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Abstract
The sedimentation, consolidation and desiccation behaviour of sub-aerially deposited tailings in tailings storage facilities,

despite occurring simultaneously and being essential to maximise tailings dry density and dewatering efficiency, are

usually analysed in laboratories using distinctive testing equipment, which is unable to reveal their interactions. A large

instrumented column was constructed to test the three processes of tailings in a single apparatus, capable of monitoring the

changes in the hydrological parameters of coal tailings with depth and surface settlement under natural weather conditions.

The column was initially filled with coal tailings slurry and exposed to natural weather for two years, during which five

wetting–drying periods were identified. The monitored results indicate that exposing the slurry tailings for one month

would lead to the formation of an unsaturated tailings layer with a thickness of 150 mm, likely representing the optimised

tailings deposition cycle and thickness, respectively, under the given tailings characteristics and semi-arid climates.

Settlement mainly occurred after major rainfall events due to the collapse of cracks and cavities formed during the

preceding desiccation. The maximum thickness of the unsaturated tailings increased over the first four periods as the

predominant desiccation and settlement strengthened the evaporative capillary forces, despite it decreasing greatly in the

last period due to insufficient desiccation. An empirical model was proposed to consecutively estimate the surface moisture

content of deformable tailings and validated by achieving a good agreement in the water mass estimated by two methods

during wetting–drying cycles.
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1 Introduction

Coal tailings, a mixture of water and finely sized rock and

mineral solids, are the main waste product generated in

mine processing and are normally deposited in tailings

storage facilities (TSFs) as a wet slurry [4, 26]. Since it

averagely accounts for 80% of the total mass of coal waste,

economical disposal of tailings with minimising

detrimental effects on the environment has become a sig-

nificant concern for the mining industry [13]. In arid and

semi-arid regions, the aforesaid problems are effectively

mitigated using sub-aerial deposition, by which tailings

mainly undergo sedimentation, consolidation and desicca-

tion [29, 41]. Developing a comprehensive understanding

of the above physical processes and the corresponding

behaviours of soft tailings is crucial for effective waste

management and efficient operations of TSFs [5, 33].

Rather than natural soils, tailings behave non-uniformly

in their engineering parameters due to the diverse nature of

raw ore and handling methods [1, 4]. By conducting a

series of laboratory tests, Qiu and Sego [28] investigated

the basic physical and engineering parameters of four

typical mine tailings and concluded that coal wash tailings

exhibited clayey silt characteristics with plastic cohesive
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behaviour, which entirely differed from copper, gold and

oil sand tailings. Silty coal tailings are often transported to

TSFs as slurries with high water content and then deposited

for further static dewatering [4]. The deposited tailings

slurry first goes through sedimentation, during which the

suspended solid particles settle due to gravity without the

development of effective stress, and tailings surface ele-

vation decreases.

Sedimentation completes in a few days, with super-

natant water ponded above the surface tailings. Subsequent

self-weight consolidation lasts much longer due to the

gradual increment of effective stresses and dissipation of

pore water pressures within the solid skeleton, which

results in significant surface settlement [20, 32]. The con-

solidation behaviour of tailings slurry can be an essential

aspect influencing the stability of tailings dams and the

operation of tailings disposal [33, 47]. Through the previ-

ous research, large amounts of laboratory tests have been

conducted to determine consolidation properties of tailings

using different methods, such as constant rate of defor-

mation (CRD) tests [5, 8, 31, 46], oedometer tests [19, 33],

Rowe cell tests [25], slurry consolidometer tests [6, 42] and

column tests [28, 35]. The individual and combined effects

of mineralogy, compressibility, hydraulic conductivity,

void ratios and shear strength on consolidation behaviours

of soft tailings were examined in past studies [1, 21].

However, conventional consolidation tests are generally

carried out by using specimens in saturated states, which

means no gaseous phase flow is considered during the

whole procedure.

In addition to sedimentation and consolidation, desic-

cation is a key process that sub-aerially deposited tailings

experience in TSFs. Different from consolidation, desic-

cation is driven by evaporation on the tailings surface,

during which consolidated particles are further compressed

with water expelled from pore spaces due to the building

up of capillary pressure. This process accelerates the den-

sification of tailings and hence is advantageous for

enhancing the stability and rehabilitation of TSFs [16, 37].

Recent research has been focusing on characterising the

desiccation behaviour of tailings and exploring its inter-

actions with consolidation. For example, Rodrı́quez et al.

[30] found that tailings porosity greatly affects its water-

holding capacity and saturated hydraulic conductivity, and

the permeability and mechanical properties of the tailings

strongly rely on the evolution of the degree of saturation

during the desiccation process. Based on the vertical

hydraulic gradient between the fresh layer and the desic-

cated gold tailings in a modular drying box, Daliri et al.

[11] divided the desiccation behaviour of multi-layer gold

tailings into two phases: high average water content with

rapid drainage and settling (phase I) and low average water

content (\ 30%) with slow evaporation rate (phase II). The

desiccation of fresh tailings in phase I was accelerated due

to the predominant downward water movement and the

strengthened capillary forces of the underlying tailings,

while the desiccation was decelerated in phase II due to the

slow upward water recharge from the underlying tailings.

Furthermore, to be consistent with field conditions, Shok-

ouhi et al. [36] used a large-scale slurry consolidometer to

successfully implement the settling, consolidation and

evaporation processes. They pointed out that the majority

(88%) of settlement occurred during the settling process,

and the consolidated coal tailings slurry tended to desiccate

faster than the non-consolidated ones due to enhanced

capillary forces and hydraulic conductivity. To quantify the

desiccation rate in soil or soil-like material, Zhang [43]

analysed the influencing factors of soil evaporation and

highlighted the importance of moisture content on the

surface, which determines water transfer through the soil-

air interface [44]. Determination of soil surface moisture

contributes to obtaining surface resistance and quantifying

the actual evaporation rate. In an attempt to build a rela-

tionship between surface resistance and liquid water satu-

ration at the soil surface, large numbers of studies have

developed various forms of surface resistance models (e.g.

the linear equation given by Camillo and Gurney [7] and

Meng et al. [23], the exponential function proposed by Van

de Griend and Owe [39] and the power-law put forward by

Daamen and Simmonds [10]) to better quantify the desic-

cation rate of soil or soil-like materials.

