and salinity profiles is 

presented below. 

4.4.7 Profile determination 

In addition to the micro-lysimeter tests, soil sampling through the full profile was 

occasionally carried out and water content and salinity profiles of the slurries were 

determined. 

While the slurries were soft, profile sampling was carried out near the surface only. This 

was done using a spoon. After the slurry became stronger, a P V C tube sampler (24 m m 

diameter) was used for sampling. 

Once the sample was removed from the sampler, it was divided into several segments. 

The segments near the slurry surface were the smallest and were usually 5 m m thick. 

The sections were progressively larger downwards, since the expected curvatures of the 

water content and salinity profiles were smaller. The largest section was usually about 30 
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m m thick. The salt crust at the surface was always sampled separately. The soil sample 

in the micro-lysimeter was similarly divided into segments after the test and the profiles 

were determined. 

Immediately after sampling, each element was weighed, dried and re-weighed to 

determine water content. The salt concentrations in these soil elements were determined 

as follows. 

(1) A dried soil sample was mixed with a known quantity of deionised water to dissolve 

the salt into water. 

(2) The mixture was filtered using a phase separator (Whatman, IPS) to extract the salt 

solution. 

(3) The extracted solution was dried in the oven and the amount of salt in the solution 

was determined. From this, the concentration of the extracted solution was obtained. 

(4) Since the initial amount of deionised water added to the dry sample was known, the 

total salt included in the dry sample could be calculated. 

(5) Using the predetermined water content value and the calculated total amount of salt, 

the salt concentration of the solution in the original sample could be calculated. 

The water content of the salt crust was calculated by taking the ratio of the weight of 

water included in the salt crust to the weight of the oven dried salt crust The "thickness" 

of the salt crust, expressed as the weight per unit area, was calculated as: 

_ „ , , , 2s Weight of oven dried salt crust (g) ,, ,0, 
Thickness of salt crust (g / c m z ) = — — £ - — — ^ - (4.4.8) 

Surface area of salt crust (cm ) 

4.4.8 Drying schedule in the experiments 

Drying of the three test materials was started immediately after mixing. During the test, 

artificial drying conditions were controlled by operating the lamps and fans. The time 

schedules of the operation of the lamps and fans for the three tests are given in Fig. 

4.4.3. 
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4.5 RESULTS AND DISCUSSION 

4.5.1 Evaporation behaviour 

The rate of evaporation from the fresh water drum is taken as a reference of evaporative 

demand under the artificial drying conditions. The cumulative water loss from the fresh 

water drum with time for the three tests is shown in Fig. 4.5.1. Although the operations 

of the lamps and fans were slightly different for each test (Fig. 4.4.3), the evaporation 

rates from fresh water drum (Efresn) for all three tests were similar and the averaged 

values ranged from 4 to 4.5 m/yr. However, after 60 days of evaporation for slurry-2, 

evaporation was suspended for 90 days (the tank was covered by a plastic sheet) to 

allow self-weight consolidation to finish completely and then drying was restarted. 

The relative settlement rates (settlement rate divided by Efresh) of the 3 materials are 

shown in Fig. 4.5.2. The non-saline slurry (slurry-1) showed higher settlement rates 

throughout the test period. At the end of the test, after a cumulative evaporation loss 

from the fresh water drum (Wioss) of 0.65 m, slurry-1 was very dry with a water 

content of 2 0 % . Both saline slurries showed settlement rates lower than for the fresh 

water slurry. The reduction was more pronounced for slurry-2, in which the relative 

settlement rate reduced to less than 0.2 immediately after starting the test. A similar trend 

can be observed for the evaporation rates measured using the micro-lysimeter technique 

(Fig. 4.5.3). In these and some subsequent Figures, the data are plotted against the 

cumulative water loss from the corresponding fresh water drum (Wloss). 

Saline slurries reduced settlement rates by a process of salt accumulation on the soil 

surface. Fig. 4.5.4 shows changes in near-surface salt concentration profiles of slurry-2 

and slurry-3 at an early stage of the tests. The surface salt concentration of slurry-2 

reached saturation value almost immediately. Even slurry-3, with a low salinity level, 

showed rapid salt accumulation at the surface. Figs 4.5.5 (a) and (b) shows "thickness 

of salt crust" (weight of salt crust per unit area) formed on the slurry surfaces during the 

tests, plotted against the cumulative evaporation loss from the fresh water drum (Wioss). 

The salt crust that had formed on the surface was removed completely at a number of 

stages during the drying cycle. These are shown below in Table 4.5.1 and are indicated 
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on Fig. 4.5.5. Removal of the salt crust was carried out to simulate the effects of heavy 

rainfall, which can wash away salt from the soil surface. The evaporation rates increased 

immediately after the removal. However, the rates then gradually decreased to the 

original values in a few days (Fig. 4.5.2). Removal of the salt crust did not change the 

salt concentration profiles that had developed during the previous drying stage. 

Therefore, the surface salt concentrations of the slurries remained at near saturation (Figs 

4.5.6 (a) and (b)). This promoted quicker build up of the salt crust in the subsequent 

drying process . Note that the measured salt concentrations at the surface of slurry-2 

exceeded the saturation value (Fig. 4.5.6 (a)) since precipitated NaCl was included in the 

sample. Plates 4.4 and 4.5 show the salt crusts formed on the surfaces of slurry-2 and 

slurry-3 respectively. These photos were taken on day 212 for slurry-2 and on day 63 

for slurry-3. It can be seen that the salt crust on slurry-2 surface is much thicker than 

that on slurry-3 surface. 

Table 4.5.1. Times when salt crust was removed and drying restarted. 

Material 

Slurry-2 

Slurry-3 

Day 

10, 18, 149, 212 

63 

Wioss (m) 

0.162, 0.201, 0.771, 1.533 

0.762 

Precipitation of salt was observed on the slurry surface only. During the whole test 

period, the measured salt concentration below the salt crust for both slurry-2 and slurry-

3 hardly ever exceeded the saturation value. Moreover, the void ratios of the saline 

slurries below the salt crust were well above the void ratio (e = 0.424) for the shrinkage 

limit during the tests (Fig. 4.5.7). Hence, the slurries under the salt crust must have been 

fully or nearly saturated with solution. This suggests that evaporation from the saline 

slurries occurred only at the surface during the tests. 

Due to the dramatic reduction in evaporation caused by salinity, the settlement rate of 

slurry-2 was controlled by self-weight consolidation alone before self-weight 

consolidation finished (Wioss = 0.77 m ) . Surface drying was hardly observed before 

WiOSs = 0.77 m as shown in Fig. 4.5.7. After self-weight consolidation had finished, 
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the settlement rate due to evaporation alone was as low as 5 % of the fresh water 

evaporation rate (Fig. 4.5.2). 

4.5.2 Salt crust 

This section presents the monitoring results of the hemispherical total reflectivity and the 

resistances for three slurry surfaces. In particular, the shortwave reflectivity (albedo) and 

the resistance to moisture transfer of salt crusts are examined in detail. 

4.5.2.1 Hemispherical total shortwave reflectivity 

Measured values of shortwave reflectivity of the slurry surfaces are shown in Figs 4.5.8 

(a) and (b). Shortwave reflectivity of the three slurry surfaces were highly dependent on 

their water contents. W h e n the salt crust was dry (slurry-3, at the end of test), the 

reflectivity of the salt crust was as high as 0.75. This level of reflectivity can 

considerably reduce the radiation energy received by the slurry surface. O n the other 

hand, the reflectivity of the salt crust with high water content was as low as 0.3 (slurry-

2, before completion of the self-weight consolidation). However, after completion of the 

self-weight consolidation, the reflectivity values for slurry-2 ranged between 0.45 and 

0.7. The abrupt change in the reflectivity value of slurry-2 at Wi o s s = 0.77 m is 

considered to be due to the difference in dryness of the sample surface. 

These results agreed well with the measurements of the albedo (shortwave reflectivity) of 

the salt crust at the moist desert playa in Pilot Valley (Utah) made by Malek et al. (1990). 

They showed that the albedo in the playa dropped to 0.24 with a wet soil surface but 

exceeded 0.75 after a dry period. Generally, the shortwave reflectivity of soil decreases 

with increasing water content (Graser and Van Bavel, 1982). 

The relationships between shortwave reflectivity and water content for the three surfaces 

are plotted in Figs 4.5.9 and 4.5.10. The relationships obtained for slurry-2 and 3 were 

slightly different. This may be due to differences in the structures of the salt crusts 

formed on slurry-2 and 3 or combined effects of the salt crusts and the slurry surfaces. 
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The results suggest that evaporation reduction due to the high reflectivity of the salt crust 

is not so significant when the water content of the salt crust is high. However, salt crust 

water content can easily reduce. Salt crust water content is shown plotted in Fig. 4.5.11 

against surface soil suction value calculated using Eq. (4.2.3) with measured surface 

void ratio. Even a small suction significantly reduces the water content of the salt crust. 

This suggests that shortwave reflectivity of the salt crust may easily become higher with 

even a little surface drying (Fig. 4.5.12). 

D u e to the use of tightly coloured materials for the artificial tailings (i.e. kaolin and silica 

flour), slurry-1 had a light colour and showed high reflectivity similar to that of the salt 

crust (Fig. 4.5.9). However, natural soils have low reflectivity as shown in Table 2.3.1. 

For example, the shortwave reflectivity of the red-coloured tailings at Yoganup North 

Mine in Western Australia (Fig. 5.2.34) was less than 0.2. This type of material can 

absorb approximately twice the solar energy absorbed by a salt-encrusted surface. 

4.5.2.2 Resistance to moisture transfer 

Figs 4.5.13 and 4.5.14 show total resistances (rv) and air resistance (ra), respectively, 

for the three slurries (note that rv is plotted on a logarithmic scale). The slurries with salt 

crusting (slurry-2 and 3) had much higher total resistances than slurry-1. The resistance 

of slurry-2 was approximately 10 times higher than that of slurry-1. It is easily inferred 

that this level of resistance induced by the saline slurry surfaces can reduce moisture 

flow significantly. Using the calculated values of ra and rv, soil surface resistance (rs) 

and salt crust resistance (rc) were calculated. The characteristics of these resistances are 

examined below. 

Soil surface resistance 

Using ra and rv values from slurry-1, the soil surface resistance (rs) was calculated using 

rs = rv- ra- Fig. 4.5.15 shows the behaviour of rs during the test period. The soil 

surface resistance appeared to increase as the soil surface dried. However, two surface 

resistance values that were obtained when the lamps were switched off (indicated by 
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solid symbols in Fig. 4.5.15) were much lower than the values with the lamps 

operating. Even when the lamps were operating, the rs value varied. 

Using the following equation, which is equivalent to Eq. (2.3.29), the behaviour of rs 

can be understood more clearly. Note that this equation was derived based on the 

assumption in which moisture flow of near-surface soil is predominantly in the liquid 

phase. 

Pvsat\^&iuw) ~°sPvsat\*-syUyv) ,A c i \ 

rs= j -^ (4.5.1) 

l dz ywJ 

where pVsat(Ts,Uw) is the equilibrium vapour density for the soil surface water, 

bspVSat(Js,Uw) is the vapour density over the soil surface, p w is the density of water, k(e) 

is the hydraulic conductivity of the soil, uw is the total pore water pressure, z is the 

elevation measured upwards, and yw is the unit weight of water. The coefficient bs 

accounts for the reduction of vapour density caused by the soil. Note that the osmotic 

suction that is produced by the minor amount of salts originally contained in tap water or 

clay minerals is assumed to be zero. Fig. 4.5.17 schematically represents the 

relationships among the variables included in the equation. 

Eq. (4.5.1) suggests that the surface resistance value is determined by the hydraulic 

properties of soil at the surface (denominator) and the difference between the equilibrium 

vapour density and the actual vapour density over the soil surface (numerator). This 

vapour density difference (VDD) can be seen as the evaporation demand acting at the soil 

surface. It is very natural to think that the denominator is a function of void ratio. The 

liquid flow rate (denominator) in the near-surface soil generally increases with increase 

in void ratio. Therefore, from Eq. 4.5.1, it would be expected that (1) the rs value would 

decrease with increase in near-surface void ratio when the V D D values (numerator) are 

similar and (2) the rs value would increase with increase in the V D D value when the 

near-surface soil has similar void ratio. By comparing the actual behaviour of the soil 

surface resistance with these expected behaviour, it may be possible to check the validity 

of the expression of the soil surface resistance given by Eq. (4.5.1). Therefore, the 
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relationship among the soil surface resistance (rs), surface void ratio and V D D value is 

plotted in Fig. 4.5.16. 

The VDD values used in Fig. 4.5.16 were calculated by knowing bspVsat(Js, uw). The 

value, bspvsat^s, uw) can be obtained by rewriting Eq. (2.3.28): 

*. A-(T..iO = r«^o,(Ts,0 + r,pva 
rs + ra 

where the values of rs, ra, pva, and pVjor(Ts, uw) are all known, as shown earlier. The 

vapour density difference ( V D D ) , therefore can be calculated as pVsat(Ts,uw)-

bsPvsat(Ts,Uw). 

Fig. 4.5.16 shows three groups of the surface void ratio versus soil surface resistance 

relationships that were obtained for different ranges of V D D values. W h e n V D D values 

are similar, the soil surface resistance is strongly related to surface void ratio (e), which 

controls water flow to the surface. In each group of V D D values, the soil surface 

resistance is higher for the smaller void ratio. O n the other hand, for similar void ratios, 

the rs value is higher for the greater V D D value. Thus, the Figure clearly shows the 

dependence of the soil surface resistance on both the hydraulic properties of soil (ability 

of the soil to transmit water to the surface) and the V D D value (evaporation demand). 

This confirms the validity of the expression of the soil surface resistance given by Eq. 

(4.5.1). 

Salt crust resistance 

Because of the large surface void ratio (e > 1) of slurry-2 and 3 during the whole test 

periods, as shown in Fig. 4.5.7, and the salt crust formation above the soil surfaces, the 

soil surface resistance value (rs) must be very small. If the rs value can be ignored (rs« 

0), then the salt crust resistance, rc (= rv-ra- rs), can be calculated, since rv and ra for 

these slurries were obtained from the micro-lysimeter tests. Fig. 4.5.18 shows the 

values of rc calculated on this basis throughout the tests. T w o low resistance values 

(indicated by the solid square symbols in Fig. 4.5.18) for slurry-2 were obtained when 

the lamps were not operating. The salt crust resistances for both slurries increased with 
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time. In particular, the resistance values obtained after the end of self-weight 

consolidation (Wioss = 0.77 m ) from slurry-2 were extremely high (greater than 1000 

s/m and up to 3500 s/m). Even the salt crust that formed on the low salinity slurry 

(slurry-3) showed resistance values up to 500 s/m. Such high salt crust resistance values 

dramatically reduce evaporation from a salt-encrusted surface. 

Further interpretation for the behaviour of salt crust resistance 

Using Eq. (2.3.36), the behaviour of the salt crust resistance may be examined in 

another way. Assuming the soil surface resistance for slurry-2 and 3 is negligible 

(hence, rs ~ 0 and bs ~ 1), Eq. (2.3.36) can be rewritten as: 

_ \L~bc)PySat\Ts,Ss,Usw) (4 5 3^ 

(rtn K dusw l I n ^Pv 
- aPwKc +DVC-Z-

{ dz p ^ dz J 
where a is the volumetric fraction of water in the saline solution, Kc is the intrinsic 

permeability of the salt crust, and Dvc is the diffusion coefficient for water vapour 

through the salt crust. The values pVjaf(Ts,Ss,KJW) and bcpvsat(Ts,Ss,uSw) are the 

equilibrium vapour density for the soil surface water and the vapour density over the salt 

crust surface, respectively. The coefficient bc accounts for vapour density reduction due 

to the salt crust. Fig. 4.5.19 schematically shows the relationships among the variables 

included in Eq. (4.5.3). 

Eq. (4.5.3) suggests that the salt crust resistance is determined by the hydraulic 

properties of the salt crust (denominator) and difference in the vapour densities ( V D D ) 

immediately below and above the salt crust (numerator). Unlike the soil surface 

resistances, the hydraulic properties of the salt crust includes a water vapour flow term, 

since it m a y be as significant as the liquid flow term. The vapour density difference value 

( V D D ) can be calculated by knowing bcpvsat(Ts,Ss,Usw)- The value, bcpVsat(Ts,Ss,Usw), 

can be obtained as: 

bcPvsMs^Usv) = r^sMs^U^ + rePva (4 5 4) 
rc + ra — 
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where the values of rc, ra, pva» and Pvtttf(Ts,Ss,Mw) are all known. The vapour density 

difference ( V D D ) , therefore can be calculated as pWaXTs,Ss,Ww)-frcPv$ar(Ts,Ss,Mvv). 

Using Eq. (4.5.3), the properties of the salt crust resistance are examined below. 

(1) Interpretation based on the assumption in which moisture flow is in the liquid phase 

First, assume that flow in the salt crust is predominantly in the liquid phase. For such a 

case, Eq. (4.5.3) can be rewritten as: 

(l-bc)pvsat(Ts,Ss,Usw) (A ,. <-, 
rc = 5" i t,4.D.D; 

-ccpwKc 
dusw 1 
dz p 

sw 

This equation is similar to that for the soil surface resistance (Eq. (4.5.1)). It is very 

natural to think that the denominator is a function of water content. The liquid flow rate 

(denominator) in the salt crust may increase with increase in water content. Therefore, if 

the flow in the salt crust is predominantly in the liquid phase, it would be expected that 

(1) the rc value would decrease with increase in salt crust water content when the V D D 

values (numerator) are similar and (2) the rc value would increase with increase in the 

V D D value when the salt crusts have similar water content. By comparing the actual 

behaviour of the salt crust resistance with these expected behaviour, it may be possible to 

judge whether the flow in the salt crust is in the liquid phase. 

Fig. 4.5.20 (a) shows four groups of the salt crust resistance (rc) and water content 

relationships obtained for different ranges of V D D values for slurry-2. The salt crust 

resistance did not show dependence on the salt crust water content (see the relationships 

between rc and salt crust water content for the ranges of 0.01<VDD<0.015 and 

0.015<VDD<0.02 in Fig. 4.5.20 (a) for example). However, the rc value appeared to 

have dependence on the V D D value. The resistance tends to be higher for greater V D D 

value. Thus, although the resistance showed dependence on the V D D value, these results 

do not strongly support the assumption in which the moisture flow is predominantly in 

the liquid phase. 
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Fig. 4.5.20 (b) shows similar data obtained for slurry-3. The salt crust resistance (rc) of 

slurry-3 showed much stronger dependence on both salt crust water content and V D D 

value than that of slurry-2. Thus, these results appeared to support the assumption in 

which the moisture flow in the salt crust is predominantly in the liquid phase. 

(2) Interpretation based on the assumption in which moisture flow is in the vapour phase 

The alternative assumption is that flow in the salt crust is predominantly in the vapour 

phase. For such a case, Eq. (4.5.3) can be rewritten as: 

_ 0--bc)pvsat(Ts,Ss,UsW) ,A*A\ 
rc- 37; (4.5.6) 

-D ^ 
vc dz 

Rewriting Eq. (4.5.3) by introducing the thickness of salt crust (/) gives 

rc = 
Dvc 

{1-bc)PvSat(
rTs,Ss,UsW) _ I 

(l-bc)pvsat(Ts,Ss,Usw) Dv 
(4.5.7) 

/ 

where / is the actual thickness (m). This equation suggests that rc is a function of 

thickness (/) and vapour diffusion coefficient (Dvc). The vapour diffusion coefficient of 

a porous medium is normally dependent on water content, with Dvc increasing with 

decrease in water content. Therefore, if the assumption of flow in the vapour form 

holds, then it would be expected that (1) the rc value would increase with increase in salt 

crust water content when the salt crusts have similar thickness and (2) the rc value would 

increase proportionally with increase in salt crust thickness (I) when the salt crusts have 

similar water content 

The rc values obtained for the slurry-2 and 3 were separated into a number of groups 

according to water content and plotted against the "thickness" of the salt crust in Figs 

4.5.21 (a) and (b) respectively. The "thickness" is in g/cm2, as defined previously. 

The resistance rc for slurry-2 did not show the expected dependence on the thickness 

and the water content of the salt crust. These may suggest that the moisture flow in the 

salt crust for slurry-2 is not in the vapour phase. 
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O n the other hand, the resistance rc for slurry-3 appeared to have a slight dependence on 

salt crust thickness. However, the expected relationship between rc and water content 

was not observed. Thus, these results also do not likely to support the assumption in 

which the moisture flow is in the vapour phase. 

Thus, it is not possible to arrive at a definite conclusion on a moisture flow mechanism 

in the salt crusts from the above examination. Both the liquid and vapour flow 

mechanisms are equally plausible. More data are necessary to improve understanding of 

the mechanism. 

(3) Relationship between salt crust resistance and VDD 

The salt crust resistance showed a very strong correlation with vapour density difference 

( V D D ) values (Fig. 4.5.22). These correlations for the salt crust on slurry-2 and 3 are 

valid regardless of thickness and water content of the salt crust. The relationships may 

suggest that as evaporation demand (i.e. V D D value) becomes higher, salt crust 

resistance value increases and hence this keeps evaporation from the salt-encrusted 

surface low. 

In fact, the rates of evaporation observed in slurry-2 were constantly low and were 

insensitive to parameters such as salt crust thickness, salt crust water content, surface 

soil suction, vapour density immediately below salt crust pVsor(Ts, Ss, uw), and vapour 

density difference (V D D ) , as shown in Fig. 4.5.23. The rates of evaporation observed in 

slurry-3 showed dependence on salt crust thickness and salt crust water content when 

the salt crust thickness was less than about 0.05 g/cm2. However, once the thickness 

increased to above 0.05 g/cm2, the rates of evaporation appeared to be insensitive to the 

parameters (Fig. 4.5.23). 

The rc and V D D relationships are valid for the limited conditions that were created in the 

laboratory. The relationships should be tested further under different conditions (i.e. 

different soil and salt types, different wind speeds, etc) to confirm their consistency. 

The salt crusts formed on the two slurries showed slightly different relationships 

between the rc values and V D D values. Differences were also observed in shortwave 
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reflectivity (Fig. 4.5.10). These results may suggest that the characteristics of the salt 

crusts of slurry-2 and 3 are different for some reasons. It m a y be due to different 

crystallisation processes of the salt crusts caused by different combinations of degrees of 

salinity and evaporation rates, leading to different structures of the salt crusts. 

In this section, the characteristics of the shortwave reflectivity (albedo) and the resistance 

of a salt crust were mainly investigated. It was not possible to derive a complete picture 

of these characteristics. However, a couple of consistent features were observed. They 

are 

(1) The shortwave reflectivity is likely to be dependent on salt crust water content The 

reflectivity increased with decrease in the water content 

(2) A unique relationship between the salt crust resistance value and VDD-values was 

observed. This suggested that as evaporation demand (i.e. V D D value) becomes higher, 

the salt crust resistance value increases and therefore, this keeps evaporation from salt-

encrusted surface low. 

Further study is necessary to derive a better understanding of these parameters. 

Nevertheless, actual values of the shortwave reflectivity (albedo) and resistances of salt 

crusts were obtained from the tests. These values will be used for a further examination 

of the effect of the salt crust on evaporation in Section 6.3. 

4.5.3 Effect of reduced evaporation 

Reduced evaporation due to salinity slowed down the rate of densification of the two 

slurries. The suction development induced by evaporation during the tests is shown in 

Fig. 4.5.24. Note that the water loss (Wioss) values shown are the cumulative 

evaporation values from the fresh water drum. The suction values are either obtained 

from directly measured pore water pressures, or are calculated from measured void ratio 

using Eq. (4.2.3). 

The density and strength of the slurries increased with increase in soil suction. Water 

content and undrained shear strength profiles of the three slurries are shown in Figs 
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4.5.25 and 4.5.26. A shear vane apparatus was used to determine the undrained shear 

strength profile. The results illustrate the dramatic effect of salinity on water content and 

strength profiles. 

4.6 SUMMARY 

In this series of experiments, two properties of the salt crust, the shortwave reflectivity 

and the resistance to moisture transfer, were determined during the tests, and the nature 

of these two parameters was examined. The findings are summarised as follows. 

(1) The shortwave reflectivity of the salt crust varied form 0.45 to 0.75 depending on 

water content (after completion of the self-weight consolidation for slurry-2). The 

reflectivity increased with decrease in salt crust water content Since the water content of 

the salt crust can be dramatically reduced with small suction development at the slurry 

surface, high shortwave reflectivity can be expected even when the soil under the salt 

crust is relatively wet. Obviously, high shortwave reflectivity of a dry salt crust 

significantly reduces the shortwave radiation energy received by the soil surface, and 

hence this must lead to a reduction in evaporation from a salt-encrusted surface. 

(2) The salt crust showed high resistance to moisture transfer. The resistance values of 

the salt crust for the high salinity slurry (slurry-2) reached more than 1000 s/m after 

completion of self-weight consolidation. Even the salt crust that formed on the low 

salinity slurry (slurry-3) showed resistance values up to 500 s/m. These levels of 

resistances can significantly reduce evaporation from salt-encrusted surface. 

(3) Strong correlations were observed between the salt crust resistance and the vapour 

density difference ( V D D ) value regardless of thickness and water content of the salt 

crust The relationships m a y suggest that as evaporation demand (i.e. V D D value) 

becomes higher, salt crust resistance value increases, and hence this keeps evaporation 

from a salt-encrusted surface low. 

(4) Shortwave reflectivity and resistance to moisture transfer of the salt crusts formed on 

slurry-2 and 3 behaved in slightly different ways. This may be due to different crystal 
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structures of the salt crusts caused by different combinations of degrees of salinity and 

evaporation rates. 

This Chapter attempted to derive an understanding of the effects of the salt crust on 

evaporation. This provided a broad picture of the properties of the shortwave reflectivity 

and the resistance to moisture transfer of the salt crust. The actual values of these 

parameters obtained from the tests will be used in Chapter 6 to establish methods of 

estimating the evaporation rates from the salt-encrusted tailings surface. 
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5 FIELD INVESTIGATION OF EVAPORATION FROM A 
TAILINGS DAM 

5.1 INTRODUCTION 

The work described in the previous Chapters involved an examination of evaporation 

under controlled laboratory conditions that did not simulate some of the features of field 

conditions. These features include the effects on evaporation behaviour of shrinkage 

cracks, natural variations in meteorological conditions, and different types of salt crusts. 

In this Chapter, the results of field studies of two tailings dams are described. 

The major purpose of these studies was 

(1) to measure the actual evaporation rates from the tailings dams and the Class A pan 

evaporation rates, and 

(2) to determine h o w the field conditions such as shrinkage cracks, natural (daily and 

seasonal) variations in meteorological conditions, and different types of salt crusts affect 

the evaporation process. 

For this study, two sites were chosen, one with fresh-water tailings, and the other with 

tailings of moderate salinity. 

The study of the behaviour of fresh-water tailings was carried out at the tailings ponds at 

the Yoganup North Mine, a mineral sands mine located some 200 k m South of Perth. 

The study focussed in particular on the effect of shrinkage cracks on evaporation. A field 

test is probably the best option for investigation of the effect of cracks since the test 

requires a large area. During the observation period, the tailings, which had a very high 

clay content developed significant shrinkage cracks. Evaporation rates from (1) the 

entire surface; (2) the intact horizontal surface; and (3) the vertical surface of cracks were 

estimated through the test period. These results are described in Section 5.2. 

The study of the behaviour of saline tailings was carried out at the Granny Smith Mine 

near Laverton in W A , some 700 k m North East of Perth. Although the salinity was low 

by the goldfields standards, a salt crust formed on the tailings surface during the dry 
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season. The effect of salinity on evaporation from the tailings surface was observed. The 

results are presented in Section 5.3. 

At both sites, Class A pan evaporation, which is a standard measure of evaporation 

demand in Western Australia, was measured and compared with the evaporation rates 

from the tailings surfaces. 

5.2 YOGANUP NORTH MINE: FRESH-WATER TAILINGS 

5.2.1 Site description 

5.2.1.1 Topography 

The study was carried out at Yoganup North Mine, approximately 200 km South of 

Perth on the coastal plain of Western Australia (Fig. 1.4.1). The site is at an elevation 

between 35 m and 50 m A H D . The site map (Fig. 5.2.1) shows the locations and scale 

of tailings ponds in the active mine area. East of the mine site, the land rises gently and 

to the West the topography slopes gradually toward the coast, which is approximately 16 

k m away. Most of the lowland areas have been cleared for agricultural development and 

the uplands East of the mine site are generally uncleared and covered with natural 

eucalypt vegetation. This mine is operated by Westralian Sands Ltd for the recovery of 

mineral sands. 

5.2.1.2 Weather 

The mine site experiences a Mediterranean-type climate of cool wet winters, and hot dry 

summers. The average annual rainfall for the period 1979 to 1990 was 818 m m and the 

annual Class A pan evaporation (with bird guard) is about 1200-1400 m m as shown in 

Fig. 1.4.1. The annual average temperature is 16.2 °C. Temperature ranges from a mean 

minimum of 11.9 °C in winter to a mean maximum of 21.2 °C in summer. 

As part of this project, a Class A pan (with bird guard) was installed at the site at the 

location shown in Fig. 5.2.1. Class A pan (with bird guard) evaporation and monthly 

precipitation over a 12-month period from March 1995 through February 1996 at 
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Yoganup North Mine are depicted in Figs 5.2.2 and 5.2.3, respectively. The 

combination of reduced temperatures and precipitation during the late autumn and early 

spring led to a reduction in measured pan evaporation. In this period the total cumulative 

evaporation was 1749 m m , with a total rainfall of 815 m m , giving a net evaporation of 

934 m m . Rainfall exceeded evaporation in June, July and August. 

The wind direction data recorded at Bunbury (20 k m North West of the mine site), 

which is the nearest available, indicated that summer and autumn winds are mostly from 

the South East and South West. Winds during spring are mostly from the South West 

and North West, while winter winds are mainly South Westerlies. Frequencies of wind 

directions in spring and summer 1995 are shown in Fig. 5.2.1. These were recorded 

during the day-time (at 9 am and 3 pm) every day at Bunbury weather station. Since the 

land is relatively flat and there are no tall buildings near the mine site, the wind directions 

at the site are likely to be similar to those at Bunbury weather station. 

5.2.1.3 Geology 

The Yoganup and Guildford Formations are the major units of the superficial formations 

in the area. The Yoganup Formation underlies the mine site and is bounded to the West 

by the Guildford Formation. 

The Yoganup Formation is a shoreline deposit which comprises leached and ferruginised 

medium to coarse grained sand, and conglomerate containing heavy mineral sands and 

minor clay. In the mine area, the Yoganup Formations dips to the West. 

The Guildford Formation is an alluvial deposit extending westward from the Yoganup 

formation. It underlies the agricultural properties adjacent to the mining lease but has not 

been identified within the actual mining area. 

Generally, a sand layer overlies a thick sequence of clayey sand or sandy clay layers in 

most of the mining area. 
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5.2.1.4 Operation 

Strip mining is used to recover the ore, and extraction of the heavy minerals is by gravity 

and magnetic separation. The fine and coarse tailings are separated during this process 

and subsequently used as backfill. Prior to this, the fines or "slimes" are hydraulically 

sent to large shallow slime (tailing) ponds (approximately 2-3 m deep) through pipelines 

(see Fig. 5.2.1 for an indication of the scale of the ponds). Slimes are pumped to the 

ponds at water contents between 2000 and 3000 %. Supernatant water passes over a 

recovery weir and is pumped back to the processing plant The measured "sedimentation 

water content" of tailings is about 350 %. W h e n the ponds are full, they are left dormant 

for up to six months to allow the tailings to harden by consolidation and desiccation. 

These slime (tailings) ponds are the objects of the evaporation study described in this 

Chapter. 

5.2.1.5 Location of field test sites 

Observations of tailings drying behaviour were carried out within two slime ponds, at 

sites L2, L3, L5 and 8 0 Z in Pond8, and 9 0 Z in Pond9. These locations are shown in 

Fig. 5.2.1. Pond8 was built on an area that had previously been used to dispose tailings 

sand. It is estimated that this pond was placed on a 5-10 m thick layer of sand with tittle 

clay content. Therefore, the base of Pond8 may have high permeability. O n the other 

hand, Pond9 was built on a previously undisturbed area of bush. According to 

geological trends in the mine site, generally a sand layer ties at the surface. Therefore, it 

is expected that the permeability of the base of Pond9 is also high. Tailings were pumped 

into Pond8 from 15/11/94 to 24/1/95 and Pond9 from 24/1/95 to 19/4/95. At the end of 

filling, the depths of tailings were approximately 2-3 m for the both ponds. 

5.2.2 Material description 

Tailings were directly sampled from the pipeline which transports tailings to the drying 

ponds. The following soil tests were carried out using these tailings. 
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5.2.2.1 Classification tests 

Prior to the classification tests, tailings were washed using deionised water to remove 

any chemicals (such as flocculants) that might affect soil properties. However, analysis 

of a tailings water sample obtained from the thickener tank showed very low chemical 

concentration (Table 5.2.1). Thus, zero salt concentration for the tailings was assumed 

in the analysis of the test results presented in the later sections. 

Table 5.2.1 Concentration of chemical elements in Yoganup North Mine tailings water. 

Elements Concentration (ppm) 

Zn 0 

S 2.89 

Pb 0 

Fe 0 

Mg 5.46 

Cu 0 

Ca 1.08 

K 2.4 

Na 68.77 

The particle distribution of the material (Fig. 5.2.4) shows a very fine material with 

approximately 60 % finer than 2 urn (generally taken as being the division between clay 

and silt sizes). Analysis of the tailings using X-ray diffraction indicated 80 % kaolinite, 

10 % quartz and 10 % goethite. 

Other important soil properties are shown in Table 5.2.2. This indicates that the tailings 

is a highly plastic clay. 

Table 5.2.2 Soil properties of Yoganup North Mine tailings. 

Yoganup North Mine tailings 

Specific Gravity 2.70 

Liquid Limit 96 

Plastic Limit 35 

Shrinkage Limit 19 % 
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5.2.2.2 One-dimensional consolidation properties 

Compressibility and hydraulic conductivity relationships of the test material were 

determined from centrifuge consolidation tests and conventional consolidation tests 

(using a R o w e cell). For these tests, the tailings directly obtained from the pipelines were 

used without any treatment prior to the tests. If necessary, tailings water was used to 

control water content of the material. The relationships obtained from both tests (Figs 

5.2.5 and 5.2.6) showed good agreement and are represented by the following 

equations: 

fc = 1.0E-5 
yl + ej 

(5.2.1) 

e = 5.032 oV^- 2 5 4 (5.2.2) 

where k is the hydraulic conductivity (m/day), e is the void ratio and <r'v is the vertical 

effective stress (kPa). 

5.2.2.3 Suction and water content relationship 

Suction and water content relationships of the test material were determined by using the 

filter paper method. Tailings obtained from various depths at 9 0 Z were placed into 

aluminium containers with non-contact filter paper (Whatman No. 42). After equilibrium 

was achieved (after 10 days) in a constant temperature room, water contents of each filter 

paper were determined and the equilibrium suction was calculated from the calibration 

curve (Fig. 4.2.3). The dimensions of the container and the soil sample were 59 m m i.d.' 

x 45 m m height and 54 m m o.d. x 35 m m height, respectively. Since the filter paper had 

no contact with the soil, the measured values represent total suction. However, the 

chemical concentration in the tailings water was very low (Table 5.2.1); therefore, the 

matric suction should be similar to the measured total suction value. 

The result is shown in Fig. 5.2.5, together with e-&v relationship determined from the 

consolidation tests. The void ratio of an equivalent saturated sample (ew) at the same 

water content (w) was used to extend the relationships to the region where water content 



Field Investigation of Evaporation from a Tailings Dam 112 

is below the desaturation point. All relationships obtained from the above tests can be 

represented by a unique equation: 

ew = 5.032CT
/
v-

<)-254 = 5.032(Ma-Mw)-°-
254 (5.2.3) 

ew=wGs (5.2.4) 

where <7'v is the effective stress, (ua-uw) is the matric suction (kPa) and Gs is the 

specific gravity of the soil. However, it is well known that the effective stress is not 

equal to the matric suction after desaturation of soil. Thus, Eq. (5.2.3) is not valid after 

desaturation of soil. Note that the void ratio from water content (ew) and the void ratio (e) 

have different values below a desaturation point 

5.2.3 Experimental procedure 

5.2.3.1 Class A pan evaporation measurement 

Class A pan (with bird guard) evaporation measurement is the standard method used in 

Western Australia, and is a straightforward technique for estimating evaporation 

demand. The Bureau of Meteorology in Western Australia has been continuously 

recording the pan evaporation data at various weather stations in the state. For example, 

the evaporation map (Fig. 1.4.1) was taken directly from a Bureau of Meteorology map. 

It is, therefore, very important to relate the actual evaporation from a tailing surface to 

Class A pan evaporation measured at the same site. 

A Class A pan is a cylindrical container, 254 m m deep and 1219 m m inside diameter. It 

is constructed of galvanised steel or some other similar non-corroding metal. It is placed 

on a grillage of timbers so that its bottom is 100 to 200 m m off the ground, allowing 

some ventilation. The water level in the pan should be maintained between 50 to 75 m m 

from the top of the rim. A bird guard is attached to prevent any bird or animal from 

drinking the water from the pan. The bird guard reduces the evaporation by 7 % (Hoy 

and Stephens, 1979). The water loss by evaporation is measured by adding water to the 

pan, to bring the water surface level to the tip of the fixed point in the stilling well. W h e n 
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the water level is found to be above the fixed point due to rainfall, water is removed in 

order to bring the water surface level down to the tip of the fixed point Rainfall data are 

also necessary to calculate Class A pan evaporation. The equations to obtain evaporation 

are: 

Epan = ER + RF if water is added to the pan (5.2.5) 

Epan = (-l)ER + RF if water is removed from the pan (5.2.6) 

where E p ^ is the Class A pan evaporation, E R is the amount of water added to the pan 

or removed from the pan, and R F is the rainfall. 

In this thesis, net evaporation (EneO is defined as: 

Enet = ER (5.2.7) 

At the Yoganup North Mine, the Class A pan and raingauge were placed near the site 

office (Fig. 5.2.1) and the data were recorded by mine personnel every morning, 

normally at 8 am. The measurement was not carried out on Saturday or Sunday; 

therefore, the values recorded on Monday morning were the cumulative evaporation or 

rainfall from Friday morning. Fig. 5.2.2 and 5.2.3 show the data obtained from this 

monitoring. 

5.2.3.2 Observation of tailings drying behaviour 

The field test site (80Z) in Pond8 is shown in Fig. 5.2.7. At 80Z, settlement of the 

tailings surface, water content and vane shear strength profiles were frequently measured 

during the soil drying process (from the end of February 1995 to the end of October 

1995). Most of these measurements were carried out in a zone 10 m by 20 m shown 

shaded in Fig. 5.2.7. Settlement of the tailings surface was measured using a steel rod 

which was fixed into the base of the pond (see Fig. 5.2.7 for the position). At each 

reading, the distance between the top of the rod and tailings surface was measured, and 

recorded. The installation of the rod was carried out on 22 February 1995 when the 

depth of tailings was 1450 m m . 
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Soil sampling for water content profile determination was carried out using various 

techniques. W h e n the tailings were very soft, the material close to surface was taken by 

scooping with a spoon or a container. Tailings at a state between the liquid limit and 

shrinkage limit were taken using a tube sampler. After the water content of the tailings 

dropped below the shrinkage limit, the tailings were too hard to sample with the tube 

sampler. Therefore, the hard tailings blocks were broken using a large spade, a chisel 

and a hammer and then the samples were collected. 

Undrained shear strength was measured periodically using a vane shear device. W h e n 

the tailings surface was too hard to be penetrated by the vane, surface material was 

removed and vane tests deeper in the profile were carried out 

In addition to the three measurements (settlement, water content profile, and shear 

strength profile) described above, the development of cracks was observed from M a y 

1995 to March 1996 at 9 0 Z (Fig. 5.2.8 and Plate 5.1). The observation zone (COZ) for 

crack development was 9.7 m away from the closest edge of Pond9, with an area of 5 m 

x 5 m. The depth of tailings at the beginning of M a y 1995 in C O Z was approximately 2 

m. The dimensions (depth, width and length) of all cracks developed in C O Z were 

measured with a tape measure every few weeks until the tailings shrinkage ceased. Water 

content and vane shear strength measurement were carried out in the shaded zone (Fig. 

5.2.8) around C O Z . All test activities were carried out carefully so as not to affect 

development of cracks. Fig. 5.2.8 also shows the positions of the two steel rods used 

for settlement readings. 

5.2.3.3 Direct surface evaporation measurement 

The "micro-lysimeters" developed by Boast and Robertson (1982) were used to obtain 

direct measurements of surface evaporation from tailings. The technique involves 

isolating a body of soil hydrologically from the surrounding soil and determining the 

loss of water due to evaporation by weighing. The technique is described fully below. 

Various materials can be used for micro-lysimeter construction. In this study, various 

materials were used, depending on the hardness of the soil and the location where the 
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test was carried out. Materials used consisted of P V C , stainless steel, a flexible 

aluminium container, and a plastic bag. 

Fig. 5.2.9 shows details of evaporation measurement using P V C micro-lysimeters. 

First a core sampler with a receptacle is pushed into ground and a soil core is extracted. 

This core can be used to determine the initial water content profile or other soil 

properties. After installation of the receptacle, a circular plate is placed as a base. 

Second, another soil core is extracted using a micro—lysimeter from the ground near the 

receptacle and its mass is determined. Then, the bottom of the micro-lysimeter is sealed 

with a circular plate and the micro-lysimeter is placed into the receptacle. The O-ring 

between the lysimeter and the circular plate provides a water-tight seal to isolate the soil 

core hydrologically from the surrounding soil. The lysimeter is then left for 24 hours. It 

is then re-weighed to determine the loss of water due to evaporation. 

Stainless steel lysimeters with similar dimensions to the P V C lysimeters were used when 

the soil was relatively dry and hard. However, even stainless steel lysimeters could not 

be inserted into ground once the water content of the tailings became less than the 

shrinkage limit of tailings. Under these circumstances, using a chisel and a hammer, an 

appropriate size of the soil core was dug out from the ground. The soil core was then 

hydrologically isolated using plastic bags, and the test was then carried out as before. 

T w o micro-lysimeters, one containing tailings carefully sampled from the tailings 

surface and the other containing fresh water, were simultaneously used for each test The 

lysimeter filled with fresh water (water lysimeter) was used to monitor evaporation 

demand at the site where soil lysimeter tests were carried out 

Evaporation from the vertical faces of shrinkage cracks was also measured using the 

micro-lysimeter technique. Since the cracks were too narrow to use the lysimeters 

described above, the procedure shown in Fig. 5.2.10 was used. The sampler, which 

was made by bending a rectangle steel plate, was inserted into the soil from the soil 

surface and pushed down along the crack surface (a hammer was used when the soil was 

hard). B y moving the sampler outward towards the opposing face of the crack, the soil 

core was easily separated from the ground. The soil core obtained was then placed into a 
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flexible aluminium container which could be moulded to fit any size of sample. After 

weighing, the sample was replaced and exposed for 24 hours, and re-weighed to 

determine the loss of water from evaporation. 

All micro-lysimeter tests were carried out when there was no rainfall. 

5.2.3.4 Indirect surface evaporation measurement 

The micro-lysimeter technique is an accurate, low-cost and easy way to measure 

evaporation flux from bare soil surfaces. However, the technique does not allow 

continuous monitoring of evaporation flux when the test location is remote and the 

monitoring period is long. Moreover, the evaporation flux from a cracked surface can be 

highly non-uniform and is difficult to estimate. 

The Bowen ratio approach is one of the flux estimation methods that can overcome the 

disadvantages of the micro-lysimeter technique. This approach was used to measure the 

evaporation flux at 9 0 Z in Pond9 (Fig. 5.2.8). 

The Bowen ratio method has been discussed previously in Section 2.3.1.1, but is 

summarised again here for convenience. 

The energy balance for a natural surface is given by the surface energy balance equation 

(see Eq. (2.3.1)) 

H + L*E = Rn-G (5.2.8) 

where H is the sensible heat flux (W/m2), E is evaporation rate (kg/s/m2), Le is the latent 

heat of vaporisation (J/kg), R n is the net (all wave) radiation (W/m
2), and G is the soil 

heat flux (W/m2). The Bowen ratio method is a technique for partitioning the available 

energy (Rn - G ) into sensible and latent heat. This requires the measurement of Rn, 

measurement Or estimation of G and a determination of the Bowen ratio p from 

H _ pcpmKhdTd _ djd 

LeE pLeKvdhs dhs 
(5.2.9) 
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where Td is the dry bulb temperature (°C), hs is the specific humidity (kg/kg), Kh is the 

eddy transfer coefficients of heat (m2/s), Kv is the eddy transfer coefficient of water 

vapour (m2/s), p is the density of moist air (kg/m3), and the psychrometric constant y = 

cpm/Le, where cpm is the specific heat of moist air at constant pressure (J/kg/K). By 

assuming equality of eddy transfer coefficients of heat (Kh) and water vapour (Kv), f3 

values are derived using Eq. (5.2.9) from changes in dry bulb temperature (Td) and 

specific humidity (hs) over the same vertical height interval dz. 

From Eqs (5.2.8) and (5.2.9), it follows that /3 and (Rn - G ) values m a y then be used 

to compute the latent heat flux from 

L * E = T H T (5-2-10) 

and the sensible heat flux from 

H ^ R ° - G ) (5.2.11) 
1 + J3 

The Bowen ratio method is not valid when Kh and Kv are not equal. Lang et al. (1983) 

have shown the inequality in Kh and Kv when conditions of sensible heat advection 

prevail. Under this condition, the advection of sensible heat from one field to another or 

from one region to another create evaporation. Therefore, the latent heat flux is directed 

towards the air, while the sensible heat flux is directed towards the surface. 

The other major requirement is that temperature and humidity gradients be measured 

within the internal boundary layer that is formed after air moves across a roughness 

change or changes in temperature and humidity of the ground surface. The thickness of 

the internal boundary layer increases with fetch or distance downwind of the leading 

edge. Rosenberg et al. (1983) noted that a height to fetch ratio of 1 : 100 may be 

considered adequate in most situations. Heilman et al. (1989) suggested that the Bowen 

ratio can be used successfully at height to fetch ratio as low as 1 : 20 for a rough to 

smooth transition. 
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Fig. 5.2.11 shows instrumentation for the Bowen ratio method. The Bowen ratio 

weather station was mounted on a fibreglass float at the site (Plate 5.1). 

The station measured 

(1) global radiation (Rs) and wind speed at a height of 2.4 m, 

(2) net radiation (Rn) at 2 m, 

(3) soil heat flux (G) at 100 m m deep during Sep 9 5 - 1 5 Dec 95 and 40 m m deep 

during 15 Dec 95 - 14 Mar 96, 

(4) air temperature and humidity at 1 and 2 m, 

(5) soil temperatures at the surface, 25 and 75 m m depths during Sep 95 - 15 Dec 95 

and at the surface, 30 and 70 m m depths during 15 Dec 95 - 14 Mar 96, and 

(6) rainfall. 

The air temperature and humidity sensors were shielded by sensor shields, as indicated 

in Fig. 5.2.11. The net pyrradiometer, which measured net radiation, was located about 

2 m away from the float to sense the radiation from the tailings surface as much as 

possible. 

These instruments were operated continuously over a 7 month period (Sep 95 - Mar 96). 

The averaged values were recorded on the data logger every 10 minutes and unloaded 

onto a portable computer every few weeks at the site. In addition, the shortwave 

reflectivity of the tailings surface was determined occasionally. This was done by taking 

the ratio of global (incoming) radiation measured by the pyranometer on the weather 

station and reflected radiation measured with a second pyranometer (used in the 

laboratory tests presented in Chapter 4) positioned approximately 2 m above the tailings 

surface and 2 m away from the float. Measurements for reflectivity were always taken at 

noon. 