Although taking place simultaneously, the three pro-

cesses (sedimentation, consolidation and desiccation) usu-

ally need to be tested separately for characterisation and

use individual tailings samples under conventional lab

testing methods in idealised environments, which may lead

the testing results not to be representative of field condi-

tions. Therefore, there is a need to develop one experi-

mental apparatus to achieve testing the three processes and

simulate sub-aerial deposition in TSFs. To gain a clearer

understanding of the long-term self-weight consolidation

and desiccation behaviour of tailings under natural weather

conditions and quantitatively evaluate settlement and

evaporation processes in repeated wetting–drying periods,

a large instrumented column was constructed on a building

roof and filled with a coal tailings slurry. The tailings

slurry was exposed to natural weather, along with a

weather station to monitor the ambient meteorological

conditions. When calculating the actual evaporation rates

of the tailings, an empirical model was developed to

extrapolate the degree of saturation at the tailings surface

as settlement progresses, capable of adjusting the surface

resistance for further quantifying the water mass balance in

the column. The model was verified by achieving good

agreement between the water storages estimated from

rainfall and evaporation data and from the moisture sensor
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array measurements. This paper documents in detail the

establishment of the column and presents two-year results

obtained from the test to characterise the consolidating and

dewatering behaviour of coal tailings in response to natural

meteorological changes.

2 Experimental method

2.1 Instrumented column design

The integrated sedimentation, consolidation and desicca-

tion test of the coal tailings under natural weather condi-

tions was conducted using an instrumented column. As

depicted in Fig. 1, the cylindrical column was designed

with a height of 1.2 m, much more than the depth of the

unsaturated zone formed during desiccation, ensuring the

result is independent of the column height. The diameter of

the column is 200 mm, at which the wall effect can be

minimised [36, 45]. The bottom of the column was sealed,

and the top of the column was open to the sun and atmo-

sphere. The column consisted of two sections, each with a

height of 0.6 m, connected by a waterproof flange. This

facilitated the sensor installation and removal, before and

after the experiment. Ten dielectric moisture sensors and

ten thermal sensors developed by the Geotechnical Engi-

neering Centre (GEC) at The University of Queensland

(UQ) were used to measure volumetric water content

(VWC) and tailings temperature indirectly. The in-house

developed moisture sensor is designed to measure the

VWC of tailings via its changes in dielectric permittivity.

Such a moisture sensor could provide reliable and contin-

uous measurements with relatively low disturbance by the

increasing salinity level in the soil. The thermal conduc-

tivity sensor consists of a thermocouple and a porous

ceramic cylinder, capable of measuring tailings tempera-

tures with variations in water contents. The sensors were

installed through the column wall at incremental depth

intervals downwards from the surface to the bottom (i.e.

15, 50, 80, 135, 200, 285, 385, 485, 700, 850 mm from the

opening surface of the column), and each set of sensors was

fixed at quarter points around the perimeter of the column.

Two DECAGON GS3TM moisture sensors were buried at

50 mm and 600 mm depths to measure the bulk salinity of

the tailings indirectly via electrical conductivity (EC).

In addition to the sensors mentioned above, the surface

settlement and cracking were captured by a high-resolution

camera mounted above the column facing the tailings

surface. All instruments were connected to a solar-powered

data logger, also developed by GEC at UQ, capable of

transmitting monitored data simultaneously to a website for

visualisation and analysis.

2.2 Experimental procedure

2.2.1 Material characterisation and preparation

The coal tailings were obtained from the Meandu Mine,

from where tailings were transported to a TSF near Tarong

Power Stations of Stanwell Corporation Limited, located in

the South Burnett region of Queensland, Australia. The

particle size distribution curve (Fig. 2a) was obtained

through wet sieving and hydrometer analysis (for particle

size less than 75 lm), revealing that the fine particles (size

less than 75 lm) are dominant for the studied coal tailings.

The measured soil–water characteristic curve (SWCC) of

the coal tailings is presented in Fig. 2b, fitted with the van

Genuchten model. The air entry value (AEV) of the tailings

sample is around - 3 kPa, reflecting relatively large pore

spaces between solid particles. Such a low AEV of the fine-

fraction-dominated tailings is probably due to the high

content of coal and its effect of hydrophobicity [40]. Note

that the tailings sample was compacted before putting into

the SWCC apparatus, mainly to avoid significant density

change during the test. Table 1 presents the main

geotechnical parameters of the coal tailings. The specific

gravity of the specimen was the same as the value reported

by Qiu and Sego [28], and the Atterberg limits of the coal

tailings were close to the range given by Islam et al. [20].

The tailings can be classified as silty clay (based on the

Unified Soil Classification System) of high plasticity. The

selected coal tailings samples were first put into an oven for

drying with temperature restricted to 60 �C to avoid com-

bustion of any coal content. The oven-dried tailings were
Fig. 1 Schematic diagram of the instrumented column (all dimensions

in millimetres)
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pulverised into powders using a rubber pestle, and coal

processing water was added to achieve 40% solids con-

centration by mass.

2.2.2 Sensor calibration

Prior to the column construction, all sensors were cali-

brated in the laboratory by inserting them into the same

coal tailings (void ratio of 2.92 and dry density of 0.497

t/m3) subjected to repeated wetting and drying cycles. The

thickness of the tailings was about 40 mm to avoid uneven

distribution of moisture with depth. The basin containing

both the tailings and sensors was placed on an electrical

balance to record the weight changes resulting from

water gain or loss, which could be correlated to the VWC

of the tailings. During the wetting and drying cycles, both

the weight changes and sensor readings were recorded. The

calibration was done by correlating the VWC derived from

the weight of the tailings and that measured by the sensors.

Figure 3 shows the calibration chart of the moisture sensor.

A non-linear relationship between degree of saturation and

sensor response was fitted with the average results between

two wetting–drying curves to interpret the data obtained in

the column test. This fitting curve is capable of interpreting

moisture changes in the tailings during wetting–drying

cycles and accommodating deviations in moisture

Fig. 2 Characterisation of the coal tailings: a particle size distribution curve; b lab-measured soil–water characteristic curve (SWCC) of the

compacted coal tailings, fitted with van Genuchten (VG) 1980 model
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measurement due to settlement. It is worth mentioning that

this calibration assumes the dielectric permittivities of the

tailings are mainly affected by the changes in the moisture

content. Although factors such as density, temperature and

salinity of the tailings can also affect the dielectric per-

mittivity of the bulk tailings, their effects are relatively less

significant, particularly when the tailings experience from

full water saturation to an air-dry condition [18, 38]. The

thermal sensor provided direct Celsius temperature as

output and was calibrated against readings from a hand-

held thermometer. The difference between the two mea-

surements was found to be negligible, indicating the in-

house thermal sensor is reliable in capturing temperature

variations in the sample during the monitoring test.

2.2.3 Column setup and test procedure

After calibration, the sensors were mounted through cable

glands on the column wall (Fig. 4a). An extra column

section with a height of 100 mm was temporarily installed

above the column with the joints sealed to accommodate

supernatant water during the slurry tailings deposition.

Moreover, a waterproof test was done by filling the column

with tap water and covering it with a plastic film over two

weeks to ensure that the water level did not drop due to

leaking.

After the waterproof test, the instrumented column was

positioned on the roof of a building, where a weather sta-

tion was deployed nearby. The coal tailings slurry was then

carefully poured into the column in a series of layers. Each

layer of the slurry was about 200 mm thick, and the solids

would settle to a depth of 100 mm, leaving clear super-

natant water on top. Following the settling, which is nor-

mally completed in one day, the supernatant water was

removed before the next layer of slurry tailings was added.

Such a process was repeated until the settled tailings solids

reached a height of 1.2 m. The temporarily-installed top

column section was then removed, allowing the tailings

surface to be freely exposed to sunlight and wind. The

column was enclosed by four polyvinyl chloride (PVC)

panels to prevent it from being tipped over by strong winds

and to minimise the direct sunlight exposure to the side of

the column (Fig. 4c). Temperature, moisture content and

EC of the tailings in the column were measured by the

sensors on an hourly basis, and the weather conditions were

recorded every eight minutes. Images on the tailings sur-

face were taken three times per day (i.e. 9 am, 12 pm,

3 pm) to document settlements, ponding and cracking.

After several wetting–drying cycles, the surface of

tailings settled below the column top, impeding wind and

sun exposure when the surface was dry and causing the

formation of a pond when the surface was wet. Therefore,

the top section of the column and associated sensors were

removed (Fig. 4e and f) to minimise the boundary impact

of the extruding wall.

3 Theoretical background

The water mass balance of the tailings in the column under

weather can be described as [17]:

dQw

dt
¼ P� ETA ð1Þ

where P (mm/day) is the rainfall; ETA (mm/day) is the

actual evaporation; Qw (mm) is water storage in the col-

umn, and t (day) is time.

When pore water on the evaporating surface is fresh and

high in saturation, the evaporation rate is determined by the

weather factors such as solar radiation intensity, relative

humidity, wind velocity and temperature [22, 27]. These

factors determine the maximum possible evaporation rate

under the given weather condition, which is termed as

potential evaporation rate (PER). The actual evaporation

Fig. 3 Calibration chart of the in-house moisture sensor

Table 1 Hydrological and geotechnical parameters of the coal tailings

Parameters Value

Specific gravity 1.949

Dry density (kg/m3) 497

Solids content (%) 40

Liquid limit (%) 48.1

Plastic limit (%) 24.3

Plasticity index (%) 23.8

Clay-sized particles (%) 32.8

Silt-sized particles (%) 52.3

Sand-sized particles (%) 14.9

Air entry value (kPa) - 3

Saturated hydraulic conductivity (m/s) 4.08 9 10–7
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rate (AER) from soils may be lower than the PER as the

evaporating surface may have insufficient water to be

evaporated [12] or the surface becomes hypersaline

[15, 45]. Considering the energy balance and water avail-

ability on the evaporating surface, the Penman–Monteith

equation is widely used in predicting AER [24]:

ETA ¼ 1

k

D Rn � Gð Þ þ qaca
m�a � ma
� �

ra

Dþ c 1þ rs
ra

� � ð2Þ

where k is the latent heat of vaporisation (MJ/kg)

(k ¼ 2500250� 2365ðTair � 273:15Þ, with Tair being air

temperature (K) at the reference point above the soil sur-

face) [2]; Rn is the net solar radiation (W/m); G is the heat

flux density of the soil (W/m2); qa is the mean air density

(qa = 1.27 kg/m3); ca is the specific heat capacity of the dry

air (ca = 1013 J/(kg K)); m�a is the saturated vapour pressure

(Pa) on the soil surface (

m�a ¼ 610expð17:27ðT soil � 273:15Þ=ðTsoil � 35:85Þ

, with Tsoil being air temperature on the soil surface (K)); ma
is the actual vapour pressure (Pa) in the air (ma ¼ hrm�a , with
hr being relative humidity (-) at the reference point above

the soil surface); D is the derivative of saturated water

vapour pressure (Pa/K) with respect to air temperature Tair

(K) (D ¼ 4098 � ma=ðTair � 35:85Þ); c is the psychrometric

constant (c = 62.2 Pa/K); ra is the aerodynamic resistance

(s/m) to water vapour transfer

(ra ¼ ln 2=0:000001ð Þð Þ2=k2u2, with k = 0.41 being von

Karman’s constant (-) and u2 being the wind speed (m/s) at

2 m above the soil surface); rs is the soil surface resistance

(s/m) to water vapour transfer.

An exponential equation proposed by Van de Griend

and Owe [39] was used to calculate surface resistance:

rs ¼ 10e35:63E Srmin�SrTSð Þ ð3Þ

where Srmin is the minimum liquid water saturation (-)

below which the liquid water can-not sustain potential

evaporation; e is natural logarithm; SrTS is the liquid water

saturation (-) at the tailings surface; E is the porosity of

Fig. 4 Images of the instrumented column assembly processes: a top view of sensors layout before deposition of tailings; b assembled column

with sensors installed; c rear view of the column (enclosed by four PVC panels), solar panel and electrical enclosure; d top view of the column

after the additional top section being removed; e front view of the column after the top 150 mm section being trimmed in March 2019; f rear
view of the trimmed column
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tailings (-). When the evaporating surface is water-satu-

rated, the evaporation rate computed by Eq. (2) equals

PER.