Fig. 5.2.8 shows the location of the weather station at 90Z. The station was 5.6 m away 

from the edge of the pond. A pontoon was placed to connect the edge of the pond and 

the float The air temperature and humidity sensors were positioned 8 m away from the 

edge of the pond. Since the upper sensors were at 2 m height, the fetch-height ratio for 

the closest edge (in South-West direction) was 4:1. The feteh-height ratios to North, 
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East, South and West edges were 6 0 : 1,6: 1,6: 1, and 50 : 1, respectively (see Fig. 

5.2.1). These values are smaller than the ideal minimum fetch-height ratio, 100 : 1, 

given by Rosenberg et al. (1983), so that some errors due to "edge effects" are possible. 

After the formation of cracks, soil heat flux flow (G) is obviously not one-dimensional; 

therefore, from this point onwards, the data obtained from the heat flux plate m a y not 

represent average vertical soil heat flux in the tailings. Nevertheless, the measured G 

values were used without correction for the cracked surface. 

However, the measured G values were corrected for errors caused by the difference in 

thermal conductivities of the heat flux plate and the tailings. W h e n the thermal 

conductivity of the medium in which the heat flux plate was embedded exceeds 0.5 

W/m/°C, the following equation given by the manufacturer was applied to obtain the 

correct heat flux through the medium: 

Gmedium = Ggensor (0.76 + 0.58A) (5.2.12) 

where X is the thermal conductivity of the medium (W/m/°C), which was obtained using 

the equation given by Johansen (1975) as shown in Appendix 4. 

Using the meteorological data measured by the weather station, averages of sensible heat 

flux (H) and latent heat flux (LeE) for each 20 minute period were calculated. Daily 

evaporation was obtained by integrating these average values. 

Following the criteria given by Ohmura (1982), the data that did not satisfy the following 

criteria were rejected during the evaporation calculation process: 

(1) W h e n the Bowen ratio (/3) approaches -1, the value of LeE losses physical meaning. 

Thus, all data which gave -1.25 < P < -0.75 were rejected. 

(2) There is the possibility of obtaining a latent heat flux direction the same as that of the 

temperature gradient. Such a situation is not consistent with the definition of the flux-

gradient relationship and hence the data were excluded in this case. 
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5.2.4 Results and discussion 

5.2.4.1 Evaporation behaviour at 80Z 

Fig. 5.2.12 shows a comparison of observed surface settlement at 80Z and the 

cumulative evaporation from the Class A pan during the period 22/2/95 to 1/5/95. Due to 

the small amount of rainfall, cumulative values of Class A pan evaporation (Epan) and net 

evaporation (Enet) were similar. 

Filling of tailings into Pond8 was completed on 24/1/95. The depth of the tailings 

measured one month later (22/2/95) at 8 0 Z was 1450 m m . During the observation 

period, the water content values near the tailings surface (Fig. 5.2.13) decreased, but 

were always well above the shrinkage limit (ws = 19 % ) . Therefore, in this case, the 

water loss from the tailings can be determined by measuring the volume loss of the 

tailings. The volume loss of the tailings can be calculated by measuring vertical surface 

settlement and volume of cracks. Since the volume of cracks was not measured at 80Z, 

the vertical surface settlements were compared with the water loss from the Class A pan 

as shown in Fig. 5.2.12. The Figure suggests that the total water loss from the tailings 

can be very close to that from a Class A pan. However, in this case, the water loss from 

the tailings includes water drainage through the base due to self-weight consolidation. 

Hence, the water loss due to evaporation at 8 0 Z must have been slightly lower than that 

from the Class A pan. 

Evaporation from the tailings surface at 8 0 Z was directly measured using the micro-

lysimeter technique and the results are shown in Figs 5.2.14 (a) and (b). Since the 

starting times for evaporation measurements were different for the Class A pan (starting 

time was usually at 8 am) and the lysimeter tests, the pan evaporation data were corrected 

to obtain values comparable with lysimeter data. 

Suppose that the values of 24 hour pan evaporation from 8 am on day n to 8 am on day 

n+1 and from 8 a m on day n+1 to 8 am on day n+2 are Epan)I1 and Ep a n ) n +i, 

respectively. If the lysimeter test is carried out from 11 am on day n to 11 am on day n+1 

and the evaporation loss is Eiys, a comparable value of 24 hour pan evaporation 

(Epan,cor)isgivenby 
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21 3 
Epan,cor = "TT Epan, n+ TT Epan, n+1 (5.2.13) 

Thus, the measured values of 24 hour pan evaporation are linearly distributed into the 

lysimeter test period to determine comparable pan evaporation values. W h e n either E ^ n 

or Epan,n+i is not available, Epan,cor is assumed to be equal to Epan,n or Epan,n+i> 

whichever is available. In all Figures presented in this Chapter, Epan,cor is expressed as 

Epan. The relative evaporation rate is given by EiyS/Epan,cor 

The lysimeter test results (Figs 5.2.14 (a) and (b)) show that evaporation from the 

tailings occurred at rates of about 60 to 80 % of Epm in late summer, and the percentage 

increased with decrease in Epan towards the rainy season. Note that summer months are 

December, January and February and the rainy season corresponds to the winter months 

(June, July and August). In late summer, the surface water content of the tailings was 

still very large according to Fig. 5.2.13. T w o different reasons may be considered for 

the lower relative evaporation rates (Eiyg/Epan) in late summer. One of these is that the 

high evaporation demand overcame the ability of the soil to transmit water to the soil 

surface (i.e. the soil-timiting stage: see Section 2.3.2). The alternative reason is that the 

potential evaporation rate for the tailings at 8 0 Z in late summer was lower than the Class 

A pan evaporation rate. Note that the potential evaporation rate for any water or soil-

water body is not necessarily equal to the Class A pan evaporation rate. This was 

discussed in Section 2.3.2.1. 

Fig. 5.2.15 shows lysimeter test results obtained during the period February to October, 

1995 in Pond8. The points marked 80Z, L2, L3 and L5 on the Figure indicate the 

positions where the lysimeter tests were carried out (see Fig. 5.2.1 for the locations). 

Initially Class A pan evaporation values were higher than the tailings evaporation. 

However, after M a y 95, the tailings evaporation rate showed slightly larger values than 

the Class A pan evaporation rates. During the rainy season, the surface water content of 

the tailings was almost constant at 40 %, and no net water loss from the tailings was 

observed (Fig. 5.2.16). 
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5.2.4.2 Evaporation behaviour at 9 0 Z 

At location 90Z in Pond9, the evaporation behaviour of the tailings was observed in 

more detail and for a longer time period (9/5/95-14/3/96) including a full summer (Nov, 

Dec and Jan). In particular, the effect of shrinkage cracks on tailings evaporation was 

investigated. Filling of tailings into Pond9 was completed on 19/4/95, and the depth of 

tailings measured on 9/5/95 at 9 0 Z was approximately 1900 m m . 

Fig. 5.2.17 shows a comparison of measured surface settlement at 9 0 Z and cumulative 

evaporation from a Class A pan. Due to cool and wet weather in winter, pan evaporation 

prior to 20/9/95 was very low. Since the focus here is on the evaporation behaviour of 

tailings, the following discussions are relate mainly to the evaporation behaviour after 

20/9/95. Moreover, the water loss from the base due to self-weight consolidation is 

likely to have been very small after 20/9/95, since five months had elapsed after the 

completion of tailings deposition. Therefore, the evaporation behaviour can be observed 

more clearly after 20/9/95. 

Using the MinTaCo program, the water loss through the bottom boundary due to self-

weigh consolidation was estimated at 130 m m during the period 20/9/95 to 4/3/96, 

assuming free base drainage and no evaporation from the surface. However, in reality, 

water loss due to evaporation was quite large; therefore, the water loss through the 

bottom boundary would have been much less than 130 m m . With a constant evaporation 

rate of 4 mm/day after the filling of tailings was completed, the program calculated 70 

m m of water loss through the bottom boundary during the same period (20/9/95-

4/3/96). 

Since the calculated water loss through the bottom boundary was so small, the volume 

loss from the tailings are considered to be almost equal to the water loss from the tailings 

during the period 20/9/95-4/3/96 in the following discussion. 

The volume loss per unit area of tailings after initiation of cracks (at end of September 

1995) was calculated as the sum of surface settlement and crack volume per unit area 

(Fig. 5.2.18). At location 90Z, the dimensions (width, depth and length) of all cracks 

developed in the crack observation area (COZ) were measured regularly (the location and 
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size of COZ are shown in Fig. 5.2.8). Assuming the cross-sectional shape of a crack to 

be a triangle (becoming a trapezium after the crack reached the base of the pond), the 

volume of each crack was calculated as: 

Volume = I — x width x depth ] x length (5.2.14) 

The calculated crack volume per unit surface area in COZ was then added to the surface 

settlement to obtain the total volume loss per unit area of tailings. Before the start of 

desaturation of the soil (initiation of desaturation was probably between 12/1/96 and 

25/1/96 according to Fig. 5.2.19), the total volume lost by the tailings should be equal to 

the water loss from tailings. Even after desaturation has started, the water loss from the 

unsaturated zone would have been very small, and hence, the volume loss was still a 

reasonable estimation of the total water loss from the tailings. 

Using data on Fig. 5.2.18, averaged rates (mm/day) of water loss from the tailings after 

20/9/95 were calculated, and plotted with the Class A pan data on Figs 5.2.20 and 

5.2.21. The pan evaporation rate continuously increased towards summer and, due to 

little rainfall, the difference between Epan and Enet was almost negligible. Relative rates 

of water loss (rate of water loss from the tailings divided by E p a n or Enet) were above 

0.8 for the 4 month period (October 1995 to January 1996). In February and March 96, 

the combination of low water content near the tailings surface (Fig. 5.2.19) and high 

evaporation demand reduced relative evaporation rates to 0.5-0.6. 

Micro-lysimeter tests were carried out at intact horizontal surface in the shaded area 

outside of C O Z (Fig. 5.2.1). T w o micro-lysimeters (one containing tailings that were 

carefully sampled from the tailings surface and the other containing fresh water) were 

simultaneously used to measure daily values of tailings and fresh water evaporation (i.e. 

evaporation demand). The result of the tests are summarised in Figs 5.2.22 and 5.2.23. 

In Fig. 5.2.22, Class A pan evaporation, evaporation from the fresh water lysimeter, 

and evaporation from the tailings lysimeter are expressed as E p a n, Efwiys and Esou. 

Tailings evaporation from intact horizontal surface was similar to Epan and Efwiys during 

most of the period, while evaporation demand was moderate and surface water content 
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was relatively high. Towards summer, the surface water content rapidly decreased, and 

evaporation rates from intact horizontal surfaces also decreased. Note that water contents 

in Fig. 5.2.23 were obtained from the upper 5 m m of the tailings surface. 

Evaporation occurred not only from intact horizontal surfaces but also from crack 

openings. The cracks gradually developed during the 6 months of the test period. The 

development of cracks observed in C O Z is shown in Figs 5.2.24 and 5.2.25. Fig. 

5.2.24 shows the decrease in intact horizontal surface area due to shrinkage and cracking 

of the tailings surface. In this Figure, the intact horizontal surface area in C O Z is 

normalised by the initial total surface area (25 m 2 ) . The cracks appeared at the end of 

September 1995, and the surface tailings continuously shrunk until the normalised 

horizontal surface area dropped to 0.6 by the middle of January 1996. The behaviour is 

consistent with the water content profiles (Fig. 5.2.19), which show that the water 

content of the tailings surface dropped below the shrinkage limit (19 % ) at the middle of 

January 1996. Note that water content profiles were determined from samples taken 

from positions more than 150 m m away from the nearest crack. Plates 5.2 (a), (b) and 

(c) show the crack development in C O Z . The area surrounded by a solid blue line 

indicates the crack observation zone (COZ). These photos were taken on 25/10/1995, 

16/11/1995 and 12/12/1995 respectively. 

Fig. 5.2.25 shows the increase in total exposed surface area, which includes the vertical 

surfaces of cracks and the intact horizontal surface area, in C O Z . In this plot, the total 

exposed surface area was normalised by the initial exposed surface area (25 m 2 ) . At the 

maximum, the total exposed surface area was 4 times larger than the initial value. 

Evaporation from such an enlarged surface area can be significant. After the cracks 

reached the base of the pond at the beginning of February 1996, no further increase in 

exposed surface area was possible and the value decreased from then on. 

To determine evaporation from crack openings directly, the micro-lysimeter technique 

was applied to the vertical surfaces of the cracks (Fig. 5.2.10). Figs 5.2.26 (a) and (b) 

shows some examples of evaporation profiles from vertical surfaces of cracks at various 

times. Dimensions (width and depth) of each crack are also shown in these Figures. 

Where water contents near the surface were high (16/11/95 and 18/12/95), evaporation 
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rates were the highest at the surface and decreased monotonically with depth. However, 

with a drier surface (24/1/96 and 22/2/96), the highest evaporation rates were occurring 

from points some distance below the surface. 

Assuming the evaporation rates at the bottom of cracks (normalised depth = 1) were 

zero, evaporation rates from crack openings were calculated by integrating the 

evaporation rates along the vertical crack surface. The values obtained were divided by 

the plan area of each crack opening and compared with the evaporation rates from the 

intact horizontal surface measured with vertically installed lysimeters (Figs 5.2.27 (a) 

and (b)). These plots clearly show that the calculated evaporation from a unit plan area of 

crack opening was considerably larger than the evaporation from a unit area of the intact 

horizontal surface during the whole test period following the development of cracks. In 

addition this evaporation rate was greater than the pan rate, even when the latter was 

significantly greater than that from the intact horizontal surface. The relative importance 

of evaporation from the crack opening increased continuously towards the end of the test 

period. 

The ratio of evaporation from a crack opening to total evaporation can be calculated using 

the following equation: 

Ratio = EcrackAcrack (5.2.15) 

Ecrack Acrack "̂~ E intact A intact 

where Ecrack is the evaporation rate from a unit plan area of crack opening determined 

using the micro-lysimeter technique, Acrack is m e horizontal surface area (plan area) of 

the crack opening, Eintact is the evaporation rate from a unit area of intact horizontal 

surface determined using the micro-lysimeter technique, and Ajntact is the area of intact 

horizontal surface. The result of applying this equation to the data in Figs 5.2.24 and 

5.2.27 (a) are plotted in Fig. 5.2.28. This plot suggests that the percentage of 

evaporation from the crack opening continuously increased with the development of 

cracks, and at the end of February 1995, 80 to 90 % of total evaporation could have been 

occurring from crack openings. 
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5.2.4.3 Estimation of evaporation at 9 0 Z using B o w e n ratio method 

Daily evaporation rates calculated using the Bowen ratio method (EBoWen) and Class A 

pan evaporation rates (Epan) are shown in Fig. 5.2.29. Fig. 5.2.30 shows a comparison 

of the evaporation rates, E B o w e n , and the measured volume loss, Evioss, of the tailings in 

area C O Z . Both values agreed very well. Thus, despite the small fetch-to-height ratio, 

the tailings evaporation rates obtained from the Bowen ratio method were reasonable and 

supported the evaporation estimate obtained from volume change of the tailings in area 

COZ. 

Evaporation rates obtained by three different methods (i.e. volume loss measurement, 

B o w e n ratio, and vertically installed micro-lysimeters) are compared in Fig. 5.2.31. In 

this Figure, the weekly averaged values are plotted for Class A pan evaporation rate 

(Epan) and the tailings evaporation rate determined by the Bowen ratio method (EBowen)-

Evaporation from the intact horizontal surface was obtained by multiplying the 

normalised intact horizontal surface area in C O Z (Fig. 5.2.24) by the measured 

evaporation rate from the vertically installed micro-lysimeters. 

The evaporation from the cracks can be obtained as the difference between the total 

evaporation (either Evi0Ss or EBowen) and
 tne evaporation from the intact horizontal 

surface. Evaporation from the cracks was significant especially after the water content of 

surface tailings became low. From the Figure, it can be estimated that approximately 80 

% of the evaporation occurred from cracks by the end of February. This estimation is 

consistent with the results obtained using the micro-lysimeter technique shown in Fig. 

5.2.28. 

Fig. 5.2.32 shows the evaporation rates Evioss and EBowen normalised by the pan data 

(Epan). The plots show that the evaporation rate from the tailings surface was very close 

to the pan evaporation rate while the evaporation rate was moderate and the water content 

of tailings surface was relatively high. During summer, the evaporation rate from the 

tailings surface gradually declined with the decrease in surface water content. However, 

the total summer evaporation rate was maintained at 50 % of the pan evaporation rate 

because of the significant amount of water loss from the shrinkage cracks. 
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As described in Section 5.2.3.4, the soil heat flow measured with a heat flux plate may 

not be a true representation of the average calculated vertical heat flow of a cracked 

surface. Therefore, the evaporation rates calculated using the Bowen ratio method may 

deviate from the true rates. To see the effect of the error in soil heat flow estimation on 

the calculated evaporation rates, a sensitivity analysis was carried out Assuming that the 

measured value of soil heat flow could have ± 20 % error, the effect on the deduced 

daily evaporation rates, EBowen» was calculated. The results of the sensitivity analysis are 

shown in Fig. 5.2.33. Fluctuation was initially less than ± 5 % and gradually increased 

to a m a x i m u m of ± 10 % at the end of the test period. Thus, the value, EBowen, was not 

very sensitive to the estimation error in the soil heat flux. 

Fig. 5.2.34 shows the measured shortwave reflectivity (albedo) for the tailings surface at 

location 9 0 Z . Note that these measurements were taken at noon. The albedo values was 

constantly low (less than 0.2) during the observation period despite the large change in 

water content and the crack development. The albedo of this tailings (red colour) is much 

lower than that for the artificial tailings (light colour) observed in the laboratory tests 

(Chapter 4), even though Yoganup North Mine tailings is predominantly kaolin. The 

measured albedo value is comparable with those of soils listed in Table 2.3.1. 

5.2.4.4 Other geotechnical behaviour 

During the desiccation process, the tailings gradually increased in strength. Vertical vane 

shear strength profiles obtained positions 100 to 300 m m away from the nearest crack 

are shown in Fig. 5.2.35. As the shear strength of the tailings becomes greater, the 

cracks penetrated deeper. The depth of the cracks are also indicated in the Figure. The 

cracks reached the bottom of the tailings pond between 9/2/96 and 23/2/96. 

Mathematical modelling of surface cracking is not treated in this thesis. Nevertheless, 

crack depths m a y be estimated by the following simple procedure. The m a x i m u m 

possible height (H) of a vertical face in a plastic material with a strength of su is given by 

_ 2s u 

r 
(5.2.16) 
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where /is the unit weight of the material. For the case of non-uniform strength and 

density with depth, this can be re-organised to express the shear strength required to 

support a crack (a vertical face) of any depth: 

Su(^)required
=0-5^v(z) (5.2.17) 

where ov(z) is the vertical total stress at depth z. 

The maximum possible depths for the dates, 13/10/95, 16/11/95 and 12/12/95 were 

calculated by applying Eq. (5.2.17) to the measured vane shear strength profile. These 

values are shown in Fig. 5.2.35 (the "solid square" symbols). The vertical stresses Gv(z) 

were calculated using the measured water content profiles (Fig. 5.2.19) at the same site. 

The calculated crack depths gives a first approximation of the actual crack depths, but 

more data are necessary before general conclusions can be made. 

5.2.5 Summary 

The evaporation behaviour of fresh-water tailings was monitored by using the micro-

lysimeter technique and the Bowen ratio method, and by measuring the volume loss of 

the tailings for a long period. In particular, the effects of shrinkage cracks on evaporation 

from the tailings were carefully observed. The findings are summarised as follows. 

(1) D u e to the development of shrinkage cracks, the total exposed surface area of the 

tailings became as large as 4 times the original crack-free surface area. Evaporation from 

a unit plan area of crack opening was consistently larger than Epan during the observation 

period and contributed to water loss from tailings. It was estimated that more than about 

80 % of the total evaporation occurred from cracks after the horizontal surface of the 

tailings became very dry. 

(2) W h e n the tailings surface was sufficiently wet evaporation from the tailings occurred 

at a similar rate to Class A pan evaporation. Thus, Class A pan evaporation appeared to 

be a very good approximation of the potential evaporation rate for the tailings ponds at 

the Yoganup North Mine. 
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(3) A simple way of estimating the maximum crack depth was suggested. This value 

gives a first approximation of the actual crack depth. 

5.3 GRANNY SMITH MINE: SALINE-WATER TAILINGS 

The previous section dealt with evaporation from fresh-water tailings. This examined 

evaporation behaviour of the high clay content tailings from the very wet stage to the dry 

stage. In particular, the effects of shrinkage cracks on evaporation from the tailings were 

carefully observed. Because of widespread use of saline (and hypersatine) water in the 

gold-mining industry in W A , this section examines the effect of salinity on field 

evaporation behaviour of tailings. 

The major aims of the field observation were 

(1) to determine the rates of evaporation from the salt-encrusted tailings surface under 

field conditions such as natural (daily and seasonal) variations in meteorological 

conditions and different types of salt crusts, 

(2) to make a comparison of the actual evaporation rates to the Class A pan evaporation 

rates, and 

(3) to supplement the laboratory drying test results (Chapters 3 and 4). 

The study was carried out at the Granny Smith Gold Mine, 23 k m from Laverton in the 

central region of the Western Australia goldfields (Fig. 1.4.1). This mine produces 

saline tailings and is located in a semi-arid area. Although the salinity was low by 

goldfields standards, a salt crust formed on the tailings surface during dry weather (Plate 

5.3). The effect of salinity on evaporation from the tailings surface was observed using 

the micro-lysimeter technique. A s mentioned earlier in Section 5.2.3.3, the micro-

lysimeter technique is one of the most accurate ways of measuring evaporation from a 

bare soil surface. The test results obtained at the Granny Smith Mine are compared with 

the micro-lysimeter test results of other researchers. These tests were also carried out on 

salt-encrusted surfaces. 
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5.3.1 Site description 

5.3.1.1 Climate 

The area is semi-arid with a typical annual rainfall of only 200 mm and a Class A pan 

evaporation rate of 3400 m m in Laverton, which is typical of the goldfields. 

Class A pan (with bird guard) evaporation and monthly precipitation over a 11-month 

period from September 1994 through July 1995 at Granny Smith Mine are shown in 

Figs 5.3.1 and 5.3.2, respectively. The location of the Class A pan is shown in the site 

map (Fig. 5.3.3). Fig. 5.3.1 shows high pan evaporation rates in summer, with over 

0.4 m both in December and January. In February, the evaporation loss from the pan 

was very low due to the effect of a cyclone (Cyclone Bobby). Over the 11 month period, 

the total precipitation was measured at 388 m m , whereas the cumulative annual pan 

evaporation was 2760 m m . 

5.3.1.2 Tailings dam construction and operation 

The site map shows details of tailings dams (Fig. 5.3.3). The tailings dams are a side-

hill impoundment type which is somewhat unusual in W A . The hill at the North of the 

tailings dam is used as a containment boundary. The total dam area is 200 ha; subdivided 

into two 100 ha cells. Each cell has a centrally located decant tower feeding a gravity 

underdrain which flows to a two-pond water reclaim system. The dam has been raised 

in 3 m incremental lifts by upstream construction methods using redeposited and 

compacted tailings. 

Tailings from the plant is pumped from a single hopper through two large diameter 

pipelines to each of the dam cells. The pipelines to each cell are in turn divided into two 

smaller pipelines which converge at the two South Western comers. This configuration 

allows for continued use of the active cell in the event of pipeline failure. A total of 

forty-eight 75 m m diameter spigots deposit tailings into each cell from each pipeline. 

Generally, up to 12 spigots are in use at one time to (1) provide low exit velocities; (2) 

minimise channelling; and (3) enhance the separation of the coarse and fine fractions. 

Each group of 12 spigots is operated sequentially, depositing about 0.3 m thickness of 
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tailings layers. It takes approximately 2 months to complete a circuit of the cell. The 

moisture content of the tailings pumped into the dams was 165% (approximately 3 8 % 

solids content). 

The salinity of the groundwater (the main source of process water) is relatively benign 

by goldfields standards, with the range of 2000-4000 mg/1 (TDS). Salinity of the 

reclaimed water is the range of 8000-11000 mg/1 (TDS). 