It is noted that SrTS in Eq. (3), a key parameter to obtain

AER, is acquired from the top soil layer with a thickness of

10 mm. However, obtaining the moisture content at such a

thin layer is challenging, particularly when the tailings

surface settles and undergoes cracking during desiccation

(Fig. 5). As the tailings sample used in this study has a high

percentage of silty-sized particles, settlement could be

significant during consolidation and desiccation, leading

the tailings surface to recede below the top most sensor that

is supposed to capture the moisture content near the surface

(e.g. Sensor 1 in Fig. 5). Consequently, measurement of the

surface moisture conditions and further estimation of AER

would be inaccurate. Although within the vertical sensor

array, the moisture sensor immediately below the previ-

ously air-exposed sensor may be situated in the best loca-

tion to provide the moisture content at the tailings surface,

the distance between that sensor to the surface (D in Fig. 5)

could be too far to reveal the surface condition accurately.

Such distance may decrease as settlement continues (e.g.

Sensor 1 in Fig. 5). Hence, a relationship between SrTS and

the degree of saturation measured from the sensor (Sensor

2, Fig. 5) installed underneath (Sr) should be explored so

that the AER can be estimated from a subsiding tailings

surface. With the assumption that the surface settles uni-

formly during consolidation and enlightened by the soil–

water characteristic curve equation proposed by Fredlund

and Xing [14], an empirical model to extrapolate SrTS,

when a pond is absent above the tailings surface, by using

the moisture data from the sensor below the surface with a

depth of D (m), is suggested:

SrTS ¼ Sr ln eþ D

a

� �n� �� 	�m

ð4Þ

where a, n, m are fitting parameters (-). Equation (4)

allows the use of moisture conditions with a significant

distance to the surface to extrapolate the surface moisture

content and enables the estimation of AER from subsiding

tailings. The three parameters a, n, m in Eq. (4) govern the

correlations between Sr, D and SrTS and can be determined

by comparing (i) the cumulative water mass exchange

between the tailings surface (evaporation) and the atmo-

sphere (rainfall), and (ii) the water storage in the tailings

estimated by the moisture sensor array, as described by

Eq. (1).

Assuming that the dry density of the tailings varies

uniformly with depth, the porosity of the tailings is cal-

culated as follows:

e ¼ 1� qd
Gs

ð5Þ

where qd is the dry density (kg/m3) of tailings which varies

with settlement (qd ¼ qd0ðH0=HaÞ, where qd0 (497 kg/m3)

being the initial dry density of tailings, H0 being the initial

height of the tailings (1.2 m) and Ha being the actual height

(m) of the consolidated tailings); Gs is the specific gravity

(-).

Considering the height of ponding water above the

surface and assuming the degree of saturation in the tail-

ings between two neighbouring sensors can be represented

by the mean values measured by the two sensors, the mass

of liquid water stored in the column can be estimated by:

Qw ¼ eSrTS � di � dsð Þ þ
Pk

i¼1

EðSri þ Sriþ1Þ
2

� diþ1 � dið Þ þ ESrk � H0 � dkð Þ þ Qp

ð6Þ

where ds is the cumulative surface settlement (mm); di
(i=1 * 9) is the relative height of the installed moisture

sensor array with respect to the bottom of the column

(mm); k (10) is the number of the moisture sensors installed

(-); Sri (i ¼ 1� k) is the degree of saturation measured

from each moisture sensor ( - ); Qp is the depth of ponding

water (mm).

4 Results and discussion

4.1 Weather monitoring

Figure 6 shows the weather condition versus elapsed time,

including daily accumulated rainfall, solar radiation, wind

speed, air temperature, relative humidity and atmospheric

pressure at a reference point 2 m above the column bottom.

In general, rainfall occurred mostly during wet seasons

between October 2018 and April 2019 (Fig. 6a). In the last

three quarters of 2018, the total rainfall was only

261.3 mm, followed by an annual value of 435.8 mm in

Fig. 5 Schematic of the soil surface and vertical moisture sensor array

after the topmost sensor (sensor 1) is exposed to the air as the surface

subsides
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2019, which was the driest year based on the last 119-year

record from the Australian Bureau of Meteorology (BOM),

the cumulative rainfall of the first 111 days in 2020

reached 466 mm, even surpassing the total annual rainfall

of 2019. The heaviest rainfall in 2018 was about

31 mm/day, occurring in mid-December, while that in

2019 was about 78 mm/day, occurring in the same month.

Also exhibiting an annual sinusoidal pattern, the solar

radiation kept steady with daily peak values around

850 ± 50 W/m2 in wet seasons (October to April of the

next year), whereas fluctuated with peak values between

600 ± 50 W/m2 during dry seasons (May to September of

the next year). Similarly, the daily wind speed during the

wet seasons remained slightly higher (between 6 and

10 km/h) than that in the dry seasons (between 2 and 6 km/

h). The air temperature (Fig. 6d) varied consistently with

solar radiation. The coldest month of the monitoring period

was July 2018 and 2019, with an average temperature of

17 �C, whilst the hottest month was March 2019 with an

average value of 27 �C. After declining to the minimum in

2018, relative humidity increased gradually once the wet

season arrived and fluctuated at a high value between 60

and 85% for the rest of the monitoring period. Although

less rainfall occurred in 2019, relative humidity remained

Fig. 6 Two-year monitored data from the weather station, including a daily accumulated rainfall; b solar radiation; c wind speed; d air

temperature; e relative humidity; f atmospheric pressure. Lines in brown represent measured data, and lines in green represent daily averages
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high throughout that year. In summary, the two-year

weather record represents a typical sub-tropical climate,

characterised by a transition between El Niño and La Niña

periods at the study site.