5.3.2 Material description 

The water sample taken from the spigot showed the water quality given in Table 5.3.1. 

The salts found on the surface of the tailings dam are predominantly halite (NaCl), with 

gypsum (CaS04.2H20) and trace salts. 

Table 5.3.1 Concentration of chemical elements in Granny Smith Mine tailings water. 

Elements Concentration (ppm) 

Zn 0 

S 375.01 

Pb 0 

Fe 1.51 

M g 9.37 

Cu 2.34 

Ca 444.63 

K 75.03 

Na 2771.88 

The classification tests (particle size distribution test and liquid and plastic limit tests) 

were carried out after removing the chemicals included in the tailings by washing with 

deionised water. 

Three particle distribution curves of the tailings shown in Fig. 5.3.4. The grading curves 

vary depending on the sampling positions. The curve indicated as "far from discharge 

point" represents the upper 100-200 m m of the tailings surface that was sampled 

midway between the spigot and the decantation tower. The curve indicated as "near 
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discharge point" represents the upper 500-800 mm of the tailings surface that was taken 

near the spigots. The curve indicated as "from spigot" represents the tailings directly 

taken from the outlet of a spigot. A X-ray diffraction analysis of the tailings "from 

spigot" showed 3 5 % quartz, 2 0 % feldspar, 3 0 % muscovite, 1 5 % chlorite and a trace of 

smectite. This indicates that the clay mineralogy should be relatively inactive with regard 

to swelling. 

Other important soil properties are shown in Table 5.3.2. These tests were carried out 

using the tailings directly taken from a spigot. These tests indicate that the shrinkage 

potential of these tailings is quite low and the liquid limit is low, with low plasticity 

indices. 

Table 5.3.2 Soil properties of Granny Smith Mine tailings. 

Granny Smith Mine tailings 

Specific Gravity 2.78 

Liquid Limit 26 

Plastic Limit 20 

Linear shrinkage 4 % 

5.3.3 Experimental procedure 

5.3.3.1 Class A pan evaporation measurement 

At the Granny Smith Mine, a Class A pan was placed near the site office (Fig. 5.3.3) 

and the data were recorded by mine personnel every morning, normally at 9 am. The 

rainfall was also recorded during the same period. These data are summarised in Figs 

5.3.1 and 5.3.2. A n explanation of the measurement and calculation methods for the 

Class A pan evaporation rate were detailed in Section 5.2.3.1. 

5.3.3.2 Direct surface evaporation measurement 

The micro-lysimeter technique (using P V C lysimeters as described in Section 5.2.3.3) 

was used to measure the rate of evaporation from the tailings surface. The tests were 

carried out at locations where the tailings surface was visibly wet and the surface was 
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covered with a salt crust. The "thickness (g/cm2)" of the salt crusts was very thin. The 

measured thickness of salt crust formed on the tailings on 17/12/94 was only 0.001 

g/cm2 (see the laboratory test results (Figs 4.5.5 (a) and (b)) for comparison) The 

position of the test site is shown in Fig. 5.3.3. Since the salt crust was fragile, the 

lysimeter tests were carefully carried out to avoid disturbance of the sample surface. In 

some cases, the salt crust was carefully removed from the surface of the micro-lysimeter 

sample prior to the test. Then the measured evaporation rates were compared with the 

results obtained from the salt-encrusted samples. All of the evaporation rates reported 

are values obtained over a period of 24 hours. These lysimeter tests were carried out 

when there was no rainfall. 

5.3.4 Results and discussion 

Fig. 5.3.5 shows a comparison of evaporation rates from a Class A pan (with bird 

guard), salt-encrusted surfaces, and surfaces from which salt crusts had been removed. 

During the test period, the pan evaporation rates were high, ranging between 9 and 16 

mm/day (3.3 and 5.8 m/yr). These are typical values for early spring and mid summer 

respectively. The rates of evaporation from salt-encrusted surfaces were very low in 

comparison, despite relatively high water contents at the soil surface (Fig. 5.3.7). These 

rates ranged between 2 and 4 mm/day, which were equivalent to about 20 to 30 % of the 

pan evaporation rates (Fig. 5.3.6). O n the other hand, the evaporation rates from the 

crust-free surfaces were about 60 to 80 % of the pan rates. Thus, the results clearly 

showed the effect of a salt crust in reducing evaporation rates from the surface. 

Furthermore, the actual and relative evaporation rates measured at the Granny Smith 

Mine tailings dam were very similar to those for the low salinity materials measured in 

the laboratory tests (see Figs 4.5.2 and 4.5.3). This may suggest that although the 

laboratory conditions do not simulate some of the features of field conditions, the 

laboratory test can give a reasonable approximation for the actual evaporation rates at 

field. 

The test results obtained at the Granny Smith Mine tailings dam are compared with the 

evaporation data obtained from the salt-encrusted surfaces at-two sites. These sites are 
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(1) Kesterson Reservoir in California (Zawislanski et al, 1992) and (2) the Kaltails 

tailings dam in W A (Newson, 1996). The micro-lysimeter technique was used to obtain 

the evaporation rates at both sites. The site descriptions and the test results obtained from 

these two sites are presented below. 

(1) Kesterson Reservoir in California (Zawislanski et al. 1992") 

Zawislanski et al. (1992) carried out micro-lysimeter tests in playa-like environments 

within two ponds, sites 8EP and 9 B E at Kesterson Reservoir, California. The measured 

annual precipitation and pan evaporation at the site were 162 m m and 2234 m m 

respectively. The site was composed of a sandy to silty loam often covered with a thin 

veneer of a clay loam. The surface was covered with organic matter. This organic matter 

combined with a salt crust, was sometimes up to 20 m m thick. Note that the salt crust 

thickness of 20 m m is markedly greater than that observed at the Granny Smith Mine 

tailings dam. The groundwater table fluctuations measured at sites 8EP and 9 B E were 

approximately 1.3 to 2.3 m and 0.3 to 1.5 m deep respectively. The major ions 

dissolved in the groundwater were (Na, Ca, M g , SO4, and CI). However, the 

concentration of salts is not reported in their paper. 

Fig. 5.3.8 shows the test results of Zawislanski et al. In their tests, the water table at plot 

9 B E was at a depth of 0.28 m at its shallowest, a depth at which most soils would be 

expected to transmit water at a rate nearly equivalent to potential evaporation. However, 

daily soil evaporation rates at that time were in the submillimeter range, while the 

measured pan evaporation rate was in the range 2 to 5 mm/day. The measured 

evaporation rates show a very similar trend to that obtained at Granny Smith Mine (Fig. 

5.3.9). Note that the dotted lines in Figs 5.3.8 and 5.3.9 indicate the case when soil 

evaporation occurs at the same rate as that from the Class A pan. 

(2) Kaltails tailings dam in WA (Newson. 1996^) 

The Kaltails tailings dam is located near Kalgoorlie in WA, some 600 km North East of 

Perth (Fig. 1.4.1). Class A pan (with bird guard) evaporation (data from Luke et al, 

1987) and mean monthly precipitation (data from Bureau of Meteorology in Australia, 
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1975) at Kalgoorlie are shown in Figs 5.3.10 and 5.3.11. Fig. 5.3.10 shows high pan 

evaporation rates in summer months, with about 0.4 m/month. 

The micro-lysimeter tests at the tailings dam were carried out on 14/11/96 and 16/11/96. 

The pan evaporation rate in November is about 0.33 m (which is equivalent to 11 

mm/day) according to Fig. 5.3.10. Note that the evaporation data shown in Fig. 5.3.10 

were taken from the publication by Luke et al, 1987 and may slightly differ from the 

actual pan evaporation rates in 1996. The salinity of tailings water was about 110 g/1 and 

much higher than that of the Granny Smith Mine tailings. The particle size distribution 

curve of the tailings is shown in Fig. 3.2.1 and other important soil properties are shown 

in Table 5.3.3. These tests were carried out after removing the chemicals included in the 

tailings by washing with deionised water. The results indicated that the tailings 

properties are similar to the Granny Smith Mine tailings. The shrinkage potential of the 

tailings is quite low and the liquid limit is low with low plasticity indices. 

Table 5.3.3 Soil properties of Kaltails Mine tailings. 

Granny Smith Mine tailings 

Specific Gravity 2.91 

Liquid Limit 32 

Plastic Limit 28 

Linear shrinkage 2 % 

Fig. 5.3.12 summarises the micro-lysimeter tests carried out at the Kaltails Mine tailings 

dam. The upper part of the Figure shows the plan area of the tailings dam. A decant 

tower is located at the centre of the tailings dam and ponded saline water existed around 

the decant tower during the test periods. The distance between the decant tower and the 

corner of the dam embankment is about 450 m. The micro-lysimeter test locations are 

indicated as Kl, K 2 , K3, K 4 and K 5 in the Figure. The tailings surfaces at locations 

K l , K 2 and K 3 were covered with salt crusts, the surface at location K 4 was not 

covered with salt crust and the surface at location K 5 was covered with ponded saline 

water. Therefore, the micro-lysimeters at locations Kl, K2, K 3 and K 4 contained soil 

samples and that at location K 5 contained saline water. At each location, the evaporation 
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rate from a micro-lysimeter contained fresh water was also measured. All lysimeters 

measured 24 hour evaporation. A small hovercraft was used to access the soft tailings 

surface. 

The lower part of Fig. 5.3.12 shows the results obtained from the micro-lysimeter tests. 

The evaporation rates for the salt-encrusted surface at locations Kl, K 2 and K 3 

(Esomsy) were very low compared with those from the fresh water lysimeters (EfWiys). 

The relative evaporation rates for the salt-encrusted surface mainly varied the range 

between 0.1 and 0.2. These values did not differ much from those for the high salinity 

materials obtained in the laboratory tests (see Figs 4.5.2 and 4.5.3). O n the other hand, 

the evaporation rates from the non-crusted surface (K4) and from the saline water 

surface (K5) were higher than those from the salt-encrusted surface but much lower than 

those from the fresh water lysimeters. 

Thus, these results obtained by Zawislanski et al. and Newson support the results 

obtained at the Granny Smith Mine tailings dam and confirmed the dramatic effect of 

salinity in reducing evaporation from a soil surface. The evaporation rates obtained at 

field did not differ much from those obtained in the laboratory tests (Chapter 4) despite 

the laboratory conditions do not simulate some of the features of field conditions. This 

m a y suggest that the evaporation rates obtained in the laboratory can be a reasonable 

approximation for the actual evaporation rates at field. 

5.3.5 Summary 

Evaporation rates from salt-encrusted tailings surfaces were measured at Granny Smith 

Mine situated in a semi-arid region in W A . The evaporation rates from the tailings 

surface were measured using the micro-lysimeter technique. Class A pan evaporation 

rates were also monitored at the site. The findings are summarised as follows. 

(1) Although salinity level was low (10 g/1), the dramatic effect of the salt crust in 

reducing evaporation rates was observed. The evaporation rates from a salt-encrusted 

surface were much lower than from crust-free surface, and ranged from about 20 to 30 

% of Class A pan evaporation rates. 
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(2) The results of the micro—lysimeter tests carried out by other researchers also showed 

a similar trend to that obtained at Granny Smith Mine. This confirmed the significant 

effect of salinity on evaporation from a soil surface. 

(3) The evaporation rates obtained from the field tests did not differ much from those 

obtained in the laboratory tests despite the laboratory conditions do not simulate some of 

the features of field conditions. This m a y suggest that the evaporation rates obtained in 

the laboratory can be a reasonable approximation for the actual evaporation rates at field. 

In this Chapter, the results of field investigation of evaporation from fresh-water tailings 

and saline-water tailings have been presented. These results and the laboratory test 

results presented in Chapters 3 and 4 will be examined further in Chapter 6. This will 

lead to a proposition of methods of estimating the rate of evaporation from both fresh

water and saline-water tailings. 
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6 ANALYSIS OF TEST RESULTS 

6.1 INTRODUCTION 

In Chapters 3, 4 and 5, detailed results have been presented of experimental work 

dealing with evaporation from fresh-water and saline-water tailings. 

In this Chapter, these results are re-examined, with a view to developing a more general 

understanding of the phenomena involved. From this, a method of estimating the rate of 

evaporation from both fresh-water and saline-water tailings is proposed. 

6.2 EVAPORATION FROM FRESH-WATER TAILINGS 

The results obtained from the laboratory and field drying tests on fresh-water tailings are 

summarised and discussed further in this section. The discussion of evaporation from 

fresh-water tailings is divided into two parts. First, the evaporation from an intact 

horizontal tailings surface is discussed. Second, the evaporation from the entire surface, 

including both the intact horizontal surface and the crack openings, is discussed. Finally, 

based on the understanding obtained from the test results, simple methods for estimating 

the evaporation from fresh-water tailings are suggested. 

6.2.1 Evaporation from an intact horizontal tailings surface 

6.2.1.1 Further interpretation of test results 

Under constant evaporative conditions, the evaporation behaviour from an intact 

horizontal tailings surface can be depicted as shown in Fig. 6.2.1. The drying process 

can be divided into two separate stages, the non-limiting stage and the soil-timiting 

stage. This concept is generally accepted for nondeformable porous media as described 

in Section 2.3.2. W h e n the evaporation demand is high, this leads to a rapid decrease in 

the water content of the surface tailings. This reduces the ability of the surface tailings to 

transmit water to the surface, and the rate of evaporation falls below the evaporation 

demand in a short time. O n the other hand, with low evaporation demand, the tailings 
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profile is able to maintain an upward water flow equivalent to the evaporation demand 

for a longer period. 

Both drying stages can be defined as follows. The non-limiting stage can be defined as: 

Efws = Ep (6.2.1) 

or 

rs = 0 (6.2.2) 

where Ep is the potential evaporation rate (evaporation demand), EfwS is the evaporation 

from a fresh-water tailings surface and rs is the soil surface resistance. The soil-limiting 

stage can be defined as: 

Efws<Ep (6.2.3) 

or 

rs > 0 (6.2.4) 

The measured evaporation behaviour from intact horizontal surfaces in the tests 

described in previous Chapters also clearly showed the two stages of drying. 

The laboratory drying test on slurry-1 (Chapter 4) is an example of a case of high 

evaporation demand. The evaporation rates from the intact horizontal surface were 

determined by the micro-lysimeter technique. Fig. 6.2.2 shows the evaporation rates 

obtained using tailings lysimeters and fresh water lysimeters at the same time. The 

evaporation rates measured with fresh water lysimeters can be considered to be the 

potential evaporation rates (Ep) for the tailings. Strictly speaking, evaporation from fresh 

water lysimeters m a y not be equal to potential evaporation after tailings evaporation falls 

below potential rate. Due to the low evaporation rate during the soti-limiting stage, the 

soil surface temperature generally increases. The temperature of the fresh water in the 

lysimeter also increases due to the heat conducted from the surrounding soil. This m a y 

increase the fresh water evaporation rate above the potential rate for the tailings (see the 

definition of the potential evaporation rate in Section 2.3.2.1). 
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The fresh-water evaporation rates (EfWiys) were generally very high (16-18 mm/day) 

when operating lamps and fans together, but there were two low-evaporation periods 

(day 4 to day 18 and day 36 to day 44) that were created by not operating the lamps. 

During the initial 18 days, the evaporation rates from the artificial tailings surface were 

similar to Efwiys because of low evaporation demand over most of this period. This was 

true even for the first four days of this period, when the evaporation demand was high, 

because the surface was still very wet at this stage. This period can be considered as the 

non-limiting stage of drying. A s shown in Fig. 6.2.3, the measured soil surface 

resistance was very low during the period. 

Immediately after day 18 (when high evaporation demand started again), the evaporation 

rate from the tailings surface rapidly decreased below the potential rate and the soil 

surface resistance increased. The drying behaviour in the period between day 18 and day 

36 can be considered as the soil-limiting stage. During the period of low evaporation 

demand from day 36 to day 44, the demand was below the measured evaporation rate 

during the previous soil-limiting stage. This re-created non-limiting drying conditions, 

with a soil surface resistance close to zero. From day 44, the evaporation demand was 

increased again, and the soil surface resistance also rapidly increased. 

The evaporation behaviour of tailings at location 9 0 Z at the Yoganup North Mine is an 

example of a case of low evaporation demand (Chapter 5). At 90Z, evaporation from the 

intact horizontal surface was also determined by the micro-lysimeter technique. Fig. 

6.2.4 shows the evaporation rates obtained from fresh water lysimeters (Efwiys) and 

lysimeters with tailings (ESOiiiys). The evaporation rates from fresh water lysimeters can 

be considered to be the potential evaporation rates at 90Z. The combination of low 

evaporation demand at 9 0 Z and high water content at the tailings surface before summer 

created a long period of non-limiting stage of drying. The soil-limiting stage of drying 

started in January 1996 when the surface water content fell below the shrinkage limit 

value (Fig. 6.2.5). Since evaporation demand was constantly high in summer, the 

evaporation rates from intact horizontal surfaces decreased monotonically with time. 
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Thus, the evaporation behaviour from intact horizontal surfaces of a tailings deposit can 

be clearly separated into two stages, the non-limiting stage and the soil-limiting stage, in 

keeping with the generally accepted concept for drying of nondeformable porous media 

6.2.1.2 Modelling using MinTaCo program 

The MinTaCo (Mine Tailings Consolidation) program, developed by Toh (1992) and 

updated by Seneviratne et al. (1996), was used to model the evaporation behaviour of 

the slurry-1 tailings and the Yoganup North Mine tailings. A full description of the 

program was presented earlier in Section 2.4. 

Probably the simplest way of modelling evaporation from an intact horizontal surface is 

to assume one-dimensional isothermal flow in the individual soil columns created by 

shrinkage cracks. This assumption can be understood more clearly by visualising water 

flow in the soil columns of slurry-1 in the laboratory tests and of the tailings at 9 0 Z in 

Yoganup North Mine as shown in Fig. 6.2.6. Slurry-1 did not develop any internal 

cracks but cracks appeared between the wall of the container and the tailings. The 

Yoganup North Mine tailings developed an extensive network of cracks. 

For both cases, the moisture flow in the soil columns shown schematically in Fig. 6.2.6 

is assumed to be one-dimensional, so that water flows only in the vertical direction in 

the columns. Note that the deformation of the soil columns can not be simulated since in 

reality the volume of the columns decreases in a three-dimensional way. The purpose of 

this simulation is to see how well the MinTaCo program can model the behaviour of the 

evaporation rate from an intact horizontal surface. Numerical simulation of the 

evaporation behaviour from the intact horizontal surfaces of slurry-1 and Yoganup 

North Mine tailings at 9 0 Z was therefore carried out using the MinTaCo program. 

Simulation of slurry-1 

Material properties 

Material properties given in Section 4.2.2 (Eqs (4.2.1) and (4.2.2)) were used for the 

simulation. They are summarised in Table 6.2.1. 
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Table 6.2.1 Material properties for slurry-1. 

e-&v relationship for 

normal consolidation 

e-&v relationship for 

overconsolidation 

k-e relation 

Upper limit of suction 

e = 2.063c7V°-206 

where &v is the vertical effective stress in kPa. 

( & "l 
e = em- Kin —L-

K: values of 0.02 and 0.0486 are used. 

fe53} 
k = 2.5E 4 

[l + e) 
where k is the hydraulic conductivity in m/day. 

2150 kPa 

Note that the e-&v and k-e relationships were determined mainly by one-dimensional 

consolidation tests. Furthermore, these relationships were obtained from the tests when 

the effective stress (o'v) is mainly below 400 kPa. Thus, the relationships above 400 

kPa are extrapolation. For the numerical analysis presented below, these extrapolated 

relationships are used. 

The value, K, was necessary since the simulation includes soil swelling behaviour during 

low evaporation periods. Since a value of K was not measured, two K values, K = 

0.0486 which is the value for pure kaolin clay and K = 0.02 which is approximately half 

of that value, were assumed. However, the results of the calculation for both values of K 

were almost identical. Therefore, the calculation result for K = 0.02 will be presented. 

A s mentioned in Section 2.4.3, the MinTaCo program uses an indirect method of 

producing the soil-limiting stage of evaporation. In reality, the soil suction continuously 

increases as the soil water content decreases. However, in the model, once the surface 

suction value reaches the specified limiting value, the suction remains constant and the 

suction gradient below the surface decreases. Therefore, evaporation from soil surface 

decreases below the potential rate. This suction limit for slurry-1 was set at 2150 kPa, a 

value corresponding to the shrinkage limit (where w=l6%ore = 0.424). The suction 

limit value was calculated using Eq. (4.2.3). 
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Boundary and initial conditions 

The potential evaporation rates for slurry-1 were based on the evaporation rates obtained 

from the fresh water lysimeters (Efwiys). The potential evaporation rates (Ep) used for the 

simulation and EfWiys are shown in Fig. 6.2.7. The soil-limiting stage of evaporation 

starts when the suction value at the surface of slurry-1 reaches the upper limit value, 

2150 kPa. The bottom boundary was set as an impermeable boundary. 

The initial void ratio profile for the simulation assumed to be uniform, with e = 2.25. 

This corresponds to the actual initial conditions of the drying test as shown in Table 

4.2.1. 

Simulation results 

Fig. 6.2.7 shows comparison of the evaporation rates determined by the MinTaCo 

model and the evaporation rates measured using a micro-lysimeter (Esomys). The model 

output shows the transition of the drying stages (from the non-limiting stage to the soil-

limiting stage, at about 25 days) and the evaporation rates during the soti-limiting stage 

well. However, the model slightly overestimated the evaporation rates in the period 

between day 18 and day 36. Due to this overestimation, the calculated surface settlement 

at the end of the test period was greater than the measured volume reduction (i.e. 

settlement + volume of cracks) of slurry-1 (Fig. 6.2.8). The calculated settlement was 

much greater than the measured settlement since the model assumed that the all strain is 

one-dimensional. The void ratio profiles measured during the test were simulated quite 

well (Fig. 6.2.9). 

Thus, the method of modelling the soil-limiting stage seems to work, even though it is 

not based on what happens physically. 
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Simulation of Yoganup North Mine tailings at 9 0 Z 

Material properties 

The material properties given in Section 5.2.2 (Eqs (5.2.1) and (5.2.2)) were used for 

the simulation of the Yoganup North Mine tailings at location 90Z. They are summarised 

in Table 6.2.2. 

Table 6.2.2 Material properties for Yoganup North Mine tailings. 

e-&v relationship for 

normal consolidation 

k-e relationship 

Upper limit of suction 

e = 5.032 (TV0-254 

where &v is the vertical effective stress in kPa. 

(P50 ^ 

* = L0E-5 - — 
[l + e) 

where k is the hydraulic conductivity in m/day. 
8000 kPa 

Note that the e-&v and k-e relationships were determined mainly by one-dimensional 

consolidation tests. As mentioned earlier, these relationships were obtained from the 

tests when the effective stress (cr'v) is mainly below 400 kPa. Thus, the relationships 

above 400 kPa are extrapolation. For the numerical analysis presented below, these 

extrapolated relationships are used. Nevertheless, the analysis using these e-&v and k-e 

relationships were successful as shown later. 

Unlike the case for slurry-1, a value for K was not required since the simulation did not 

include soil swelling behaviour. The limiting value of suction used corresponds to the 

shrinkage limit of the tailings (e = 0.513), and was calculated using Eq. (5.2.3). 

Boundary and initial conditions 

For the top surface boundary condition, the potential evaporation rate (Ep) for the tailings 

at 9 0 Z was taken to be the measured Class A pan evaporation rates (Epan) (Fig- 6.2.10). 

At 9 0 Z , the tailings evaporation rates during the non-limiting stage of drying were very 

similar to Class A pan evaporation rates (see Fig. 5.2.22). Therefore, E p a n was 

considered to be appropriate for E p of the tailings at 9 0 Z . Note that E p ^ were slightly 
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greater than the soil evaporation rates (i.e. Ep) during the non-limiting stage (Figs 

5.2.20 and 5.2.22). 

The soil-limiting stage of evaporation starts when the suction value at the tailings surface 

reaches the upper limit value, 8000 kPa. Since the base material of Pond9 was mainly 

sand, a fully permeable base boundary condition, with a fixed water table at the same 

level as the base, was assumed. Also, the condition that prevents water from flowing 

upwards into the tailings through the base boundary was applied. 