4.2 Tailings parameters monitoring

Figure 7. shows the data measured and derived from the

tailings, and the gain (by rainfall) and loss (by evaporation)

of water from the tailings surface. In general, PER was

high in summer, with an average value of 6 mm/day, and

low in winter, with an average value of 3 mm/day

(Fig. 7b). Such variation pattern aligns with the changes in

solar radiation (Fig. 6b), air temperature (Fig. 6d) and air

humidity (Fig. 6e), which drive evaporation. With the

upper bound influenced by PER, AER is dictated by VWC

at the tailings surface, as it is mostly unsaturated during the

monitoring period. The tailings temperature profile with

depth (Fig. 7c) varied in similar trends to the air temper-

ature, while the diurnal oscillation amplitude of tailings

temperature decreased with depth. As the surface settle-

ment might cause the top moisture sensors to be exposed to

the air, the readings obtained from that topmost sensor

were therefore removed from the graph after detachment

from the column (e.g. the VWC at 15 mm below the sur-

face was not shown after 14 May 2018 as the sensor was

exposed to the air thereafter). The VWC of surface tailings

was more sensitive to weather conditions than that of

the underlying tailings. The moisture content near the

surface may decrease from full-water saturation to com-

pletely dry by consecutive sun exposure and increase from

air dry to full saturation due to rainfall, while the moisture

content below the surface exhibited much fewer fluctua-

tions (Fig. 7d). The bulk EC near the surface (Fig. 7e) was

predominantly influenced by weather conditions, as it

increased on rainy days and decreased during dry periods.

Following a series of rainfall events in October 2018, the

EC at 50 mm depth returned to zero as the sensor was

exposed to the air. On the contrary, the bulk EC in the

middle of the column (* 600 mm below the initial column

surface openings) appeared to be independent of

weather conditions as it declined linearly at a slow rate

before Mar 2019. However, when the top 150 mm of the

column was removed in late Mar 2019, the EC in the

middle of the column started to fluctuate following rainfall

events as settlement caused the EC sensor to get closer to

the tailings surface. The surface settlement and dry density

increased after major rainfall events while barely changed

in dry periods. At the end of the monitoring time, the

tailings in the entire column were in high VWCs, similar to

the tailings moisture profile observed at the beginning of

the test, and settlement continued at a slow rate.

Based on the variations of VWC with depth (Fig. 7d)

and the comparison between the potential evaporation and

actual evaporation (Fig. 7b), the two-year monitoring time

can be divided into five distinct periods, including four

wetting–drying periods. In each wetting–drying period, the

tailings started from a full-water-saturated condition, either

as the initial tailings slurry or achieved by a series of

rainfall events, and ended with the formation of a layer of

unsaturated tailings that was achieved by a long period of

desiccation. The fifth period represents a major wetting

stage characterised by consecutive rainfall events and a

relatively short drying time. The cumulative rainfall and

evaporation in each period, along with VWC profiles with

depth, is shown in Fig. 8. The images of the tailings surface

at different stages of the test are displayed in Fig. 9.

The first wetting–drying period (period I) lasted for

27 days, starting from the beginning of the test to 7 May

2018, when 28 mm of rainfall occurred over two consec-

utive days, re-saturated the tailings in the column. The

weather in the early stage of the first wetting–drying period

was predominated by intermittent rainy and sunny days,

which did not cause sufficient desiccation but led to about

15 mm of settlement (Fig. 8b). Subsequently, dry weather

predominated for two weeks, leading to partial saturation

of the top 130 mm of tailings (Fig. 8c). In the last week of

this period, the unsaturated surface tailings caused a

deviation of actual evaporation from potential evaporation

(Fig. 7b), and this deviation increased as the tailings sur-

face became drier. The cumulative actual evaporation was

around 112 mm and increased linearly at an approximate

rate of 5 mm/day in the first period, during which less than

48 mm of rainfall occurred (Fig. 8a). Such constantly high

evaporation was attributed to the initial fully-saturated state

of the freshly deposited tailings (identified from the colour

of the surface tailings in Fig. 9a–d), which maintained a

strong hydraulic connection between the surface and the

underlying tailings. Only at the end of this period, the

evaporation rate on the surface slowed down to less than

2 mm/day, with an unsaturated zone depth of 150 mm and

a dry tailings layer of 15 mm near the surface (Fig. 8c).

The second wetting–drying period (period II) started on

8 May 2018 and lasted for 145 days until a series of

intensive rainfall events occurred in October 2018, totalling

52 mm, which replenished the moisture storage within the

tailings. 20 mm of settlement was achieved in a stepwise

manner during this period (Fig. 8e). Similar to period I, the

drying process started from a fully saturated condition. The

depth of the unsaturated zone reached 80 mm below the

surface in the first three weeks, after which evaporation

almost ceased (Fig. 8d). The low surface evaporation rate

allows the deeper tailings to gradually de-saturate

(Fig. 8b). At the end of the drying period, de-saturation

was identified to take place at 480 mm depth below the

Acta Geotechnica (2024) 19:1891–1909 1899

123



surface, suggesting an unsaturated zone depth of * 500

mm. As a dry tailings layer was formed for the majority of

this period, the cumulative actual evaporation

(* 100 mm) was much less than the cumulative potential

evaporation (* 600 mm), suggesting weather was not well

utilised for tailings dewatering (Fig. 8d). Visual

Fig. 7 Monitored data over time, including a daily rainfall and cumulative data from the beginning of the test, b potential and actual evaporation

derived from data of weather station using Penman-Monteith equation, c temperature and d volumetric water content of tailings at different

depths, e electrical conductivity, and f surface settlement relative to the original elevation (1.2 m above the bottom of the column) and the

corresponding dry density of tailings. The termination of the curves suggests the sensors are exposed to air due to surface settlement. The depth

of the sensors as indicated in the legend is relative to the original column height, which is 1.2 m above the ground surface
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Fig. 8 Evolutions of cumulative rainfall, actual evaporation, potential evaporation, settlement and monitored VWC profiles with depth in each

period
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observation identified that the colour of the surface tailings

became lighter, consistent with the reduction of VWC

(Fig. 9e–h). Besides, cracks developed on the surface

tailings led to the formation of loose tailings layers, facil-

itating settlement after subsequent intense rainfall in the

next period.

The third wetting–drying period (period III) began on 16

October 2018 after 12 days of heavy rainfall, over 80 mm

in total, and lasted for 153 days until March 2019, when

the top 150 mm section of the column was removed. The

rainfall at the beginning of this period completely re-sat-

urated the tailings. The rapid infiltration induced the col-

lapse of an 80-mm-thick drying tailings skeleton near the

surface and the formation of a pond above the surface

(Fig. 9h and i), resulting in an increase of tailings dry

density from 0.5 to 0.55 t/m3 (Fig. 7f). In addition, the

collapse led to the exposure of two moisture sensors (lo-

cated at the depths of 50 mm and 80 mm). Following the

rainfall, a completely dry tailings layer with a thickness of

300 mm was formed under high temperature and solar

intensity for 100 days. The unsaturated zone developed to

700 mm depth, much thicker than that formed in period II

(480 mm). The thickening of the unsaturated zone is

attributed to the strengthened capillary forces during the

two preceding wetting–drying periods, allowing for the

transport of more water from deeper tailings to the surface

for evaporation. The occasional rainfall that occurred

during the 150 days of drying only moisturised the tailings

near the surface, while tailings at deep layers seemed not to

be affected by infiltration.

The fourth wetting–drying period (period IV), starting

from 28 March 2019 and ending on 11 December 2019,

lasted for about 259 days. Given 2019 was one of the driest

years in the past 119 years [3], a maximum unsaturated

depth could be naturally achieved during the desiccation.

Only 40 mm of settlement was recorded during the first

200 days of this dry period, consistent with the previous

observations that settlement barely occurred in dry periods.

The moisture content measured by the bottommost mois-

ture sensor (850 mm below the original tailings surface)

reduced from 0.74 to 0.43, suggesting the depth of the

unsaturated zone was more than 650 mm (given the

cumulative settlement was 200 mm at that time), which

represents the maximum depth achieved during the two-

year monitoring period. Different from the previous three

periods, where moisture content increased with depth

prominently (Fig. 8c, f and i), in the fourth period, the

moisture contents within the unsaturated zone were rather

similar (Fig. 8l), suggesting the further enhancement of

capillary forces due to increased dry density. During the

drying process, salt started to precipitate on the tailings

surface (Fig. 9n and o) and later vanished due to aeolian

and diffusion processes (Fig. 9p). Instead of forming

vertical cracks in the early periods, the surface of denser

tailings tended to form scales during desiccation. Besides,

precipitated salt and tailings crusting on the surface may

impede further evaporation [9, 15, 34].

The fifth period (period V) encompassed a relatively

long wet season (four months, from December 2019 to

April 2020), during which moisture contents at different

depths remained relatively high. After an intense rainfall of

78 mm on 12 December 2019 (Fig. 8m) (a maximum daily

rate throughout the year 2019), an abrupt settlement of

23 mm occurred without any water ponded above the

tailings surface. This is attributed to a large proportion of

pore space in the unsaturated tailings formed during the

preceding five months of the dry period with only 90 mm

of rainfall. Such settling characteristics were also observed

at the beginning of periods III and IV. In the subsequent

three months, a series of rainfall events completely re-

saturated the tailings and formed a 12-mm-deep pond

above the surface (Fig. 9r and s). The actual evaporation

rate was equal to the potential rate during the time when

the pond existed (Fig. 8b), and the tailings below the pond

experienced re-saturation and self-weight consolidation,

resulting in an additional settlement of 38 mm. The

weather became dry from late March 2020 to the end of

period V (April 2020), lasting for 25 days, during which

the unsaturated zone depth was about 415 mm and

expected to be deeper if the test continued.

Although the first four periods can be regarded as

repeated wetting–drying cycles, the tailings consolidated

and desiccated in different manners. As the dry density of

the tailings increased over time, the rainfall-induced sur-

face settlement decreased gradually. For example, pre-

dominantly achieved by a single rainfall event, the

settlement that occurred in the first year (from April 2018

to April 2019) was about 150 mm, almost the same as that

(140 mm) during the second year (from April 2019 to April

2020), which was achieved through several rainfall events

occurred in different seasons. Besides, surface cracks ten-

ded to form when the tailings had a relatively low bulk

density (e.g. tailings in periods I and II), and the widths and

depths of cracks increased with cumulative solar exposure.

In contrast, salt precipitation and surface crusting were

more common during the desiccation of mature tailings

(e.g. tailings in periods IV and V). The maximum depth of

the unsaturated zone from periods I to IV stretched

downwards continually, mainly due to the strengthened

capillary forces during tailings consolidation [36].

4.3 Characteristics of weather-induced
consolidation and desiccation

Table 2 summarises the characteristics of tailings consoli-

dation and desiccation behaviour at the end of the five
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wetting–drying periods. Comparing the statistics at the end

of the first four periods, both the overall thickness of the

unsaturated tailings, the equivalent depth of the air phase

(i.e. equivalent volume of water per unit surface to fill the

air void in the tailings), and the effective volumetric air

content in the unsaturated tailings (50%, 40%, 42% and

44%, respectively) increases monotonically. This is mainly

due to the predominant desiccation that takes tailings water

away and settlement that strengthens capillary forces in the

unsaturated zone. Conversely, the thickness of the unsat-

urated tailings decreased greatly in the last period because

the dry tailings layer had not yet formed at the end of

period V, indicating that the unsaturated zone could be

further developed as the test continued. Lasted for 27 days,

Period I is featured by much higher average AER

(4.15 mm/day) and higher cumulative normalised

evaporation (the ratio of AER to PER [12]) (0.85) than the

subsequent periods. Such high desiccation efficiency is

attributed to the tailings experiencing the transition from

slurry to solid state in this period, during which the surface

remained predominantly wet. Different from period I,

subsequent periods II, III and IV were much longer (145,

153 and 259 days, respectively), and tailings in these

periods had formed into solid states, allowing the pore

water in the sublayers to be desiccated. Although the time

spans of periods II, III and V were similar (145, 153 and

130 days, respectively), the cumulative surface settlements

attained in periods III and V (110 and 64 mm, respectively)

were much more than that attained in period II (22 mm).

Similarly, the cumulative normalised evaporations

achieved in periods III and V the same (0.46), while over

three times higher than that achieved in period II (0.14).

Fig. 9 Images of the column surface at different stages of the test
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This is because periods III and V are in summer, with more

rainfall (225 and 584 mm, respectively), higher solar

exposure and stronger winds (with average potential

evaporation rates of 6.80 and 6.66 mm/day, respectively)

that facilitates both settlement and evaporation, whereas

period II in winter that impedes these two processes.