The void ratio profile measured on 22/9/95 (Fig. 6.2.12) was taken to be the initial void 

ratio profile in the model. This was determined from the water content profile measured 

at 9 0 Z on 22/9/95 with consideration of the effect of self-weight consolidation before 

22/9/95. 

Simulation results 

Fig. 6.2.10 shows a comparison between the evaporation rates output by MinTaCo and 

the evaporation rates measured with micro—lysimeters. Just as in the case of slurry-1, 

the evaporation rates from the model agree very well with the actual evaporation rates. 

However, this is not surprising for the non-limiting stage, since the measured rates 

(Epan) are used as the potential rates in the model. The model overpredicted the surface 

settlement as the model assumed that the all strain is one-dimensional (Fig. 6.2.11). 

However, the calculated settlement showed better agreement with the volume reduction 

of the tailings (i.e. settlement + volume of cracks). The overprediction for this case is 

due to the greater non-limiting stage evaporation rates in the model than the actual soil 

evaporation rates as noted earlier. 

Void ratio profiles measured during the test were also simulated quite well (Fig. 6.2.12). 

Since the void ratio does not decrease below the shrinkage limit (e =0.513) in the 

model, ew profiles were not correctly calculated after the actual void ratio (ew) of surface 

tailings fell below the shrinkage limit value. Note that the void ratio (ew) in Fig. 6.2.12 is 

defined by ew = w Gs. For an unsaturated soil, ew is effectively the "water filled" void 

ratio. 
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Thus, despite the MinTaCo program being a one-dimensional isothermal model, with 

the input parameters determined from one-dimensional consolidation tests, it simulated 

evaporation rates from horizontal intact surfaces of slurry-1 and the tailings at location 

9 0 Z quite well. Note that this is not surprising for the non-limiting stage, since the 

measured rates are used as potential rates in the model. Transition from the non-limiting 

stage to the soil-limiting stage of drying and the actual evaporation rates during the soil-

limiting stage were well described despite the crudeness of the modelling of this aspect. 

This suggests that the MinTaCo program with realistic material parameters and potential 

evaporation rates can give a good estimation of evaporation rates from intact horizontal 

tailings surfaces. 

6.2.2 Evaporation from cracked tailings surfaces 

6.2.2.1 Further interpretation of test results 

As described in Section 5.2.4, cracks that developed in the tailings pond of Yoganup 

North Mine contributed significantly to water loss from the tailings. Fig. 6.2.13 shows 

the evaporation behaviour observed at 9 0 Z at the Yoganup North Mine. The evaporation 

rate from a unit area of the intact horizontal soil surface (Emtact) gradually decreased 

during the summer because the area of intact horizontal surface decreased with the 

development of shrinkage cracks, and also because the hydraulic properties of the 

tailings started to impose a limit on evaporation from the surface. In Fig. 6.2.13, the data 

labelled "evaporation from intact horizontal surface" were obtained by multiplying the 

normalised intact horizontal surface area (Fig. 5.2.24) by Eintact- Therefore, the 

contribution of the shrinkage cracks to the total evaporation rate can be given by the 

difference between the curves labelled "total evaporation rate" and "evaporation from 

intact horizontal surface". The amount of water loss from the shrinkage cracks increased 

during the summer with the development of cracks. Due to the extra evaporation from 

the cracks, the total evaporation (Etotai) from the entire tailings surface did not decrease 

much in summer. 
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The total evaporation rate from a tailings surface with shrinkage cracks may be described 

by the following equation: 

Etotal = Eintact-" + Ecrack ™*° (6.2.5) 
Atotal Atotal 

where A is the surface area. The meanings of A^ct and A^ack can be understood more 

clearly with reference to Fig. 6.2.15. The ratio Aintact/Atotai at any time of the drying 

stage m a y be calculated using the surface void ratio et at that time and the surface void 

ratio at crack initiation e,- (e,- < et). 

Ajntact _ 1 + et 
A " u (6.2.6) 
Atotal 1 + ei 

For the Yoganup North Mine tailings, the value of e,- was approximately 1.52. This 

value was back calculated using Eq. (6.2.6) by substituting Aintact, Atotal and et values 

measured after the surface tailings reached the shrinkage limit 

Unfortunately, Ecrack is not easily estimated; therefore, an accurate estimation of Etotai 

m a y be difficult. However, approximate values of Etotai can be given by substituting 

certain values into Ecrack of Eq. (6.2.5). These approximation methods using the 

MinTaCo program are described in the following section. 

6.2.2.2 Modelling using MinTaCo program 

In this section, based on the Yoganup North Mine field test results re-described in the 

previous section, two semi-empirical methods of estimating the evaporation rates from 

cracked fresh-water tailings surfaces are proposed. 

First, since the evaporation rates from cracks (Ecrack) are generally much larger than 

Eintact (see Fig. 5.2.27 (a)), Eintact can be considered as a lower limit value for Ecrack. 

Therefore, by substituting Ejntact into Ecrack of Eq. (6.2.5), the lower limit of Etotai can 

be given by 

Etotai — Eintact (6.2.7) 
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Effectively, this assumes that the surface is uncracked (the whole surface is intact). 

A n alternative assumption is that the rate of evaporation from cracks (Ecrack) is equal to 

the potential evaporation rate (Ep). If such an assumption is valid, Etotai can be calculated 

as: 

Etotai = Eintact4iS^ + Ep4^^ (6-2.8) 
Atotal Atotal 

Note that there is no theoretical reasons for this assumption. In fact, as shown in Fig. 

5.2.27 (a), the estimated Ecrack at 9 0 Z was larger than the Class A pan evaporation rate 

(Epan) during the test period. It was shown that Epm can be a good approximation of E p 

at 9 0 Z in Section 5.2.4. Therefore, Eq. (6.2.8) may slightly underestimate the actual 

total evaporation rate when the vertical surfaces of cracks are sufficiently wet However, 

in the long term, Ecrack will eventually decrease below Ep, as the soil dries. 

Using these two methods (Eqs (6.2.7) and (6.2.8)), the total evaporation rates (Etotai) 

for 9 0 Z were calculated. 

The first method is simply to neglect the cracks, and use the output from the evaporation 

determined by MinTaCo directly, without modification. The calculated Etotai (= Eintact) 

values are compared with the measured Etotai values in Fig. 6.2.14. The calculated Etotai 

values appear to give a reasonable lower limit to the true Etotai values. 

The second approach uses the output from MinTaCo, corrected using Eq. (6.2.8). 

MinTaCo calculates Eintact and et, the surface void ratio at time t. This value of et is used 

in Eq. 6.2.6 to calculate the ratios Aintact/Atotal and Acraci/Atotab where e,- was assumed 

to be 1.52 based on the field test results. Then, by assuming the evaporation rate from 

the cracks to be E p, the contribution from the cracks can be added to that from the intact 

surface, using Eq. 6.2.8. The calculated Etotai values using Eq. (6.2.8) are compared 

with the measured Etotai values in Fig. 6.2.14. The calculated Etotai represented the 

measured Etotai quite well. 

Thus, the total evaporation rate from cracked tailings surfaces can be approximated using 

MinTaCo program with Eq. (6.2.7) or Eqs (6.2.6) and (6.2.8). 
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Parametric study using the first method 

Using the first method (Eq. (6.2.7)), the evaporation behaviour of a hypothetical 

Yoganup North Mine tailings deposit under three different potential evaporation 

conditions (4, 8 and 12 mm/day) were calculated. As mentioned earlier, the first method 

assumes that the evaporation rates from cracks (Ecrack) are equivalent to the evaporation 

rates from intact horizontal surfaces (Eintact). Therefore, for this case, MinTaCo can be 

used to demonstrate the evaporation behaviour without modifications. 

The initial height of the soil layer is 3 m and the initial uniform distribution of void ratio 

for the soil is 5. The material parameters shown in Table 6.2.2 are used in the analysis. 

A n undrained bottom boundary and no surface decantation were assumed. For all cases, 

the flow rates towards the soil surface due to the self-weight consolidation were lower 

than the evaporation rates. Therefore, no free water appeared on the surface. 

Fig. 6.2.16 shows a comparison of the settlement curves for the soil layer under three 

different evaporation rates. The settlement curves also represent the cumulative water 

loss from the soil. All curves eventually become flat when the water content of the soil 

layer reaches the shrinkage limit. The "solid circle" symbol on each settlement curve 

indicates the time when the soil surface suction reached the upper limit value (8000 kPa). 

This also indicates the transition point from the non-limiting stage to the soil-limiting 

stage of evaporation. For all cases, even after the soil surface suction reaches the 

m a x i m u m value, evaporation from the soil still continues but with decreasing rates. The 

water loss during the soil-limiting stage is important for the conditions under the higher 

potential evaporation rates (Ep). For the condition of E p = 12 mm/day, about 75 % of 

water loss occurs after the soil surface suction reaches the m a x i m u m value. The 

settlement curves for E p = 8 and 12 mm/day did not show significant difference. Since 

the soil surface suction for both cases reaches the maximum value in the early stage of 

drying, the high E p (12 mm/day) did not have a significant advantage in increasing the 

actual evaporation rate from the soil. 

Abu-Hejleh and Znidarcic (1995) carried out numerical analysis of soft china clay using 

the large-stain consolidation theory. They showed that for a high evaporation rate, the 

desiccated crust can seal the soil surface, leaving a soft unconsolidated soil zone under a 
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thin crust, preventing further desiccation of the soil. Then, they suggested that high 

evaporation rates can have a detrimental effect on the overall consolidation and 

desiccation process. In their model, the calculation terminates when the shrinkage limit 

of the surface soil is reached. 

The above analysis shows that the time reach shrinkage limit is very short for high Ep 

values. If evaporation is assumed to stop at this point, as assumed by Abu-Hejleh and 

Znidarcic (1995), then their conclusion would be supported by the MinTaCo modelling. 

However, as the above analysis showed, even after the surface soil reaches the 

shrinkage limit, significant further evaporation may occur. Furthermore, in reality, 

shrinkage cracks also promote water loss from the soil. If so, the high potential 

evaporation rates are not likely to have the detrimental effect suggested by Abu-Hejleh 

and Znidarcic (1995). 

In some cases, a dry crust may prevent the desiccation of a soil under the crust. This 

may happen when the material is not uniform vertically. For example, a thin sand layer 

that lies between two clay layers can act as a "capillary break". During desiccation, the 

sand layer m a y cut the continuity of water between the lower and the upper clay layers. 

For such a case, in the upper clay layer, water may be totally transported in a vapour 

form. This may reduces the evaporation rate dramatically. 

In this Section 6.2.2, based on the Yoganup North Mine field test results, two methods 

of estimating the evaporation rates from a fresh-water tailings surface were suggested. 

The first method gives a lower bound evaporation rate from the fresh-water tailings. 

This assumes the evaporation rate from a unit plan area of shrinkage cracks to be equal to 

those from a unit area of the intact horizontal surface. In effect the surface is assumed to 

be uncracked. The lower bound evaporation rate can be calculated using the current 

version of the MinTaCo program with realistic material parameters and potential 

evaporation rates. The Class A pan evaporation rates may be used as the potential 

evaporation rates if there are no better estimates of the potential evaporation rates for the 

site. For tailings that develop shrinkage cracks, the uncorrected output from the 

MinTaCo program gives a very conservative lower bound to the true evaporation rate, 
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since it effectively ignore the cracks. However, for tailings with low plasticity, this value 

can give a good approximation of the actual evaporation rate. 

The method of correcting for the effect of cracks may give a closer approximation of the 

evaporation rates from cracked fresh-water tailings. This assumes that the evaporation 

rate from a unit plan area of shrinkage cracks is equal to the potential evaporation rate 

(Ep). This estimate is also given by using MinTaCo with realistic material parameters and 

potential evaporation rates and subsequently correcting for the effects of the cracks. The 

void ratio at crack initiation (e,) for the material is the extra parameter that is necessary 

for the correction of the MinTaCo output. In the long term, the evaporation rate from a 

unit plan area of shrinkage cracks eventually decreases below the Ep value. At that time, 

the method overestimate the actual evaporation rate. 

6.3 EVAPORATION FROM SALINE-WATER TAILINGS 

This section focuses on the evaporation behaviour of saline-water tailings. For 

simplicity, evaporation from salt-encrusted and non-cracked surfaces is considered. As 

shown in Chapter 3 and 4, salt crust formation on the soil surfaces is rapid under high 

evaporative conditions even when the salinity is moderate. Furthermore, once the salt 

crust forms on the soil surface, the evaporation rates decrease dramatically and this also 

reduces the rate of crack development. Therefore, the simplification is probably accepted 

for tailings of moderate plasticity and with moderate or high salinity. Thus, the 

discussion in this section will be focus on evaporation from salt-encrusted and non-

cracked surfaces. The conclusions may not be applicable to tailings of high plasticity and 

very low salinity. 

The discussion of evaporation from saline-water tailings is divided into two parts. First, 

the effect of albedo of the salt crust on evaporation is discussed. Second, the effects of 

the low vapour density of saline water and the salt crust resistance to moisture transfer 

are discussed. The albedo and resistance values of salt crusts which were obtained 

during the laboratory drying tests (Chapter 4) are used to examine these effects. Finally, 

based on the understanding obtained from the test results, simple methods for estimating 

the evaporation from saline-water tailings are suggested. 



Analysis of Test Results 152 

6.3.1 Effect of albedo of the salt crust 

Most of the energy for evaporation is given to the surface as solar radiation. When no 

clouds attenuate the radiation, the solar radiation absorbed by the horizontal surface of 

the earth can be written as RcS(l-r) where RcS is the "clear day solar radiation" and r is 

the albedo (shortwave reflectivity) as discussed in Section 2.3.1.1. For such a case, the 

energy balance equation can be written as: 

Rcs (1 - r) = Riout - Run + LeE + H + G (6.3.1) 

where R ^ is the incoming longwave radiation, Riout is the outgoing longwave radiation, 

Le is the latent heat of vaporisation, E is the rate of evaporation, H is the flux of sensible 

heat into the atmosphere and G the flux of heat conducted into the water or soil body. 

Generally, the solar radiation received by the surface, RcS(l-r), is consumed as the 

energy flux terms in the right-hand side of Eq. (6.3.1). If the energy Rcs(l-r) is 

assumed to be used for evaporation (LeE) only, the evaporation rate calculated from this 

assumption will give an upper bound value for the evaporation rate. Thus, an upper 

bound value of E can be given as: 

E = RcS(l-r)/Lc (6.3.2) 

This may not be true for a wet surface which is surrounded by hot, dry surfaces (e.g. a 

tailings dam surface in a semi-arid or arid environment). For such a case, the high 

evaporation rate reduces the surface temperature of the tailings considerably. This can 

result in the sensible heat (H) being directed towards the tailings surface. Thus, the 

sensible heat can be a source of energy for evaporation (sensible heat advection). 

However, surfaces covered with salt crusts have low evaporation rates as shown in 

Chapters 3 and 4. Therefore, the surface temperature is generally higher and this reduces 

the chance of sensible heat advection. 

The validity of the "upper bound evaporation rates" concept may be confirmed by 

comparing the Class A pan evaporation rates with the upper bound evaporation rates 

given by Eq. (6.3.2) with r = 0. The clear day solar radiation R ^ as a function of latitude 

and time of the year can be obtained from Table 2.6 in Burman and Pochop (1994), 
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originally from Budyko (1963). The table gives the Rcs values for various latitudes in 

10° increments. The RcS value for any intermediate latitude was linearly interpolated for 

the following calculation. 

Figs 6.3.1 to 6.3.4 show the comparison of the Class A pan evaporation rates (with bird 

guard) and the upper bound evaporation rates calculated using Eq. (6.3.2) for four sites 

in Western Australia. The albedo value (r) was assumed to be 0, and the Le value was 

assumed to be 2.4 MJ/kg. The sites were chosen to give a wide range of dryness. These 

are Granny Smith Mine (latitude: -29°), Yoganup North Mine (-33.5°), Three Rivers (-

25°) and Moora (-30°) and the locations are shown in Fig. 1.4.1. The annual Class A 

pan evaporation rate of Three Rivers (4.1 m/yr) is the highest in W A , with the other rates 

being 3.3 m/yr for the Granny Smith Mine, 2.5 m/yr for Moora, and 1.4 m/yr for 

Yoganup North Mine. 

The results (Figs 6.3.1 to 6.3.4) show that the calculated evaporation rates give a 

reasonable upper bound to the measured values. However, the Class A pan evaporation 

rates at Three Rivers slightly exceeded the calculated upper bound evaporation rates (Fig. 

6.3.3). Sensible heat advection can be one of the reasons of this. For the wet area 

(Yoganup North Mine) in the wet season (generally the winter months), the calculated 

upper bound evaporation rates were much higher than the Class A pan evaporation rates. 

The "upper bound evaporation" concept given by Eq. (6.3.2) can be extended to salt-

encrusted surfaces as well. Since the shortwave reflectivity or albedo (r) value for salt-

encrusted surfaces is generally high, an appropriate value of r has to be chosen for the 

calculation. As mentioned earlier, due to the higher temperature of the salt-encrusted 

surface, sensible heat advection is not likely to be large, in particular during the day

time. Therefore, the evaporation rates calculated using Eq. (6.3.2) should give a useful 

upper bound to the evaporation rates for the actual upper bound evaporation rates for 

salt-encrusted surfaces. 

This method of calculating an upper bound evaporation rate was used for the following 

cases: 

(1) The laboratory drying tests described in Chapter 4. 
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(2) The saline tailings dam at Granny Smith Mine (latitude: -29°) (Section 5.3). 

(3) The "Playa" surface of Great Salt Lake West Desert (latitude: 40°), U S A (Malek et 

al, 1990). The Playa was a flat often salt-covered area with high groundwater table. 

More detailed information on the site is presented in Section 6.3.2.2. 

(4) The soil surface of Kesterson Reservoir (latitude: 37°), California (Zawislanski et 

al, 1992), as detailed in Section 5.3.4. 

Fig. 6.3.5 shows the calculated upper bound values compared with the evaporation rates 

of slurry-2 and 3 (Chapter 4) measured using a micro-lysimeter. Note that the 

evaporation rates of slurry-2 are the values after the completion of self-weight 

consolidation. During the test period, the radiation received at the surfaces was 405 

W / m 2 (35 MJ/m2/day). If all of this energy was used for evaporation, this would 

produce an evaporation rate of 14.6 mm/day assuming a value of 2.4 MJ/kg for Le. 

However, some of the energy is reflected due to surface albedo. A s shown in Fig. 

4.5.8, the albedo (r) values for the salt crusts formed on slurry-2 and 3 during the test 

period ranged between 0.45 and 0.75. Substituting these values into Eq. (6.3.2), upper 

bound evaporation rates of 8 and 3.65 mm/day were calculated. As shown in Fig. 6.3.5, 

the evaporation rates calculated using Eq. (6.3.2) appear to give a reasonable upper 

bound to the measured evaporation rates. The further reduction of the actual evaporation 

rates is due to all of the other factors that determine evaporation. 

In a similar way, the upper bound values for the evaporation rates for the salt-encrusted 

surfaces at Granny Smith Mine, Great Salt Lake West Desert and Kesterson Reservoir 

were calculated. As mentioned earlier, the clear day solar radiation RcS was obtained 

from Table 2.6 in Burman and Pochop (1994), originally from Budyko (1963). High 

and low values of albedo (0.75 and 0.45) were used in the calculation. These correspond 

to the range of values obtained from the laboratory tests (Fig. 4.5.8). Figs 6.3.6, 6.3.7 

and 6.3.8 shows the upper bound evaporation rates calculated using Eq. (6.3.2) with 

these albedo values compared with the measured rates. The results show that the 

calculated upper bound values are consistently higher than the measured rates. This 

indicates that the upper bound evaporation concept is also applicable for the salt-

encrusted surfaces. The wide range in the high and low albedo values used (0.75 and 
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0.45) resulted in a wide range of predicted evaporation rates. However, further field 

measurements of the albedo values for salt-encrusted surfaces may allow this range to be 

narrowed, leading to a better prediction of upper bound evaporation. 

From these examples, it is clear that a first-order estimate of evaporation rate from a 

salt-encrusted surface can be obtained by taking the net clear day solar radiation (i.e. 

Rcs(l-r)) and assuming that this is totally used for evaporation. However, the estimate is 

likely to be too high for the most cases, since other factors affecting evaporation are not 

taken into account. 

6.3.2 Effect of low vapour density and salt crust resistance 

In the previous section, it was shown that high albedo (shortwave reflectivity) 

considerably reduces the energy received by the surface. This significantly reduces the 

evaporation rate. However, the evaporation rates decrease further because of the low 

vapour density of saline water and the salt crust resistance to moisture transfer. This 

section examines the effect of these factors using Dalton's equation. 

6.3.2.1 Parametric study 

Evaporation from three different surfaces - fresh water, saturated saline water, and a 

salt-encrusted tailings surface - is calculated using Dalton's equation. Consider the three 

surfaces under similar meteorological conditions, as shown in Fig. 6.3.9. The wind 

profiles over the three surfaces are the same, and hence, the air resistances to vapour 

transfer (ra) over the three surfaces are considered to be similar. Although the air 

resistance largely depends on the wind speed profile, it also depends on atmospheric 

stability, size of the water or soil-water body, vapour density profile, the elevation at 

which pva are measured, etc. These effects on the ra values are assumed to be small for 

this parametric study. The approximate relationship between the mean (time average) 

wind speed (u) and the air resistance (ra) was presented in Section 2.3.1.2 (Fig. 2.3.3). 

For each surface, the evaporation rate can be represented by the following equations. For 

the fresh water surface, the evaporation rate (Efw) is written as: 
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E{y/ = Pvsat(Tfs)-Pva (6 3 3) 

ra 

where Tfs is the fresh water surface temperature, pVsat(^ fs) is the saturation vapour 

density at temperature Tfs, and pva is the vapour density of the air above the surface. 

For the saturated saline water surface, the evaporation rate (Esw) is written as: 

n - P^at (Tss>Ss) ~Pyg t, n .. 
L s w (6.3.4) 

ra 

where Tss is the saline water surface temperature, Ss is the saturation concentration of 

saline water for this case, and Pv«tf(Tss,Ss) is the equilibrium vapour density. If a fresh 

water body and a saline water body are exposed to the same meteorological conditions, 

less energy will escape as latent heat from the saline body since the vapour density is 

lower over the surface. Therefore, the temperature of the saline water surface (Tss) will 

be higher than that of the fresh water surface (TfS). The potential evaporation rate for the 

saline water body is identical to the Efw value according to the definition of the potential 

evaporation rate given in Section 2.3.2.1. The relative evaporation rate EsW/Efw can be 

calculated as: 

Esw _ Pvsat\Iss»Ss)~Pva ,, ~ c\ 

Efw Pvsat (Tfs)_ Pva 

Thus, the relative evaporation rate Esw/Efw is independent of the value ra. Note that Eq. 

(6.3.5) is valid when the similarity of ra values for the fresh and saline water surfaces 

holds. A s mentioned earlier, the air resistance ra depends largely on the wind profile. But 

the atmospheric stability, the size of the water or soil-water body, vapour density 

profile, etc also affect the ra values. Therefore, in reality, the ra values for the fresh and 

saline-water surfaces may be slightly different 

For the salt-encrusted surface, the evaporation rate (Ec) is written as: 

p _ Pvsat (Tss >Ss,Mjwj Pyg ,s o ̂ N 

ra + rc 
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where Ss is the saturation concentration, which should be appropriate for the salt-

encrusted surface, usw is the total pore water pressure at the surface and rc is the salt 

crust resistance. If a fresh water body and a salt-encrusted tailings are exposed to the 

same meteorological conditions, the surface temperature of the salt-encrusted tailings 

(Tss) would be higher since the evaporation rate is very low. The potential evaporation 

rate for the salt-encrusted surface is identical to the Ef* value according to the definition 

of the potential evaporation rate given in Section 2.3.2.1. The relative evaporation rate 

Ec/Efw can be calculated as: 

Ec _ Pysat (Tss >SS>MMV)~ Pyg ra 

Efw Pvsat (Tfs) - Pva ra + rc 

The dependence of pVSat on u^ may be ignored since the surface soil below a salt crust 

is generally wet (saturated) and the value of matric suction at the soil surface is small. 