Despite rainfall promoting settlement by collapsing the

cracks and cavities formed by desiccation, the ratio of the

cumulative settlement to rainfall did not keep increasing

but declined over time (0.37, 0.39, 0.49, 0.19 and 0.13,

respectively), as the density of tailings increased through

weather cycles. The average settlement rate in each period

varied in a similar pattern to the average AER, suggesting

that the tailings may settle fast when the surface desiccates

at a relatively high rate. The ratio of cumulative rainfall to

AER increased over time (from 0.42 in period I to 1.46 in

period IV) and reached the highest in period V, indicating

that the main source for surface evaporation after period I

was from rainwater rather than the original tailings slurry.

In period V, a pond was formed above the tailings surface

due to frequent rainfall, resulting in re-saturation and self-

weight consolidation of the tailings. As the surface settle-

ment is visibly ongoing, the current monitoring test should

continue to observe further variations in moisture profiles

and volume changes.

Through the column test, tailings desiccation patterns

could be evaluated through the evolution of surface evap-

oration and the unsaturated zone during weather cycles,

and tailings consolidation could be characterised via the

development of cumulative settlement and average settle-

ment rate during weather cycles. It is noted that the tailings

desiccation pattern in period III was different from other

periods. Both the cumulative AER and the unsaturated

thickness at the end of period III reached the maximum

throughout the entire monitoring time. Despite having

consolidated for half a year, the tailings still had relatively

low dry density, and the surface layer was in a loose state

(Fig. 9h). The weather during period III drove the desic-

cation of the early-consolidated tailings (low dry density

without significant settlement) to the most extent, leading

to rapid desiccation within the depth of 500 mm (average

VWC was less than 0.2) and further de-saturation of tail-

ings at lower layers. Loose tailings exhibited high desic-

cation efficiency in summer. With increasing proportions

of air phases in the unsaturated zone, tailings tended to

have significant settlement and even surface collapsed after

normal rainfall events. In comparison, denser tailings had

relatively low desiccation efficiency with the slow devel-

opment of the unsaturated zone and settlement.

4.4 Water mass balance analysis

Figure 10 compares the water storage in the column

derived externally from the water mass exchange between

tailings and atmosphere (i.e. inflow from rainfall and out-

flow from actual evaporation) and that derived internally

from moisture profile with depth and ponding water depth

[17]. Overall, the changes in water mass obtained from the

Table 2 Comparison of characteristics at the end of the five wetting–drying periods

Wetting–drying period I II III IV V

Time span (day) 27 145 153 259 130

Thickness of the unsaturated zone (mm) 120 441 701 650 435

Equivalent depth of the air phase in the unsaturated tailings (mm) 60 176 292 286 58

Cumulative rainfall (mm) 47 51 226 219 584

Cumulative potential evaporation (mm) 132 633 1040 1329 866

Cumulative actual evaporation (mm) 112 91 474 366 399

Cumulative normalised evaporation 0.85 0.14 0.46 0.28 0.46

Cumulative settlement (mm) 17 22 110 52 64

Average settlement rate (mm/day) 0.63 0.15 0.72 0.20 0.49

Average AER (mm/day) 4.15 0.63 3.10 1.41 3.07

Average PER (mm/day) 4.89 4.37 6.80 5.13 6.66

Effective volumetric air content in the unsaturated tailings (%) 50 40 42 44 13

Ratio of settlement to rainfall 0.36 0.43 0.49 0.24 0.11

Ratio of rainfall to AER 0.42 0.56 0.48 0.60 1.46

Porosity at the end of the period (-) 0.74 0.74 0.71 0.69 0.67

Dry density at the end of the period (kg/m3) 504.44 513.70 568.39 596.56 637.86
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two methods follow a similar pattern, particularly given

that the water mass derived externally from the tailings-

atmosphere exchange needs to integrate the recorded

rainfall and evaporation at a 10-min interval over the

2-year monitoring period. Such agreement on the water

balance obtained by the two methods also confirms the

validity of Eq. (4) that extrapolates the degree of saturation

on the surface using the saturation measurements from

underlying moisture sensors, an important step to estimate

actual evaporation using weather data, particularly in

events of continuous settlement. However, the following

discrepancies occurred between the two estimations:

1. When the surface tailings were wet (e.g. April 2018,

March–August 2019 and December 2019–April 2020),

the water mass derived from the moisture profiles

tended to be more than that derived by the boundary

exchange. This is probably because dewatering from

tailings with high moisture content (generally greater

than the plastic limit) might not trigger de-saturation,

but rather consolidation or the reduction of ponding

depth, which the moisture sensors were unable to

identify.

2. During all major rainfall events identified by the rapid

increase of water mass (e.g. May, November and

December 2018, March, June and December 2019), the

total water gain derived from the moisture profile

appeared to be much higher than that obtained by the

weather station, although the latter would, in general,

be more accurate (as it is measured by calibrated

tipping bucket). This may be induced by preferential

infiltration into the tailings during rainfall events,

which did not saturate the entire tailings layer but only

the tailings around the sensors.

3. During the dry seasons between August 2018 and

March 2019, the water mass that was derived from the

moisture profile kept lower than that calculated from

the mass exchange at the surface, with a maximum

discrepancy of about 220 mm. Such deviation is likely

caused by the development of cracks, which can be

observed in Fig. 9. The downward propagation of

cracks accelerates evaporation and hence loss of

moisture content from deeper tailings. The acceleration

could not be identified by the external method, where

water loss was calculated by the AER from the surface

that was much dryer than the underlying tailings.

Despite offering distinctive water loss patterns, the two

methods estimate almost the same cumulative water

loss at the end of the drying processes. This is because

the cracks only accelerate local drying, while affecting

little the evaporative capillary strength and the depth of

Fig. 10 Water loss and gain in the tailings column over time estimated from the tailings-atmosphere exchange and moisture profiles with depth
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the unsaturated zone, which dictate the total amount of

water loss by evaporation.