Note that the saturation vapour density for saturated NaCl solution is used for 

Pvsat( 1 ss»Ss). 

Using these equations, the effects of (1) the low vapour density of a saturated saline 

solution and (2) salt crust resistance are examined. Firstly, using Eqs (6.3.3), (6.3.4) 

and (6.3.5), the effect of the low vapour density of a saturated saline solution is 

examined. 

Effect of low vapour density 

By setting ra = 50, 100 and 200 s/m, and surface temperatures Tfs = 25 and 35 °C, the 

rates of evaporation for various pva values from fresh water and saturated saline water 

surfaces were calculated. Fig. 6.3.10 shows the evaporation rates from fresh water with 

a surface temperature of 25 °C and saturated saline water with temperatures Tss = Tfs, 

Tfs+2 and Tfs+4 °C for three ra values (50, 100 and 200 s/m). Generally, temperatures 

for saline water surfaces is higher than those for fresh water surfaces since less latent 

heat escapes from the saline water surface. The temperature difference of 0 to 4 °C 

between the fresh water surface and the saturated saline water surface m a y be realistic 
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(e.g. Salhotra et al, 1985). Fig. 6.3.11 shows similar results for the case of Tfs = 35 

°C. 

As shown in these Figures, the curves for E s w are all parallel to the curves for Efw. As 

the value of Tss increases, the E s w curves get closer to the EfW curves. In effect, the 

tendency for a reduction in evaporation due to the water salinity is counteracted by the 

resulting rise in temperature of the saline water. 

Fig. 6.3.12 and 6.3.13 show the relative evaporation rates calculated using Eq. (6.3.5). 

These indicate that relative evaporation rates are a function not only of the salinity, but 

also of the surface temperature and the air humidity (air vapour density). The reduction 

of evaporation rates due to low vapour density is moderate at low humidity, but is much 

more significant at high humidity. 

Effect of salt crust resistance 

In a similar way to the examination of the effect of the low vapour density, the effect of 

the salt crust resistance of a saline tailings surface is examined. B y substituting ra = 50, 

100 and 200 s/m, and surface temperatures Tfs = 25 and 35 °C in Eqs (6.3.3) and 

(6.3.6), the rates of evaporation for various pva values from the fresh water and salt-

encrusted surfaces were calculated. Salt crust resistance (rc) values of 400 s/m and 1500 

s/m were used. These were typical for the salt crusts formed on slurry-3 (low salinity: 

20 g/1) and slurry-2 (high salinity: 166 g/1) (see Fig. 4.5.18 for the rc values). The 

surface temperatures of the salt-encrusted surface were set as Tss = TfS+3, TfS+6 and 

Tfs+9 for rc = 400 s/m, and Tss = Tfs+5, Tfs+10 and Tfs+15 for rc = 1500 s/m. 

This temperature range is considered to be reasonable. For example, the daily surface 

temperatures of the fresh water, slurry-2 (high salinity) and slurry-3 (low salinity) 

measured during the drying tests (Chapter 4) are shown in Fig. 6.3.14. The 

temperatures for slurry-2 and slurry-3 were the values after the "thickness" of the salt 

crusts grew above 0.05 g/cm2. All surface temperatures were measured when the lamps 

were operating. The surface temperatures of slurry-2 (high salinity) and slurry-3 (low 

salinity) are approximately 5 to 15 °C and 2 to 8 °C higher than that of the fresh water, 

respectively. Thus, the temperature ranges for Tss given above are considered to be 
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reasonable values. It has to be noted that although the high albedo reduces the energy 

received by the salt-encrusted surface considerably, the temperatures of the salt-

encrusted surfaces are considerably higher than those of the fresh water surfaces, mainly 

due to the different latent heat flux for these surfaces. 

The evaporation rates and relative evaporation rates for each case were calculated and 

plotted on Figs 6.3.15 to 6.3.22. Table 6.3.1 summarises the variables used. 

Table 6.3.1 Parametric studies on the effect of salt crust resistance. 

rc (s/m) 

Tfs (°C) 

ra (s/m) 

Eg and Efw 

Ec/Efw 

400 (low salinity) 

25 

50, 100, 200 

Fig. 6.3.15 

Fig. 6.3.19 

35 

50, 100, 200 

Fig. 6.3.16 

Fig. 6.3.20 

1500 (high salinity) 

25 

50, 100, 200 

Fig. 6.3.17 

Fig. 6.3.21 

35 

50, 100, 200 

Fig. 6.3.18 

Fig. 6.3.22 

As shown in Figs 6.3.15 to 6.3.18, the evaporation rates from the salt-encrusted surface 

calculated using rc = 400 s/m and 1500 s/m are very low. For rc = 400 s/m, the 

evaporation rates vary slightly with the air resistance values. The evaporation rates for 

Tfs = 25 and 35 °C are below about 6 and 9 mm/day respectively. For rc = 1500 s/m, the 

evaporation rates do not vary much with the change in the air resistance value. The 

evaporation rates are below about 2 mm/day for Tfs = 25 °C and 4 mm/day for Tfs =35 

°C. 

The calculated relative evaporation rates (Figs 6.3.19 to 6.3.22) show that the 

evaporation rates from the salt-encrusted surfaces are very low compared to that from 

the fresh water surface. The relative evaporation rates for low salinity case ranged from 

about 0.1 to 0.5 when air vapour density is less than about 0.015 kg/m3 for Tfs = 25 °C 

case and less than about 0.025 kg/m3 for Tfs =35 °C case (Figs 6.3.19 and 6.3.20). For 

high salinity case, the relative evaporation rates were much lower and ranged from about 

0.03 to 0.3 for similar ranges of the air vapour density values (Figs 6.3.21 and 6.3.22). 

The above discussion on the relative evaporation rates ignores the results for higher 

ranges of air vapour density. This is due to the following reasons. 
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A s the air vapour density (humidity) increases, the evaporation rates from the fresh

water surface become closer to that from the salt-encrusted surface, with higher 

temperatures (Figs 6.3.15 to 6.3.18). This leads to an increase in the relative evaporation 

rates as the air vapour density increases (Figs 6.3.19 to 6.3.22). However, in reality, as 

the difference in evaporation rates from the fresh-water and salt-encrusted surfaces 

becomes smaller, the difference in the surface temperatures of these bodies also 

decreases. Since the parametric study assumes the constant temperature differences 

between these bodies, a rapid increase in relative evaporation rates at high air vapour 

density is seen in Figs 6.3.19 to 6.3.22. However, this does not happen in reality. Note 

also that at high vapour density, the fresh-water evaporation reduces very rapidly, so 

that high relative rates still mean very low evaporation rates from the salt-encrusted 

surfaces. 

Thus, the results of the parametric study confirm the significant effect of the salt crust 

resistance on evaporation reduction. 

6.3.2.2 Comparison with measured data 

In this section, the relative evaporation rates for the salt-encrusted surfaces measured in 

the laboratory and field by the author and other researchers are summarised and 

compared with the results of the parametric study. This provides confirmation of the 

effect of the low vapour density of saline water and the salt crust resistance to moisture 

transfer. 

Low salinity case 

The relative evaporation rates for tailings with low salinity levels (10-52 g/1) are 

summarised in Fig. 6.3.23. This Figure shows the relative evaporation rates for saline 

slurries obtained during the laboratory tests presented in Chapters 3 and 4. The measured 

evaporation rates are divided by fresh-water evaporation rates obtained under identical 

drying conditions. The relative evaporation rates were initially high, since the salt crust 

was very thin, but the rate gradually decreased below 0.4 for all cases. Once the salt 

crust was developed, the removal of the crust did not raise the evaporation rates much 



Analysis of Test Results 161 

(Fig. 6.3.23 (a)). The increase in the relative evaporation rates after 40 days of drying of 

drum-16 (Fig. 6.3.23 (b)) was probably due to the extra evaporation from the crack that 

formed between the drum wall and the soil at that stage. 

The field lysimeter data from the salt-encrusted surface at the Granny Smith Mine 

(Section 5.3) are shown in Fig. 6.3.23 (c). The measured evaporation rates were divided 

by the Class A pan evaporation rates. The relative evaporation rates ranged between 0.2 

and 0.3, and were very similar to those in the laboratory tests (Figs 6.3.23 (a) and (b)). 

These measured relative evaporation rates are in good agreement with the relative 

evaporation rates obtained from the parametric studies with a salt crust resistance of 400 

s/m (Figs. 6.3.19 and 6.3.20). 

High salinity case 

The relative evaporation rates for high salinity materials (107-230 g/1) during the 

laboratory drying tests (Chapters 3 and 4) are summarised in Fig. 6.3.24. The measured 

evaporation rates are divided by fresh-water evaporation rates obtained under identical 

drying conditions. For slurry-2, only the results after completion of self-weight 

consolidation are shown (Fig. 6.3.24 (b)). For all samples, the relative evaporation rates 

quickly decreased below 0.2 after drying was started. Removal of the crust had a very 

small effect on the evaporation rate (Fig. 6.3.24 (b)). 

The field lysimeter data from the saline tailings surface at the Kaltails Mine in W A are 

shown in Fig. 5.3.12 (Newson, 1996). A brief description of the site was given in 

Section 5.3.4. The tailings surfaces at locations Kl, K 2 and K 3 were covered with salt 

crusts, the surface at location K 4 was not covered with salt crust and the surface at 

location K 5 was covered with ponded saline water. The relative evaporation rates 

(Esoiiiys/Efwiys) given by the soil evaporation rates divided by fresh water lysimeter 

evaporation rates were shown in the lower part Fig. 5.3.12. This shows that the relative 

evaporation rates for the salt-encrusted surface ranged between 0.1 and 0.3. 



Analysis of Test Results 162 

These measured relative evaporation rates also showed good agreement with those 

obtained from the parametric studies with a salt crust resistance of 1500 s/m (Figs. 

6.3.21 and 6.3.22). 

Other cases 

The field evaporation measurements carried out by other researchers (Malek et al., 1990; 

Zawislanski et al, 1992) are summarised in Figs 6.3.25 and 6.3.26. The salinities of the 

soil water were not given for these tests. 

Fig. 6.3.25 (a) and (b) show the relative evaporation rates obtained using the Bowen 

ratio method at Great Salt Lake West Desert in the U S A by Malek et al. (1990). The 

measurements were made at two locations. The first ("Playa") was a flat often salt-

covered area and the groundwater was saline, while the second ("Ranch") had no salt 

crust and the groundwater was fresh. They stated that the salt crust of the Playa reaches 

3 m m thickness in late summer, but can be dissolved by heavy rain and is usually non

existence during the winter months. The water table depth at the Playa ranges from 30 to 

50 m m of surface water to 300 m m below the surface. 

The actual evaporation rates were divided by the potential evaporation rates, calculated 

using a Penman type equation, to obtain relative evaporation rates. The relative 

evaporation rates at the Playa are generally below 0.3 and much lower than those at the 

Ranch. The occasional high relative evaporation rates at the Playa are probably due to 

rainfall. According to Malek et al. (1990), after rainfall, sometimes water covers the 

surface. Under such conditions, the relative evaporation rates could be higher. 

Fig. 6.3.26 shows the rate of evaporation measured by Zawislanski et al. (1992) at 

Kesterson Reservoir in California, U.S.A, using the micro-lysimeter technique. They 

state that the salt crust with organic matter sometimes grows up to 20 m m thick. The 

depths to the water table at plot 8EP and 9 B E were 1.5-2.5 m and 0.3-1.5 m. More 

detailed information on the site is presented in Section 5.3.4. The measured evaporation 

rates were divided by pan evaporation rates to obtain relative evaporation rates. The 

relative evaporation rates were below 0.2. Most of the data ranged between 0.05 and 

0.1. 
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Thus, the relative evaporation rates from these salt-encrusted surfaces also showed 

similar rates to those obtained from the parametric studies in the previous section (Figs. 

6.3.19, 6.3.20, 6.3.21 and 6.3.22). 

Overall, the relative evaporation rates obtained from the laboratory and field tests showed 

good agreement with those obtained from the parametric studies. Although the 

parametric studies assume ideal conditions - such as the similarity of the air resistance 

(ra) values, the constant salt crust resistance (rc) values, etc - the agreement between the 

measured and calculated values was good. This provides confirmation of the effect of the 

low vapour density of saline water and the salt crust resistance to moisture transfer on 

evaporation reduction. Furthermore, this indicates that the relative evaporation rates 

obtained from the parametric studies appear to give a good approximation of the field 

values. The field evaporation rates from salt-encrusted surfaces can be roughly estimated 

by taking the potential evaporation rates (or other indices such as the Class A pan 

evaporation rates) of the site, factored by the calculated relative evaporation rates. 

The evaporation rates calculated using Dalton's equation varies in fairly wide ranges. 

However, further understanding of the effects of the salt crust may allow this range to be 

narrowed, leading to a better prediction of the evaporation rates. 

Field data accumulation, further investigation on the effect of the salt crust, and 

theoretical studies are necessary to increase the validity of such an estimation method. 

6.4 SUMMARY 

This analysis of the test results has given some useful indications of how the evaporation 

rates from fresh and saline-water tailings might be estimated. The findings are 

summarised as follows. 

Fresh water tailings 

The evaporation rates from intact horizontal surfaces of the fresh-water tailings observed 

in the laboratory and field showed two drying stages, the non-limiting stage and the 

soil-limiting stage. During the non-limiting stage, the actual evaporation rates are equal 
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to the potential evaporation rates. These two stages of evaporation were successfully 

modelled using MinTaCo by applying an upper limit to the soil suction value. Based on 

these results, two methods of estimating the evaporation rates from the fresh-water 

tailings surfaces were suggested. 

(1) The first method gives a lower bound evaporation rate from fresh-water tailings. 

This assumes that the evaporation rate from a unit plan area of shrinkage cracks is equal 

to that from a unit area of the intact horizontal surface. In effect, the surface is assumed 

to be uncracked. The lower bound evaporation rate can be calculated using MinTaCo 

with realistic material parameters and potential evaporation rates. The lower bound 

evaporation rate may be a good approximation for the actual evaporation rate from the 

fresh-water tailings surface, in particular, when the tailings are of low plasticity. 

(2) The second method m a y give a closer approximation of the evaporation rates from 

cracked fresh-water tailings. This assumes that the evaporation rate from a unit plan area 

of shrinkage cracks is equal to the potential evaporation rate. In this case, the output 

from M i n T a C o applies only to the intact surface area. The evaporation rate is 

subsequently corrected to account for cracking using the procedure outlined in this 

Chapter. The void ratio for the material at crack initiation is an extra parameter for the 

calculation. 

The evaporation rates calculated using both methods showed good agreement with the 

rates measured at the Yoganup North Mine tailings pond. 

Saline water tailings 

Based on the energy balance concept, Dalton's equation, and the laboratory and field test 

results, two methods of estimating the evaporation rates from the salt-encrusted tailings 

surface are suggested. 

(1) The first method uses the energy balance concept The upper bound evaporation rates 

for salt-encrusted surfaces were obtained by assuming that net clear day solar radiation 

received by a salt-encrusted tailings surface is used totally for evaporation. The net clear 

day solar radiation was calculated using the measured shortwave reflectivity (0.45-0.75) 
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during the laboratory tests. For most cases, the calculated upper values were much larger 

than the measured evaporation rates. This confirmed that the upper bound value can be a 

first-order estimate of evaporation rate from the salt-encrusted surface. 

(2) The second method uses Dalton's equation. B y substituting the salt crust resistance 

values obtained from the laboratory tests, the relative evaporation rates were calculated 

using Dalton's equation. Despite the crudeness of the derivation, the calculated values 

showed good agreement with the relative evaporation rates measured in the laboratory 

and in the field. This indicated that the relative evaporation rates obtained using Dalton's 

equation can be used for the estimation of the actual evaporation rates. The actual 

evaporation rates from the salt-encrusted surface can be obtained by multiplying the 

potential evaporation rates (or other indices such as the Class A pan evaporation rates) by 

the relative evaporation rates. 
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7 CONCLUSIONS 

The objective of the research described in this thesis was to develop an understanding of 

tailings evaporation behaviour and to establish theoretical or empirical bases for 

estimation of evaporation from tailings. This enhances the ability to predict the 

consolidation and desiccation behaviour of a tailings deposit especially in arid areas, 

such as found in Western Australia ( W A ) . The prediction of tailings behaviour is 

invaluable to disposal management because this allows various disposal strategies to be 

assessed. 

Evaporation from a tailings surface is affected by a number of factors. These factors are 

salinity, hydraulic and deformation properties of the tailings, and climatic conditions. 

Saline tailings are very c o m m o n in the W A goldfields due to the use of saline 

groundwater for ore processing. Accumulation of salt and formation of a salt crust on the 

tailings surface m a y reduce the evaporation rates from the tailings. Clayey tailings often 

develop shrinkage cracks, and these may increase the evaporation rates from the tailings. 

The effect of such factors must be considered in predicting the behaviour of evaporation 

from the tailings correctly. 

In Chapter 2, the effects of these factors on evaporation from a soil were examined 

through the literature, and the research topics were identified. The research topics 

discussed in this thesis were the effects on evaporation from tailings of: 

(1) salinity, particularly the effect of shortwave reflectivity (albedo) and resistance to 

moisture transfer of a salt crust, 

(2) hydraulic and deformation properties of the tailings, particularly shrinkage cracks, 

and 

(3) climatic conditions. 

In the process of the review, three basic concepts for description of evaporation from 

water and soil bodies - surface energy balance equation, Dalton's equation and Darcy's 

law - were explained. Most of the experimental methods, interpretation of test results 

and proposed evaporation estimation methods were based on these concepts. Also, 
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important parameters such as potential evaporation rate (Ep), soil surface resistance (rs) 

and salt crust resistance (rc) were defined in Chapter 2. 

Laboratory and field tests were undertaken to investigate the research topics identified in 

the review. A numerical model (MinTaCo), which incorporates large-strain 

consolidation theory, was also used for the interpretation of test results. 

The conclusions obtained for each topic are summarised below. 

7.1 EFFECT OF SALINITY ON EVAPORATION 

The effect of salinity on tailings evaporation was investigated in the laboratory and field 

tests (Chapter 3 and 4, and Section 5.3). In Section 6.3, these test results were used to 

derive two methods of estimating the evaporation rates from salt-encrusted tailings, 

which are based on the energy balance concept and Dalton's equation. The test results 

and the derivation of the estimation methods are summarised chronologically below. 

In the first series of laboratory experiment (Chapter 3), in which two types of slurries 

with different clay contents were used, the effect of salinity on evaporation behaviour of 

tailings was observed. Under high evaporative conditions similar to those in summer in 

the goldfields in W A , all samples mixed with sodium chloride solutions (52, 107, 166 

and 230 g/1) rapidly formed salt crusts on the surface. After the formation of the salt 

crusts, the actual evaporation rates were less than 20 % of the fresh water evaporation 

rates even when the initial salinity was moderate (52 g/1). The evaporation rates from the 

slurries with salinity levels more than 107 g/1 were approximately 10 % of the fresh 

water evaporation rates. Thus, this preliminary series of experiments confirmed that 

salinity could have a significant effect on tailings evaporation rate. This provided the 

impetus to extend the investigation using more detailed laboratory and field experiments. 

In the second series of drying experiment (Chapter 4), three factors contributing to the 

evaporation reduction from a salt-encrusted surface - shortwave reflectivity (albedo) of 

the salt-encrusted surface, low saturation vapour density for a saline solution and 

resistance of a salt crust to moisture transfer - were monitored during the drying process 
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of saline slurries (sodium chloride concentrations of 20 and 166 g/1). In particular, the 

effects of albedo and salt crust resistance were examined. 

The shortwave reflectivity (albedo) of the salt crust varied from 0.3 to 0.75 depending 

on water content. The reflectivity increased with decrease in the salt crust water content 

Since the water content of the salt crust can be dramatically reduced with development of 

even a small suction at the slurry surface, high shortwave reflectivity can be expected 

even when the soil beneath the salt crust is relatively wet. The high shortwave reflectivity 

of a dry salt crust significantly reduces the shortwave radiation energy received by the 

soil surface, and hence this must lead to a reduction in evaporation from a salt-encrusted 

surface. 

The salt crust showed high resistance to moisture transfer. The resistance values of the 

salt crust for the high salinity slurry (166 g/1) reached more than 1000 s/m, and up to 

3500 s/m after completion of self-weight consolidation. Even the salt crust for the low 

salinity slurry (20 g/1) showed resistance values up to 500 s/m. These levels of 

resistances can significantly reduce evaporation from a salt-encrusted surface. 

Furthermore, strong correlations were observed between the salt crust resistance and the 

vapour density difference ( V D D ) value regardless of thickness and water content of the 

salt crust. The relationships may suggest that as evaporation demand (i.e. V D D value) 

becomes higher, salt crust resistance value increases, and hence this keeps evaporation 

from a salt-encrusted surface low. 

Field measurements of evaporation from a saline tailings surface were also carried out 

(Section 5.3). Evaporation rates from the salt-encrusted surface of the Granny Smith 

Mine tailings dam were measured using the micro-lysimeter technique. Although salinity 

level was low (10 g/1), the dramatic effect of the salt crust in reducing evaporation rates 

was observed. The evaporation rates from a salt-encrusted surface were much lower 

than from an area where the crust had been removed, and ranged from about 20 to 30 % 

of Class A pan evaporation rates. 

Thus, these test results confirmed the significant effects of the salt crust in reducing 

evaporation from a salt-encrusted surface. Based on these test results and theories of 
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evaporation, the energy balance concept and Dalton's equation, two methods of 

estimating the evaporation rates from the salt-encrusted tailings surface were suggested 

in Section 6.3. 

The first method uses the energy balance concept The upper bound evaporation rates for 

the salt-encrusted surface were obtained by assuming that net clear day solar radiation 

received by the salt-encrusted tailings surface is totally used for evaporation. The net 

clear day solar radiation was calculated using the range of shortwave reflectivity values 

measured in the laboratory tests. For most cases, the evaporation rates calculated using 

this range of albedo values were much greater than the measured evaporation rates. This 

confirmed that this approach gives an upper bound value that can be a first-order 

estimate of evaporation rate from the salt-encrusted surface. 

The second method uses Dalton's equation. B y substituting the salt crust resistance 

values obtained from the laboratory tests, the relative evaporation rates (evaporation rates 

from the salt-encrusted surface divided by evaporation rates from fresh water under 

similar meteorological conditions) were calculated using Dalton's equation. Resistance 

values of 400 and 1500 s/m were assumed for the low salinity case (about 10 to 60 g/1) 

and for the high salinity case (about 100 to 230 g/1) respectively. Despite the crudeness 

of the derivation, the calculated values showed good agreement with the relative 

evaporation rates measured at several locations. This indicated that the relative 

evaporation rates obtained using Dalton's equation can be used for the estimation of the 

actual evaporation rates. The actual evaporation rates from the salt-encrusted surface can 

be obtained by multiplying the potential evaporation rates (as estimated by Class A pan 

measurements for example) by the relative evaporation rates. 

7.2 EFFECT OF HYDRAULIC AND DEFORMATION PROPERTIES 
OF TAILINGS ON EVAPORATION 

The effect of hydraulic and deformation properties of tailings on evaporation was 

examined based on the laboratory drying test results for a non-saline slurry (Chapter 4) 

and the field observation results obtained at the Yoganup North Mine tailings ponds 

(Section 5.2). In Section 6.3, these test results were re-examined, and modelling of the 
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evaporation behaviour was attempted using MinTaCo. This led to the proposition of two 

methods of estimating the evaporation rates from the fresh-water tailings. The test 

results and the derivation of the estimation methods are summarised below. 

The study of the effect of deformation properties (shrinkage cracks) of tailings on 

evaporation behaviour of fresh-water tailings was carried out at the Yoganup North 

Mine tailings ponds (Section 5.2). The tailings, which had a very high clay content, 

developed significant shrinkage cracks during the observation period. Evaporation rates 

from (1) the entire surface, (2) the intact horizontal surface, and (3) the vertical surfaces 

of cracks were determined by using the micro-lysimeter technique and the Bowen ratio 

method, and by measuring the volume loss of the tailings through the test period. 

Due to the development of shrinkage cracks, the intact horizontal surface area gradually 

decreased and eventually (at the shrinkage limit) reached 60 % of the original crack-free 

surface area. On the other hand, the vertical crack surface area gradually increased. The 

total exposed surface area became as large as 4 times the original crack-free surface area. 

The evaporation rates from a unit plan area of crack opening were consistently larger 

than the Class A pan evaporation rates and much larger than those from the intact 

horizontal surface. It was estimated that more than about 80 % of the total evaporation 

occurred from cracks after the horizontal surface of the tailings became very dry. Thus, 

shrinkage cracks significantly contributed to water loss from the tailings surface at the 

Yoganup North Mine tailings pond. 

Re-examination of the test results from the field (Section 5.2) and laboratory (Chapter 3) 

showed that evaporation from intact horizontal surfaces of the fresh-water tailings has 

two stages, the non-limiting stage and the soil-limiting stage. Furthermore, these two 

stages of evaporation were successfully modelled using a one-dimensional large strain 

consolidation model (MinTaCo) by imposing an upper limit to the soil suction value. 

This suggested that evaporation from the intact horizontal surface is likely to be 

determined by either the potential evaporation rate (the non-limiting stage) or the one-

dimensional hydraulic properties of the tailings (the soil-limiting stage). 
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Based on these results, two semi-empirical methods of estimating the evaporation rates 

from cracked fresh-water tailings surfaces were suggested. 

The first method gives a lower bound evaporation rate from cracked fresh-water tailings. 

This assumes that the evaporation rate from a unit plan area of shrinkage cracks is equal 

to that from a unit area of the intact horizontal surface - in effect assuming an uncracked 

surface. This lower bound evaporation rate can be calculated using MinTaCo with 

realistic material parameters and potential evaporation rates. This lower bound 

evaporation rate is a reasonable approximation for the actual evaporation rate from fresh

water tailings surfaces, in particular, when the tailings are of low plasticity. 

The second method may give a closer approximation of the evaporation rates from 

cracked fresh-water tailings. This assumes that the evaporation rate from a unit plan area 

of shrinkage cracks is equal to the potential evaporation rate. This estimate is also given 

by using MinTaCo with realistic material parameters and potential evaporation rates and 

subsequently correcting for the effects of the cracks. The void ratio at crack initiation for 

the material is an extra parameter for the calculation. 

The evaporation rates calculated using both methods showed good agreement with the 

rates measured at the Yoganup North Mine tailings pond. 

Using the first method, the evaporation behaviour of a hypothetical Yoganup North Mine 

tailings deposit under three different potential evaporation (Ep) conditions (4, 8 and 12 

mm/day) was calculated. The results demonstrated an important contribution of the soil-

limiting stage evaporation to total water loss from the tailings, particularly under high 

evaporative conditions. 

7.3 EFFECT OF CLIMATIC CONDITIONS ON EVAPORATION 

The effect of the climatic conditions can be incorporated into the proposed evaporation 

estimation methods described above. This can be done by obtaining the correct potential 

evaporation rate for a tailings body, since some of the proposed methods requires the 

potential evaporation rate. However, the estimation of the correct potential evaporation 

rate is not easy since it can be affected not only by the climatic conditions bufalso by 
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other factors such as the size of the tailings dam. The Class A pan evaporation rate can 

be used as a first approximation of the potential evaporation rate. However, care must be 

taken, since it may deviate from the actual value. The findings on the effect of climatic 

conditions are summarised below. 

At the Yoganup North Mine tailings ponds, the values of the Class A pan evaporation 

rates and the potential evaporation rates (the tailings evaporation rates measured during 

the non-limiting stage) were similar (Section 5.2). Thus, the pan rates were good 

approximation of the potential rates for this case. However, difference between these 

two values under other climatic conditions could be significant 

The evaporation behaviour of a hypothetical Yoganup North Mine tailings deposit 

(fresh-water tailings) under three different potential evaporation rates was calculated 

using MinTaCo, based on the lower bound method. The results suggested that under 

high potential evaporation rates, the soil-limiting stage dominates the evaporation 

process. Therefore, the evaporation rates from the tailings are mainly determined by the 

soil hydraulic properties alone. For such a case, climatic conditions do not have 

significant effect on evaporation behaviour. Note that the lower bound method may 

underestimate the evaporation rate, since it ignores the true evaporation that occurs from 

shrinkage cracks. 

The salt crust resistance tends to increase with increase in vapour density difference 

(VDD). This keeps the evaporation rates from the salt-encrusted surface low even when 

the evaporation demand is high. Thus, the evaporation rates from salt-encrusted surfaces 

may not be significantly affected by the climatic conditions. 

7.4 RECOMMENDATIONS FOR FUTURE WORK 

The work described in this thesis has provided useful bases for estimating evaporation 

rates from fresh-water and saline-water tailings. However, there are a number of areas 

in which more work can be done to improve the correctness of the estimation methods. 
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Non-uniformity 

In this thesis, evaporation from homogeneous tailings deposits was considered. 

However, such an assumption may be too simplistic for many cases. The spatial non-

uniformity (vertical and horizontal) in the tailings materials may significantly affect the 

tailings evaporation behaviour. 

Another non-uniformity is created by horizontal variations in temperature and humidity 

over the tailings surface. Generally, the evaporation rate from a tailings surface decreases 

with fetch. Thus, the evaporation does not occur uniformly from the entire tailings 

surface even when the tailings material is uniform. 

The effect of these non-uniformities on evaporation needs to be investigated. 

Effect of salinity 

A broad picture of the properties of a salt crust, shortwave reflectivity (albedo) and 

resistance to moisture transfer, was obtained from the work described in this thesis. 

However, the dependence of these parameters, in particular resistance to moisture 

transfer, on variables such as salt crust water content and salt crust thickness were not 

fully explored. Furthermore, the effects of different types of salt, different types of soil, 

and meteorological conditions such as wind speed were not investigated in this study. 

Further work on these areas may improve the modelling of the effects induced by the salt 

crust. This m a y enhance the correctness of the methods of estimating evaporation from 

the salt-encrusted surface. 

One of the methods of estimating evaporation from salt-encrusted surfaces consisted of 

using the relative evaporation rates derived using Dalton's equation. In the derivation, air 

resistances for the fresh-water surface and the salt-encrusted surface under the same 

meteorological conditions were assumed to be identical. However, the air resistance can 

be affected by the air temperature and humidity profiles created over the surface. Since 

these profiles over the two surfaces are obviously different, the similarity between the air 

resistances m a y not hold. For such a case, the effect of difference in the air resistance 
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values for the two surfaces needs to be accounted for in deriving the relative evaporation 

rate. 

Effect of shrinkage cracks 

Two methods were proposed for estimating the evaporation rates from cracked tailings 

surfaces. These are based on the assumptions, (1) the evaporation rate from a unit plan 

area of shrinkage cracks is equal to that from a unit area of the intact horizontal surface 

and (2) the evaporation rate from a unit plan area of shrinkage cracks is equal to the 

potential evaporation rate. These assumptions were derived from the one set of 

experimental data obtained at the Yoganup North Mine tailings pond and do not have 

theoretical bases. These estimation methods should be tested further to confirm their 

validity. 

The combined effect of salinity and shrinkage cracks was not investigated in this thesis. 

Shrinkage cracks may intensify evaporation from salt-encrusted surfaces. Such an effect 

should be considered in estimating evaporation rates from saline tailings of high 

plasticity. 

MinTaCo 

The current version of MinTaCo is a useful tool to predict the behaviour of tailings. 

However, there are some areas that can be improved to enhance the performance of 

MinTaCo. 

Firstly, since the current version of MinTaCo is based on a one-dimensional model, it is 

not able to simulate three-dimensional behaviour such as the development of shrinkage 

cracks. Furthermore, the model does not account for unsaturated soil behaviour. 

Inclusion of these aspects into the MinTaCo program will enhance the performance of 

the program. For example, an improved program will predict the development of 

shrinkage cracks and this may be important information in predicting the evaporation 

rates from the cracked tailings surface. 
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Material parameters such as the hydraulic conductivity and compressibility relationships 

used in MinTaCo were mainly obtained from one-dimensional consolidation tests for 

effective stresses below about 400 kPa. However, the simulation of tailings drying 

behaviour requires the materiel parameters for much higher effective stress ranges, and 

also under conditions of isotropic consolidation. The test methods to obtain these 

parameters need to be established. 

Natural variations in climatic conditions 

The effect of natural variations, in particular daily variations, in climatic conditions on 

evaporation was not discussed in this thesis. The variation of the potential evaporation 

rates within a day can be significant. This indicates that both the non-limiting stage and 

the soil-limiting stage of evaporation may both occur in the same 24 hour period, and 

this will repeat daily. Moreover, condensation of water may occur in early morning. 

These factors may affect evaporation behaviour from the tailings surface. Further study 

may be necessary to investigate these factors. 

7.5 CONCLUDING REMARKS 

The study provides a useful basis for estimating evaporation rates from fresh-water and 

saline-water tailings. The estimated evaporation rates give correct boundary conditions 

for the MinTaCo program for the analysis of tailings behaviour. This will enhance the 

correctness of the prediction of tailings behaviour in a dry environment 
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APPENDIX 1 

Derivation of Eq. (2.3.18) from Eqs. (2.3.15), (2.3.16) and (2.3.17) 

u = ~r^z " d°) ~ kfeo)} (2.3.15) 

u* = V (2.3.16) 

T=KmP^~ 
dz 

(2.3.17) 

Eq. (2.3.15) can be written as 

u* du 

dz k z-do 
(Al.l) 

and 

du u* 
dh\(z - do) k 

(A1.2) 

Substituting Eq. (Al.l) into Eq. (2.3.17), 

*=Kmp u* 
1 

k z-do 
(A1.3) 

Combining Eqs. (2.3.16) and (A1.3), the following equation is obtained as: 

Km = u
2—{z - do) = k2~r(z - do) 
u* £ 

(A1.4) 

Substituting Eq. (A1.2) into Eq. (A1.4), Eq. (2.3.18) is obtained as: 

Km = k2{z-do) 
du 

d]n(z-do) 
(2.3.18) 
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Derivation of Eq. (2.3.20) from Eqs. (2.3.5) and (2.3.13) 

LeE = -LeKv ^ L = -LeKvp^L (2.3.5) 
dz dz 

Efw = Pv^(Ts) Pva ( 2 3 1 3 ) 

ra 

Eq. (2.3.5) is written as: 

z—dz = dpv (A1.5) 
Kv 

Integration of Eq. (A1.5) for z = zs to za is given as: 

Ej|;^fe = PWa,(Ts)-pva (A1.6) 

Combining Eqs. (2.3.13) and (A1.6), the air resistance (ra) is obtained as: 

fZfl 1 , 
ra= -r-dz (2.3.20) 
JZs K* 
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A P P E N D I X 2 

Ambient humidity and vapour density measurement 

A psychrometer was used to measure air humidity and vapour density in the laboratory 

drying tests (Chapter 4). It consists of two ventilated thermometers as illustrated in Fig. 

4.3.16. One of these measures air temperature directly, while the other, covered with a 

wick saturated in distilled water, measures a temperature lowered by an amount 

determined by the evaporative cooling caused by the sample air. At equilibrium, vapour 

pressure of sample air is given by 

Ca — CSat (tw)
 — ""atm V^d — tw/ (A2.1) 

where Td and T w are the dry- and wet-bulb temperatures (°C), Patm is the total pressure 

in the air (Pa), ea is the actual vapour pressure (Pa), and esat is the saturation vapour 

pressure (Pa) at T w . The atmospheric pressure, Patm> and saturation vapour pressure 

(Richards, 1971), esat(Tw), are calculated as follows. 

atm =101300 
288 - 0.01(elevation, m ) 

288 

3.416 

(A2.2) 

esat = 101325 exp (13.3185TR - 1.9760TR* - 0.6445TR3 - 0.1299TR4) (A2.3) 

where TR = 1 - {373.15/(TW + 273.16)} in which Tw is in °C. 

A is the constant of proportionality and is slightly dependent on T w . A, according to 

Harrison (1965), has a value of 

A = 0.000660 (1 + 0.00115TW) (A2.4) 

when the aspiration rate is sufficiently rapid, say, ?>-4 m/s or more. 

The relative humidity is written as follows 

h = 
ea Patm ~ eSat (Td) 

eSat(Td) Patm-ea 

(A2.5) 
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where esat(Td) is the saturation vapour pressure (Pa) at Td. 

The air vapour density (pva) is given as: 

0.622ea 
Pva Rd{Td +273.16)

 ( A Z 6 ) 

where Rd is the specific gas constant (287.04 J/kg K) for dry air and 0.622 is the ratio of 

the molecular weights of water and dry air. 
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APPENDIX 3 

Water vapour pressure and density calculation 

Note that the water vapour pressure and density calculated from the equations presented 

below are valid when pore air pressure ua is equal to the atmospheric pressure. 

Relative humidity, vapour pressure and vapour density 

The water vapour content of the air can be expressed in terms of the mixing ratio, 

defined as the mass of water vapour per unit mass of air, 

m = pv/pd (A3.1) 

where pv is the density of the water vapour (kg/m
3), pa is the density of the air without 

the water vapour (kg/m3). The relative humidity is the ratio of the actual mixing ratio and 

the rnixing ratio in water vapour saturated air at the same temperature and pressure, 

h - m/m* (A3.2) 

According to Dalton's law, the total pressure in a mixture of perfect gases equals the sum 

of the partial pressures, and each of the component gases obeys its own equation of 

state. Thus, the density of the dry air component is 

Pd = 
Patm e 

Rd(T + 273.16) 
(A3.3) 

where Patm is the total pressure in the air (Pa), e is the partial pressure of the water 

vapour (Pa), T is the temperature in °C and Rd is the specific gas constant (287.04 J/kg 

K) for dry air. The atmospheric pressure (Patm) is calculated as follows. 

Patm = 101300 
288-0.01(elevation,m) 

288 

n3.416 

(A3.4) 

Similarly, the density of water vapour is 
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n 0.622e ..... 
P^(T + 273.16)

 (A3-5) 

where 0.622 is the ratio of the molecular weights of water and dry air. 

By substituting the appropriate values of e and T, the vapour density value can be 

determined. For air vapour density (pva), the values of e and T are determined using a 

psychrometer as shown in Appendix 2. Saturation vapour density (pvsat) for fresh water 

is given by substituting the saturation vapour pressure (esat) and a corresponding 

temperature value. The saturation vapour pressure can be calculated by (Richards, 1971) 

esat = 101325 exp (13.3185TR - 1.9760TR
2 - 0.6445TR

3 - 0.1299TR
4) (A3.6) 

where T R = 1 - {373.15/(T + 273.16)}. 

Combining the Eqs (A3.2), (A3.3) and (A3.5), the relative humidity can be written as 

follows 

fe = _e_Patm esat (A3_?) 

esat Patm — e 

Equilibrium vapour density over the soil surface 

The thermodynamic relationship between soil suction (or the free energy of the soil 

water) and the partial pressure of the water vapour can be written as: 

( ~ ̂  

VW0 Wv 

fl(T + 273.16). c 

Vesaty 
(A3.8) 

where yf is the soil suction or total suction (kPa), R is the universal (molar) gas constant 

(8.31432 J/mol K ) , v^o is the specific volume of water (1.002 m3/kg at T = 20 °C), wv 

is the molecular mass of water vapour (i.e. 18.016 kg/kmol), e is the partial pressure of 

pore-water vapour QcPa or Pa), and esat is the saturation pressure of water vapour over a 

flat surface of pure water at the same temperature (kPa or Pa). If a reference temperature 

of 20 °C is selected, the constants in Eq. (A3.8) give a value of 135022 kPa. Eq. (A3.8) 

can be rewritten as: 
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y(kPa) = -135022 In 
r e ̂  

Vesaty 
(A3.9) 

The total suction of pore-water can be written as: 

yf=(ua-uw) + 7t (A3.10) 

where (ua - uw) is the matric suction, ua is the pore-air pressure, uw is the total pore-

water pressure and n is the osmotic suction. The partial pressure of pore-water vapour 

can be written as: 

e = esatexP 
VVivOWv 

fl(T+273.16) 
(A3.11) 

The equilibrium vapour density for the water having the total suction value of yf can be 

calculated by substituting Eq. (A3.11) into Eq. (A3.5). 

Osmotic suction 

The osmotic suction of NaCl solution was calculated from the osmotic coefficient ((/)') 

given by Platford (1979) using the following equation (Lang, 1967). 

7t=vR(T + 273.16) m f (A3.12) 

where tfis the osmotic suction (J/kg or kPa assuming the density of water is 1 g/cm3), v 

is the number of ions from one molecule of salt (v = 2 for sodium chloride), and m is the 

moles of solute per 1000 g solvent. 
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APPENDIX 4 

Correction procedure of heat flux 

If the thermal conductivity of the medium in which a heat flux plate (Middleton CN3 heat 

flux plate) is embedded exceeds 0.5 W/m/°C, the following equation should be applied 

to obtain the correct heat flux through the medium. 

Gmedium = Gsensor (0.76 + 0.58A) (A4.1) 

where X is the thermal conductivity of the medium in W/m/°C. 

According to Farouki (1986), the best method to calculate the thermal conductivity of the 

saturated fine soils is the equation by Johansen (1975), 

Xsat = X^Xnw (A4.2) 

where Xsat is the thermal conductivity of the saturated unfrozen soil (W/m/°C), Xs is the 

effective solids thermal conductivity (W/m/°C), Xw is the thermal conductivity of water 

(W/m/°C) and n is the porosity. To determine Xs, the following geometric mean equation 

is used. 

xs=xf xt
qc) (A4-3) 

where Xq is the thermal conductivity of quartz (7.7 W/m/°C), X0 is the thermal 

conductivity of the other minerals (2.0 W/m/°C) and qc is the quartz content as a fraction 

of the total solids content 

Thermal conductivity of Yoganup North Mine tailings was calculated based on Table 

A4.1. The effective solids thermal conductivity was obtained as 2.289 W/m/°C. 

Substituting this into Eq. (A4.2), thermal conductivity of saturated tailings is given by, 

Aja, = 2.289
(1-n)0.6n (A4.4) 

where n is the porosity. 
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Table A4.1 Thermal conductivity of materials. 

Thermal conductivity (W/m/°C) 

Kaolinite 2.0 

Quartz 7.7 

Goethite 2.0 

Water 0.6 



Figure 1.1.1 Australian gold production (data from A B ARE, 1995). 
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Figure 1.2.1 Groundwater salinity in the Kalgoorlie region 
(Geological Survey of Western Australia, 1995 and 1996). 
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Figure 1.2.2 Impoundment types. 



Discharge point 

Starter embankment 

UPSTREAM MEHTOD 

Discharge point 

\ Starter embankment 

DOWNSTREAM METHOD 

Discharge point 

' Starter embankment 

CENTERLINE M E T H O D 

Figure 1.2.3 Embankment construction methods. 



0 
1 r i r 

w 
vlfL 

Perth t 

500 
i 

Scale (km) 

F:;:;;;:;:;:o:^.;:;:;:-.;'.
;:::f;:

:>:;:x-^x:;x 

1000 ^ 
1 / 

• 

Kalgoorlie 

0 

Figure 1.2.4 The area affected by salinisation induced by human activities 
(data from Australian Surveying and Land Information Group , 1992). 



Saline dust? 

Seal (clay & 
membrane)? 

Embankment 
stability? 

Bearing capacity? 

Surface 
treatment 

Rate of water recovery? 

N. A A ' 
Seepage flow into aquifer 

/ / / 
rwwwmwwmmt^^FwnFiHFiFiFwwmmm'm'm^^m^w^wwv • • • ••••••• I I I I I 

Figure 1.3.1 Geomechanical problems involved in tailings management. 



0 500 

Scale (km) 

1000 

3̂  

Moora 

Bunbury 

Gold-mining region 

Laverton 

Granny Smith Mine 

< ! > 

Kaltails 

Kalgoorlie 

-Yoganup North Mine 

Figure 1.4.1 Contours of annual Class A pan evaporation (m) 
with bird guard for W A (data from Luke et al., 1987). 



gravity 

1 *l i 

time = 0 

a = ao 

a = 0 

_ 

% 

a 

time = t 

a = ao 

a = 0 

Figure 2.2.1 Lagrangian coordinate system. 



Radiation balance 

Sun 

O 
Ra 

^ A t m o s p V Y e r e 
s\S 

Rs(l-r) 

RliT 

Riout 
LeE H 

Latent heat Sensible heat 

flux • flux 

Figure 2.3.1 Energy balance at the tailings surface. 



Unit horizontal surface area 

Atmosphere 

Sun's rays 

(Situation in mid—summer) 

Extraterrestrial radiation, clear day solar radiation and 
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(data from Burman and Pochop, 1994). 
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Figure 2.3.2 Extraterrestrial and clear day solar radiation. 



^sn 
DuKJ 

300 -

250 -

200 -

150 -

100 -

50 -

0 -

1 
I 
t 

- l' 

V. 
\ v ' 

• V'-
\ \x* 
\ \x» 

^^^ '**• * - « 

1 1 

• 
lm height 

2m height 

3m height 

^ 1 

0 2 4 6 8 

Mean wind speed at various heights (m/s) 

10 

Figure 2.3.3 Relationships between mean wind speed at various heights 

and air resistance. 



100 1000 10000 100000 1000000 

Absolute value of negative water pressure (kPa) 

Figure 2.3.4 Effect of water pressure on saturation vapour density. 
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Figure 2.3.8 Effect of salinity on saturation vapour density. 
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Figure 3.4.10 Effect of reduced evaporation on vane shear strength of 

kaolin samples. 
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Figure 4.3.6 Configuration diagram of radiation heat source 
for a fresh water drum. 



1 

0.9 

P 0.8 
'> 

15 0.7 

1 0.6 

Z 0.5 
y 

a 0.4 

| 0-3 -I 

2 0.2 
H 

0.1 

0 

0 

Reflectivity of a reflector 

Transmittance of 
a glass plate 

500 1000 1500 2000 2500 3000 

Wavelength (nm) 

Figure 4.3.7 Optical properties of the glass plate and the reflector mounted 

on the light housing. 

1 

0.9 -

0.8 -

£> 0.7 -

500 1000 1500 2000 

Wavelength (nm) 

2500 3000 

Figure 4.3.8 Spectral distribution of the tungsten halogn lamp with a glass plate. 



1100 mm 

Unit: W/m2 

Figure 4.3.9 (a) Typical intensity distribution at the sample surface 
in the large tank. 

570 mm 

100 mm 

I Unit: W/m2 

Figure 4.3.9 (b) Typical intensity distribution at the sample surface 
in the fresh water drum. 



Incoming radiation 

Angle of incidence 

Sample material 

Directional-hemispherical total reflectivity 

Incoming radiation 

Sample material 

Hemispherical total reflectivity 

Note: when incoming radiation is monochromatic, 
the term "total" is replaced by "spectral". 

Figure 4.3.10 Directional-hemispherical total reflectivity and 
hemispherical total reflectivity. 



1 

I? °-9 
• > 

'"S 0.8 
O) 

£ 0.7 

.§ 0.6 -
u 
o> 

-a 0.5 
1 0.4 
4i 0.3 
03 

| 0.2 
<u 
o> 
.3 0.1 
ft 

0 
0 

Kaolin-silica 
flour mixture 
(w = 0%) w: water content 

• y yr-\ ,r: Salt crust (w = 0%) 

Kaolin-silica 
flour mixture 
(w = 22.3%) 

Salt crust (w = 19.9%) 

500 1000 1500 2000 

Wavelength (nm) 

2500 3000 

Figure 4.3.11 Directional-hemispherical spectral reflectivities of test materials. 



Tank or drum 

Fan 

Front view 

Fan 

Center line 
Wind 

Tank or drum 

1300 m m 
-• 

Side view 

Figure 4.3.12 Position of fans. 



Midnight Noon Dry bulb 

Tanks 

0 10 15 

Time (hrs) 

20 25 

Figure 4.3.13 Temperatures at water surfaces in 3 containers, and dry and wet 

bulb temperatures of the psychrometer when only fans were operated. 