4.5 Discussion on the surface moisture
extrapolation model

The evaluation of actual evaporation and the analysis of

temporal water storage in the column through the mass

exchange from the surface relies on the proposed Eq. (4)

that extrapolates the moisture condition at the tailings

surface (SrTS), using the degree of saturation measured by

an underlying moisture sensor (Sr) and its varying distance

to the surface. Such a model is essential as the tailings

surface keeps settling over time, while the elevations of the

sensors are unchanged. A good agreement between the

water mass derived from the tailings-atmosphere exchange

and that from the moisture profile with depth, as shown in

Fig. 10, can be achieved when parameters a, n and m in

Eq. (4) are selected to be 0.031, 7 and 4.0, respectively.

Fig. 11 a Relationship between the ratio of SrTS to Sr and their distance D; b distance between the tailings surface and the closest moisture sensor

underneath
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Figure 11a shows the correlation between the ratio of the

degree of saturation at the tailings surface and that at the

closest underlying moisture sensor, and the depth from the

surface to the moisture sensor (D). When D is less than

20 mm, SrTS is almost the same as Sr. As D increases from

20 to 50 mm, the ratio of SrTS to Sr decreases rapidly,

suggesting that the estimated moisture content surface may

remain dry, regardless of that in the underlying tailings.

Such estimation may describe the moisture profile in the

unsaturated zone well during the drying processes, as the

moisture content increases rapidly with depth. However,

the assumption may not be valid during an episodic rain-

fall, where rainwater is only able to wet the tailings surface

while insufficient to influence the moisture content of the

underlying deep tailings where the sensor is located.

Despite such inaccuracy, the persistent drying would

eventually evaporate the limited rainwater retained at the

surface, and so the assumption in the model is still valid

over a long time scale, as indicated by the estimation of the

water balance shown in Fig. 10. When D is greater than

50 mm, Sr is assumed to be zero, indicating the moisture

data from the underlying sensor is no longer able to

extrapolate the moisture condition at the tailings surface

accurately. The selected parameters in the surface moisture

extrapolation model and the maximum effective D (a

maximum distance between the tailings surface and the

underlying moisture sensor to extrapolate the surface

moisture and beyond that the ratio of SrTS to Sr keeps zero)

are particularly applied to the studied coal tailings with silt-

like characteristics that exhibit a strong water-holding

capacity, leading to a rapid increase in the moisture content

of the underlying tailings within a depth of 50 mm even

though the surface becomes dry, as shown in Fig. 8c and f.

Figure 11b shows the temporal variations of D.

Throughout the two-year monitoring period, four major

settlement events (where D increases abruptly) occurred

following heavy rainfall that caused significant increases in

the water storage of the column (e.g. May and October

2018, March and December 2019), resulting in five mois-

ture sensors were exposed to the air consecutively (two

moisture sensors were exposed to the air during the set-

tlement occurred in October 2018). Except for the last

period when the maximum distance reached 85 mm, the

distance between the tailings surface and the underneath

moisture sensor varied mostly from 25 to 40 mm. This

range confirms the validity of the assumption regarding the

effective range of D for the studied coal tailings. Based on

this, the ratio of SrTS to Sr that is determined through

the selected parameters in the model also contributes to

well estimating the actual evaporation at the tailings sur-

face and consequently is validated by the water mass bal-

ance analysis using both external and internal methods. It is

noted that the empirical model would not be applied when

ponding water exists above the tailings surface as the actual

evaporation is equal to the potential one in this situation.

Therefore, from February to March 2020, although D

decreased from 80 to 50 mm and correspondingly the ratio

of SrTS to Sr kept zero, the equivalent water storage in the

column calculated by the two methods still matched well.

Note that when applying the model to other tailings or

soils, the parameters in Eq. (4) and the corresponding

effective range of D would differ from the current values.

Given the proposed Eq. (4) has only been validated in this

study with material-specific parameters, future work should

focus on exploring the applicability of the model in other

scenarios and the relationship between parameter selection

and soil types. With more attempts in various soil or soil-

like materials, the proposed equation could be further

validated and enhanced.

5 Conclusions

The paper presents a comprehensive testing method

that combines both experimental and theoretical approa-

ches to gain a quantitative understanding of the long-term

sedimentation, consolidation and desiccation behaviour of

silt-like coal tailings under natural weather variations.

Slurried coal tailings were deposited in the column for

testing for over two years under a typical sub-tropical cli-

mate with hot and humid in summer, cool and mild dry in

winter. It is found that: (a) the desiccation of the coal

tailings by sun and wind is the most effective during the

first month of exposure because the actual evaporation is

close to the potential evaporation, suggesting a deposition

cycle time for the coal tailings of one month and an opti-

mal thickness of 150 mm at the monitoring area, under the

given climate conditions and tailings characteristics; (b) the

maximum unsaturated depths achieved by evaporation

during the four wetting–drying periods are found to

increase over time (120 mm, 441 mm, 701 mm and over

650 mm, respectively, from the periods in sequence), as

continuing consolidation of the tailings after weathering

has led to an increase in bulk density, resulting in stronger

capillary forces to uptake water from the deeper tailings;

(c) settlement predominantly occurs after rainfall events,

where dry coal tailings with cracks and cavities formed

during desiccation collapse; (d) freshly deposited tailings

tend to crack vertically under sunbaking, leading to abrupt

settlement after incident heavy rainfall, whereas under

long-term sun exposure, mature denser tailings tend to

form crusts and solid salt on the surface.

An empirical model is developed to extrapolate the

moisture condition at the tailings surface based on the

moisture content measured from the underlying sensor and

its distance to the surface, a key step to estimate actual
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evaporation from tailings subjected to settlement, based on

weather conditions. The model was used to estimate the

water storage in the column through rainfall and evapora-

tion data over two years, which agrees well with that

obtained from the moisture sensor array measurements.

The column test aims to present the self-weight con-

solidation and desiccation efficiency of coal tailings slurry.

Besides, quantitative analysis of tailings desiccation pro-

vides a better understanding of to what extent the coal

tailings at different consolidation stages de-saturates and

re-saturates under the semi-arid weather condition. As the

settlement is still ongoing, the test should continue to

monitor the desiccation and settlement of mature tailings

until no significant volume change occurs so that the time

span to complete self-weight consolidation during wetting–

drying cycles can be estimated. Future work can also focus

on testing the applicability of the empirical model in other

soft soils and exploring the possible relationship between

SWCC and the surface moisture extrapolation model.
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