Dry bulb 

0 

Wet bulb 

10 

Time (hrs) 

15 20 

Figure 4.3.14 Temperatures at water surfaces in 3 containers, and dry and wet 

bulb temperatures of the psychrometer when both fans and lamps were operated. 



I Psychrometer 

Pyranometer ^-^k 

540 

3 50 50 175 

en v 
J 300 
CH -t 

Tank 

1100 

o 
CO 

i 

o 
OO 

T T T 
Insulation • 
material 

Drum 

570 

KEY 
•• Temperature sensor 

CD Pore pressure transducer 

Dimensions in m m 

Figure 4.3.15 Tank and drum equipped with monitoring instruments. 



Insulation material 

150 mm 100 mm 150 mm I.D.: 150 mm 

Fan 

i. 

Water reservoir 
PVC 

_l cylinder 

Figure 4.3.16 Construction of psychrometer. 



1 

13 °-9 

2 
I 0.8 
Q. 
VI 

•a 0.7 
o 

*S ^ 0.6 
jr-g 0.5 
E © 

.S'S 0.4 
— t< 

"os 
E 
© 

0.3 

0.2 

Q 0.1 

0 

i 

• 

< 

\ 

i 0 
1 0 
i * 

t 

Wooden board 
/ (light brown) 

i i 

^Wrinkled 
"*-* aluminium foil 

\ 

4 layers of filter paper 

i l 

0 500 1000 1500 2000 

Wavelength (nm) 

2500 3000 

Figure 4.4.1 Directional-hemispherical spectral reflectivities of reference materials. 



ivapour density 

-pva (Ta, h) 

^vapour density P s y c h r o m e t e r 

Temperature 
sensor 

l 

Efw Efws 

^ 

45 m m 

Non-saline 
slurry 

pvsat (Ts) 

Fresh water 

59 m m -^~ 

Non-saline 
slurry 

Temperature 
sensor 

60 m m 

t 
48 m m -^~ 

Figure 4.4.2 (a) Resistance measurement using micro-lysimeter technique 
for non-saline slurry. 

^yapourdensity ^vapourdensity^ Psychrometer 

Temperature 
sensor 

^77777777^, 
Salt crust /// 

pva (Ta, h) • 

45 mm 

Saline slurry 

Ef w 

pvsat (Ts) 

Fresh water 

59 m m 
-^— 

pvsat (Ts, \]fs) 

Saline slurry 

Temperature 
sensor 

60 mm 

t 
48 m m -^— 

Figure 4.4.2 (b) Resistance measurement using micro-lysimeter technique 
for saline slurry. 



a ONI 
E 
03 

OFF 

Lamps Fans 

0 

HIGH 

MEDIUM 

LOW 

OFF 

20 40 60 

Time (days) 

Slurry-1 

80 

65 

3 
V) 

TJ 
to 
to 

a 

100 

0 

a ON 
E 
03 

OFF 

ram 

FflGH-

MEDIUM 

TOW 

i 1 — i 
OFF 

w 
3 
VI 

to 
to 

a 

50 100 150 

Time (days) 

Slurry-2 

200 250 

0 

1/3 

eON, 
E 
03 

-J 

OFE 1 1 H 

rans 

i 1 — 

HIGH. 

MEDIUM. 

LOW. 

OFF 

3 

T3 
re 
& 

20 40 60 

Time (days) 

80 100 

Slurry-3 

Figure 4.4.3 Operation of lamps and fans during the tests. 



Slurry-2/ 

/ 

/ 

Evaporation prevented 

0 50 100 150 

Time (days) 

200 250 

Figure 4.5.1. Water loss from the fresh water drums during the tests. 



1 

0.9 

0.8 

| 0.7 

1 0.6 
E 
2 0.5 
S 0.4 

I 0.3 
05 0.2 

0.1 

0 

o 
- -O-

• o o 

000 

• • o 

o 
> o<*>; 
o-

o Slurry-1 

• Slurry-2 

• Slurry-3 

0 

p 

D • 

EG 

-<& 
O 
: <> 

-•--oo--
: />oo 

ri» • -£>y 
Jn % 

0 

• : > L 
DLLtL iF^TO 

D . 

0 0.5 1 1.5 

Cumulative water loss from fresh water drum (m) 

Figure 4.5.2 Relative settlement rates of 3 slurries. 

Figure 4.5.3 Evaporation rates obtained from micro-lysimeters. 



Salt concentration (g/1) 

0 50 100 150 200 250 300 350 

0 -i 

2 -

4 -

6 -

i 
i 

oo 
O
 

i
—
i
 

(UIUI)
 qi 

8" 12 -
Q 

14 -

16 -

18 -

20 -

1 1 l i 

i 

Initial 
condition 

1 1 1 A 

/ / 

/ / 

/ Wioss = 0.016 m 

/ \ 
/ \ 

ii! \ 

Saturation 

Wioss = 0.007 m 

Ii 

Figure 4.5.4 (a) Change in near-surface salt concentration profile in slurry-2 

at an early stage of the test. 

Salt concentration (g/1) 

0 50 100 150 200 250 

O -i 

5 _ 

10 -

f15. 
a. 
Q 2 0 -

2 5 • 

3U 

i i i i i 

• i 
i 

Initial 
condition 

- ! 

i i i i 

Wioss = 0.012 m ^ \ ^ X > 

r r^\ 
/ ^ 

/ / Wioss = 0.118 m 

\ 

Wioss = 0.081m 

300 350 
l , 

Saturation 
i 

Figure 4.5.4 (b) Change in near-surface salt concentration profile in slurry-3 

at an early stage of the test. 



Salt concentration (g/1) 

50 100 150 200 250 300 

— I 1 1 1 1 h 

350 400 

Wioss = 0.784 m 

Saturation 

Figure 4.5.6 (a) Near-surface salt concentration profile in slurry-2 immediately 

after removal of salt crust (Wioss = 0.771 m ) . 

0 

0 

5 

10 

15 -

g 20 

^ 2 5 

* 30 
ft 

35 

40 

45 

50 

50 

Salt concentration (g/1) 

100 150 200 250 300 

— h 

350 

Wioss = 

Saturation 

Figure 4.5.6 (b) Near-surface salt concentration profile in slurry-3 immediately 

after removal of salt crust (Wioss = 0.762 m ) . 



1 -

Shrinkage limit-

Initial void ratio 

Slurry—3 

0 0.5 1 1.5 

Cumulative water loss from fresh water drum (m) 

Figure 4.5.7 Surface void ratio of saline slurries during drying tests. 



: : 
~" ' 

: Slurry-3^ : 

* " % • • • • ( 

• : 0 * " : o• o : 0 

_#•-. ̂ ^ >_o_ J._ ." : 

jv.#- r. 
o * i / : 

_ ' _ _ SlntTV 1 - - -'- -

: ^jr 

: ^ < ^ 

... Qj^gj removed (slurry-3)'" 
i i i 

• 

• 

f 

• 
• 

i 

0 0.2 0.4 0.6 0.8 1 

Cumulative water loss from fresh water drum (m) 

1.2 

Figure 4.5.8 (a) Shortwave reflectivity of slurry surfaces (slurry-1 and 3). 

1 

0.9 

0.8 

•s 0.7 
> 

1 0.6 
£ 0.5 

| 0.4 

1 0.3 
CO 

0.2 

: 

fflgga 

0 0.5 1 1.5 

Cumulative water loss from fresh water drum (m) 

Figure 4.5.8 (b) Shortwave reflectivity of slurry surfaces (slurry-2). 



0.7 

0.65 

0.6 

ft? 0.55 -

g 0.5 

% 0.45 

I 0.4 -

i 0.35 
iE 
CO 

0.3 
0.25 

0.2 

0 

o 
o 

<XX>o 

y> 
o 

o 
o 

+ 
0.2 0.4 0.6 

Water content of surface soil 

0.8 

Figure 4.5.9 Reflectivity and surface water content relationship (slurry-1). 

0.8 

0.7 

;! o.6 
o 
o> 

e 0.5 
> 
03 

1 0.4 
© 
XI 
CO 

0 

0f 

• • 

• • 
• 

rJD 

~-

• 

• 

D 

H 

D 

1 

• 
ft 

• Slurry-2 

• Slurry-3 

D 
• 

H 

0.5 1 1.5 

Water content of salt crust 

Figure 4.5.10 Reflectivity and salt crust water content relationship (slurry-2 and 3). 



s 
E 
© 

03 

3 
s-

03 
CO 

0.8 -

0.7 -

0.6 -

0.5 -

0.4 -

0.3 -

0? -

3 

n 
n 

"0 

• 

, h 

So 

1 — 

• 

— i h -

• Slurry-2 

• Slurry-3 

* 

1 

0 10 15 20 25 

Suction of surface soil water (kPa) 

30 35 

Figure 4.5.11 Salt crust water content and surface soil suction relationships. 

0.8 

3 0.7 
u 
03 
VI 

© 
0.6 

•Js 0.5 
u 
o> 
<u 
u 
> 
03 

£ 
o 
-3 
CO 

0.4 -

0.3 

0.2 

0 10 15 20 25 

Suction of surface soil water (kPa) 

--

__• 

£ 
_.Q 

• 

h 

• 

• 
• 

• • 
• 

1 1 

• 

• 

1 h-

• Slurry-2 

• Slurry-3 

1 

30 35 

Figure 4.5.12 Reflectivity and surface soil suction relationships. 



10000 

E 
en 

E 
03 

ta 
s-

« 
© 

1000 D i Q 

100 

• 

D 

•• 
• 

.•& 

••• 
o 

oo o 

• 
o o 

o 

0 ^ 
o Q 

10 

n 

?. °f Q _ - . Q D 
nq^ 

D 

o Slurry-1 

• Slurry-2 

• Slurry-3 

0 0.5 1 1.5 2 

Cumulative water loss from fresh water drum (m) 

Figure 4.5.13 Measured total resistances during the tests. 

50 

• 

o° 
< 

O 

o o 

_ [ 

:___Q. D . 

1 _ _, i. n 
13 c 

nn 
i : 

o Slurry-1 

• Slurry-2 

• Slurry-3 

i 

0 0.5 1 1.5 

Cumulative water loss from fresh water drum (m) 

Figure 4.5.14 Measured air resistances during the tests. 



E 
03 

VI 

s_ 

_> 

-. 
3 
CO 

© 
CO 

140 

120 

100 

80 

60 

40 

20 

0 

•-

o 

o 

0 

o 

0 

"" Obta 

• 

0_. 

med when light ~ 
was off 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Cumulative water loss from fresh water drum (m) 

Figure 4.5.15 Soil surface resistance during the test (slurry-1). 

03 

V) 

<u 
L. 
<U 
O 

u 
3 
Vl © 
CO 

130 

110 

90 

70 

50 

30 

10 

-10 

0.5 

D 

_____ 

• 

• 

• 
• 

• 

• 

, 

• VDD<0.001 

• 0.001<VDD<0.006 

• 0.006<VDD<0.01 

• 

• 

• 

0.6 0.7 0.8 

Void ratio 

0.9 

Figure 4.5.16 Dependence of soil surface resistance on void ratio and 

vapour density difference (VDD) (VDD values in the legend are in kg/m3). 



| Vapour density ^ Vapour density 

c 
o 
•_3 
> 
__ 

.pva 

Water surface 

_____ 

pvsof (Ts) 

Fresh water 

Slurry surface 

» __ 

bs pvsat (Ts,Uw)*^ y^ 

pvsat (Ts,Ww) 

Water flow rate 
* 

"Pi « « ) 
^«H- 1 

<9z r 
w 

Non-saline slurry 

&S accounts for reduction of 
vapour density caused by soil 

Figure 4.5.17 Relationships among the variables 
included in Eq. (4.5.1). 



10000 

1000 

Slurry-2 
• 

.a. :... 

DD 
D 

a 

• • • 

DQD a 

100 D 
••• 

10 

Slurry-3 

Obtained when light was off 

0 0.5 1 1.5 2 

Cumulative water loss (Wioss) from fresh water drum (m) 

Figure 4.5.18 Salt crust resistance obtained from slurry-2 and slurry-3. 



4 Vapour density 
i 

| Vapour density 

c 
o 
• _ * 

a 
> 

w 

•pva 

ra 

Water surface 

/ 

Salt crust surface 

pvsat (Ts.Ss) 

Saline water 

Salt crust / y ^ f c / / ) ( / / / / / ^ i 

bcpvsat (Ts,Ss,Itov) 

pvsat (Ts,Ss,Usw) 

be accounts for reduction of 
vapour density caused by a 
salt crust 

Moisture flow rate in a salt crust 

(ao K^—+n ^ 
aPwKc ~ .. + Dvc -

dz M.nv dr 
J 

Saline slurry 

Figure 4.5.19 Relationships among the variables 
included in Eq. (4.5.3). 



CO 

VI 

3 
U 
_• 8 
_-
© 
CJ 

E 
03 
_-
VI 

"co 
<U 
_< 

3500 -

3000 -

2500 

2000 -

1500 -

1000 -

500 -

0 - 1 

o 

o 

• 
. _• 

• 

• 
. • 

P _o 

• 

• 0.01<VDD<0.015 

• 0.015<VDD<0.02 

• 0.02<VDD<0.025 

o 0.025<VDD<0.03 

' ' 

— 

• 

VDD: symbol for vapour density difference (kg/m3) 
1 1 , , 1 

0 0.1 0.2 0.3 0.4 

Water content 

0.5 0.6 0.7 

Figure 4.5.20 (a) Dependence of salt crust resistance on water content and 

V D D value for slurry-2 (VDD values in the legend are in kg/m3). 

CO 

CO 

3 
_. 
_> 
03 
CO 

_» 
E 
03 

to 

500 

450 

400 

350 

300 

250 

200 

150 

100 

50 

0 

0 

O ; ; 

_... . _,_. 

P : : 

• 0.005<VDD<0.075 

• 0.0075<VDD<0.01 

• 0.01<VDD<0.0125 

o 0.0125<VDD<0.015 

; , _• 
• 

• 

! ! ! i • 

— 

VDD: symbol for vapour density difference (kg/m3 
H 1 1 1 1 

) 

0.1 0.2 0.3 0.4 

Water content 

0.5 0.6 

Figure 4.5.20 (b) Dependence of salt crust resistance on water content and 

V D D value for slurry-3 (VDD values in the legend are in kg/m3). 



CO 

4000 

3500 

3000 

| 2500 
_> 

| 2000 

g 1500 
s 
03 

•1 1000 
co 
_> 

p_ 
500 0 

• 

• 

D 

o • 

1 

• 

• 0.1<w<0.2 

• 0.2<w<0.3 

• 0.3<w<0.4 

o 0.4<w 

• : 
. D 

1 h-

• 

w: water content 

1 

0 0.05 0.1 0.15 0.2 

Thickness of salt crust (g/cm2) 

0.25 

Figure 4.5.21 (a) Dependence of salt crust resistance on thickness 

and water content for slurry-2. 

CO 

CO 

3 
_. 
u 

u 
E 
03 

to 

'8 
D_ 

500 

450 

400 

350 

300 

250 

200 

150 

100 

50 

0 

0 

---

• 0.05<w<0.1 

• 0.1<w<0.2 

• 0.2<w<0.4 

o 0.4<w 

1 

• 

: Q 

• 

. jr> | 

• 

1 

p ------

i 

w: water content 

1 

... 

0.02 0.04 0.06 0.08 

Thickness of salt crust (g/cm2) 

0.1 

Figure 4.5.21 (b) Dependence of salt crust resistance on thickness 

and water content for slurry-3. 



CO 

3 
!_ 
_> 
03 
CO 

_. 
O 
4> 

a 
E 
03 8 
c_ 

4000 

3500 

3000 

2500 

2000 -

1500 

1000 

500 

0 

• Slurry-2 

• Slurry-3 

o •—*-

_;• 

£?.U..D... 
a ; 

••• • 

~ 1 1 

: a 
1 

i 

i 

a 
i 

P 
• a 

i 

i 

i 

i 

i 

i 

i i 

0 0.005 0.01 0.015 0.02 0.025 0.03 

Vapour density difference (VDD) of salt crust (kg/m3) 

Figure 4.5.22 Dependence of salt crust resistance on V D D values. 



S3 
-3 

3 5 
03 

_ 
B 

_ 

o 
c 
03 

# 

• 

\ 

x.« ra r-
D L 

u Slurry-/ 

• Slurry-3 

^ > ^ 
•P 

0 0.1 0.2 0.3 

Thickness of salt crust (g/cm2) 

03 
•o 

~E 
E, 

r_ 
- _ • 

os 
_ 
_ 
e 

03 
L. 

© 
c 
ea 
> 

9 i 

8 -

7 • 

6 -

J 

4 -

3 -
2 -
i 

n -

i 1 

n 

• 

- 2 

• 3 (1<0.05) 

O 3(1>0.05) 

_\_ 

B* 
^ P ^ r^ 

U- ' D' 

0.02 0.04 0.06 

Vapour density immediately 

below salt crust (kg/m3) 

en 
•o 

03 

-

_> O 
03 

_ 
o 
_. 
03 

_- n 9 

• 3(1<0.05) 

- 0 3 (l>0.05) 

« 

^ 0 

~ % 

1 

' . • 

fl-M=t— E=LJ • 

* 

l 

• 

0 0.2 0.4 0.6 0. 

Water content of salt crust 

•o 

~E 
E 

S3 

_ 
C 
,© 
"_ » 
03 

_ 
c 
O. 
03 

> 

8 
7 

6 

5 
4 

3 
2 

1 

0 

• 

• 

• 

:• 
• 0 

• 

• 2 

• 3(1<0.05) 

O 3 (1>0.05) 

& 

"pw° 
°rf:r !_J[ r ^ ̂ ^ 

0 0.01 0.02 0.03 

Vapour density difference (kg/m3) 

s«-> 
03 

"_ 

03 

-
O 
Q. 
03 

> 

m 

• 

#. 

c 

n ' 

• 3(1<0.05) 

O 3(1>0.05) 

-<P-nCDR 
QHZlir^ 

8 • 
0 

0 10 20 30 40 

Suction of surface soil (kPa) 

Figure 4.5.23 Dependence of evaporation rates from salt-encrusted surfaces on 

various parameters ("2", "3" and "1" in the legends indicate 

slurry-2, slurry-3, and thickness of salt crust respectively). 



Pore water pressure (kPa) 

-250 -200 -150 -100 -50 0 50 

-x> L__ ̂  i«̂ _ —i— —n-—J_,-, — 0 

Wioss = 0.508m 

Wioss = 0.065m 

Wioss = 0m 

(a) Slurry-1 (fresh water) 

-15 •10 

Pore water pressure (kPa) 

-5 0 5 10 

Wioss = 1.776m 

Wioss = 1.107m 

15 

Wioss = 0m 

Wioss = 0.771m 

20 

(b) Slurry-2 (high salinity) 

-40 

Pore water pressure (kPa) 

-30 -20 -10 0 
-0-

Wloss= 1.005m 

Wioss = 0.463m 

10 20 

Wioss = 0m 

Wioss = 0.233m 

(c) Slurry-3 (low salinity) 
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Figure 5.2.4 Particle size distribution curve for Yoganup North Mine tailings. 
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Figure 5.2.24 Decrease in intact horizontal surface area of tailings in C O Z 

due to cracking and shrinkage. 
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due to crack development. 
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Figure 5.3.1 Monthly Class A pan evaporation with bird guard 

at Granny Smith Mine. 
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Figure 5.3.2 Monthly precipitation at Granny Smith Mine. 
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using micro-lysimeter (Granny Smith Mine). 
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Figure 5.3.10 Monthly Class A pan evaporation with bird guard at Kalgoorlie. 
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Figure 6.2.2 Evaporation rates measured using micro-lysimeter technique. 

Figure 6.2.3 Measured soil surface resistance of slurry-1. 



Figure 6.2.4 Evaporation rates measured using micro-lysimeter technique 

at 90Z in Yoganup North Mine. 
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Figure 6.2.5 Change in water content of surface tailings at 90Z. 
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Figure 6.2.7 Comparison of measured and calculated evaporation rates for slurry-1. 
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Figure 6.2.8 Comparison of measured and calculated settlement for slurry-1. 
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low salinity case (fresh water surface temperature (Tfs) = 25 degree C). 
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Figure 6.3.16 Evaporation rates from fresh water and salt-encrusted surfaces: 
low salinity case (fresh water surface temperature (Tfs) = 35 degree C). 
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Figure 6.3.19 The effect of salt crust resistance on relative evaporation rates: 
low salinity case (fresh water surface temperature (Tfs) = 25 degree C). 
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Figure 6.3.21 The effect of salt crust resistance on relative evaporation rates: 
high salinity case (fresh water surface temperature (Tfs) = 25 degree C). 



03 

c 
_© 

"3 
03 
u. 
O 
O. 
03 

> 
<V 

<u 
> 

OS 

0.4 

0.35 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

0 

Air resistance = 50s/m 

Salt crust resistance = 1500s/m 
Tss=Tfs+5 

Tss=Tfs+10 

Tss=Tfs+15 

0 0.01 0.02 0.03 

Air vapour density (kg/m3) 

0.04 

0.4 

•*J 

03 
u 
e o -*J 

u 
o 
03 
> o> 
> 
03 

<u 
OS 

0.35 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

Air resistance = lOOs/m 

-• Salt crust resistance = 1500s/m 

/ 
y 

Tss=Tfs+5 

Tss=Tfs+10 

Tss=Tfs+15 

0 0.01 0.02 0.03 

Air vapour density (kg/m3) 

0.04 

<v 
03 

e 
_© 
"•3 
03 

u 
© 
Q. 
03 

> 

> 

3 
OS 

0.4 -

0.35 -

0.3 -

0.25 -

0.2 -

0.15 • 

0.1 -

0.05 -

0 -

/ 

/ 
/' 

y > 
* * 

""• - \ 

- Air resistance = 200s/m \ 

Salt crust resistance = 1500s/m \ 
1 1 1 

Tss=Tfs+5 

Tss=Tfs+10 

Tss=Tfs+15 

0 0.01 0.02 0.03 

Air vapour density (kg/m3) 

0.04 

Figure 6.3.22 The effect of salt crust resistance on relative evaporation rates: 

high salinity case (fresh water surface temperature (Tfs) = 35 degree C ) . 
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Figure 6.3.23 Relative evaporation rates for low salinity tailings. 
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Figure 6.3.24 Relative evaporation rates for high salinity tailings. 
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Figure 6.3.25 (a) Relative evaporation rates for Great Salt Lake West Desert 

in 1986 (data from Malek et al., 1990). 
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Figure 6.3.25 (b) Relative evaporation rates for Great Salt Lake West Desert 

in 1987 (data from Malek et al., 1990). 
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Figure 6.3.26 Relative evaporation rates for Kesterson Reservoir 

(data from Zawislanski et al., 1992). 



Plate 1.1 Typical open pit mine in the goldfields in W A . 

Plate 1.2 Typical impoundment type tailings dam. 
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Plate 1.3 "Slime pond" at Yoganup North Mine. 

Plate 1.4 One example of in-pit tailings disposal. 



Plate 1.5 Shrinkage cracks developed at tailings surface. 

Plate 1.6 Saline tailings surface (white colour parts indicate salt-encrusted surfaces). 
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Plate 3.1 Test set u p for the first series of laboratory experiments. 

Plate 4.1 Test set u p for the s e c o n d series of laboratory experiments. 



•« 1 

?*ST-

pm& 

'k^Vl 
Plate 4.2 Radiation heat source for a large tank. 

Plate 4.3 Micro-lysimeter test set up (right: soil lysimeter, front: 
fresh water lysimeter and left: saturated saline water lysimeter). 



Plate 4.4 Salt crust on the surface of slurry-2. 

Plate 4.5 Salt crust on the surface of slurry-3. 



Plate 5.1 Field test site in Pond9 at Yoganup North Mine (90Z). 



(a) 25/10/1995 

(b) 16/11/1995 

(c) 12/12/1995 
Plate 5.2 Crack development in C O Z (the area surrounded by a solid blue line). 
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Plate 5.3 Surface of the Granny Smith Mine tailings dam (white colour parts 

indicate salt-encrusted surfaces). 


