
ABSTRACT 

In order to the consolidation behaviour of slurried 
it is necessary to use 

to take account of 
the consolidation process. Such a 
into a numerical which has the "'rI'l1""'EH'P 

cope with in 
conditions. The 

model is to determine the consolidation n<>,·<>n",r,,,,.,, 

with the model. The paper summarises the 
at UW A, which makes use of the Geotechnical 
to derive the model and also to carry out some 
limited verification of the modeL The paper then describes 
some results which show what can be obtained with the 

the effects of different 
rates on 

iJ''-''AAH_0 at various times. 

1 INTRODUCTION 

The proper management of an area used for ~'"'jJV"U' 

slurrled both and after the active ~A"'UV"<U 
an of the processes that 

control the movement of water in the the rate and 
and the in the 

This 
processes of initial 

consolidation under various 
and formation of surface 

due to the combined effects of water table in the 
and surface desiccation due to p,,,m.n,.,,,,, 

Consolidation of slunied is a process which 
stresses, and involves 

and 

the Geomechanics at the 
Western Australia Acutronic model 
serves two purposes in the consolidation work: 
tests with conditions can be carried out for 
calibration of the numerical and some 
studies and model verification can be carried out 
the conditions. 

This paper summarises the method of the 
numerical model for each new 
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is then used to show the effect 
conditions and rates of 

overall behaviour. 

2 CENTRIFUGE MODELLING 

is the ideal method of 
soft soils because it allows the 

nr{)nprhl "UIIUl,"lVU, but in a much 

reduced time. When a container of soil is fixed at the end of 
the arm of a it is to a 

acceleration where re is the 
of the arm, and r is the arm radius. The soil in a 

model has therefore a unit pN g, where p 
is the soil bulk and hence a model in the 
has the same stress distribution as a 

in a field. the "pr",."" 

to be modelled at a scale of 
true stress similitude. 

Because time in consolidation events on the 
square of a characteristic consolidation on the 

times faster than it takes for the 
1 day of consolidation on the 

at an acceleration of 
years) consolidation at nrn,"U'IInP 

A of the 
et al. 

contained in a container of 
~V'>A""V~ to withstand the 

of instrumentation for a 
consolidation test is illustrated in L 

at UW A is 
of 

Dr<';"'H'P from the the test can be either 
surface or to both and 

bottom surfaces A solenoid valve 
allows the bottom to be switched on or off at any 
time. The water table in the bottom layer can be 
maintained at any control of the base 
pore pressure the test. Water that drains to the top 
surface can be either decanted or left on the surface. 

a test, the 
determined a cone 
miniature shear vane, or aT-bar perletrom 

199 In one case for tests on mineral sands 

various stages to assess 
stiffness and 

vertical 
actuators can also 

tests were also carried out at 
and foundation 

The actuators for these 
. As well as 

the 
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tests can be carried out at more than one location 
without the 

is 
still soft. can be used to monitor 
settlements at any a buried at that 

Miniature "Drock" pore pressure transducers are used to 
monitor the progress of consolidation. 

(ol:O<'HHI>' these transducers the same manner as 
the transducers settle with the 

the consolidation process, 
"lIllum",,!, at the same "material coordinate". 

At the end of the test, the is dissected to obtain 
"dlllll.Jl'''~ for determination of the final and water 
content and to check the final location of pore 
pressure transducers. 

Much of the initial 

area. In some 
("slimes") fractions 
process, and some 

LVDT 

1. of 

18 

Actuator 

;I 

test. 

of ,,-L'l,,"UH'1', these tr<lrh,." 

3 NUMERICAL MODELLING 

3 . 1 strain consolidation 

strain consolidation 
thickness and soil 

of 

consolidation 
Gibson et al. ( which 

allows some of these factors to be taken into account. 
if the finite element or finite difference method is 

there is no need to this of 

are U fJ'.ld"'U 

each increment. In the small-strain formulation is 
to small increments of and the 

is dealt with 
each increment. 

In the numerical the 
incremental finite element or finite difference method has 
the that the after each increment 

at the as would 

base 

and 

each increment of consolidation 
is not loo some care must be exercised in 

the size of the time since this affects 
of the numerical 

In the absence of creep effects, the and 
of the soil on the void ratio alone. 

Thus: 

e == e(d) ................................................... . 

and 

k== 

The actual used are obtained the 
described below. 

3.2 Suction 

Final rehabilitation of a 
the surface of the 

surface ~~,,'~.,.~.~ 

consolidation with the water table maintained at the surface 
for either one-way or 
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,",Lie,,,,,,.,,, at but very low at the surface, 
lowering the water table can overcome this 

since it results'in pore pressure 
which with above the water table. 
and Toh (1992) illustrated this using the case of a 30 m 

of consolidated with a base water table 
maintained at 10 metres above the base. an 
initial unit weight of 14 kN/m3, the initial and final stress 
states are shown in 2(a) and (b), while 2(c) 
shows the pore pressures at different stages of 
consolidation. (Note that this takes no account of 

or which occur in The 
suction above the water table results in effective 

stresses, and hence .>AIS'''''''"'''''" 
surface. 

t 
30m 

~ 
420kPa 

initial pore pressure = initial total slress 

-200 kPa 200 kPa 

420 kPa WO kPa 320 kPa 

Total stress Pore pressure Effective stress 

- 200 kPa 200 kPa 

100 kPa 420 kPa 320 kPa 

Total pore pressure Excess pore pressure 

2. Hlustration of process of consolidation from 
with (a) initial stress and pore 

pressure; (b) final ,",U"UU,jU'II", 
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Consolidation due to suction cannot continue to increase 
because the soil starts to de-saturate 

when the at the surface reaches the air 
for the soil. For any this 

established 
of air 

value 
can be 

version of this test consists of carrying out a 
standard test for linear but with the addition that 
the 

at intervals 
content hence void 

be established. 

This information can be 
prevent further suction-induced consolidation after this 
is reached. 

For the kaolin discussed later in the paper, 
limit can be deduced to be very 
I which is much 

than those to 
does not result in further 

but it can give a very 
shear and hence can in 
rehabilitation of the area. 

3.3 Shear 

The consolidation model does not give shear 
the shear can be deduced using 

the Cam Clay and this has been into 
the program. This allows the shear distribution 
with to be calculated at any stage. The to carry 
out measurement on the at any stage of 
the test allows the model of to be 

measurements are carried out using continuous I-'"""uau\y" 

o 
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nelletJronfleter and the T -bar 

Derivation of 

from the former the use of an '"'''''"'''"''''' 
factor N q, but for the latter a closed form solution allows 
the strength to be determined rlmpf'''''' 

4 shows an 

bar was used to measure is discussed 
by (1992). In this Figure, the 

the measured at two different stages of 
the test, and the line shows the final calculated 

The 

in 

the test 
et case, in the 

desiccated crust to qc values of over 10 MPa were 
obtained as a result of the eV:lpClrallOfHI1IClUCea suctions. 

3.4 Calibration of numerical model 

The numerical model has great 
the effects of varying 

on the surface 

it is possible to do this calibration and 

a combination of mL'VHUV' 

tests and observations of the ~a.""~~ 
consolidation 
of full-scale 

areas, but the 
the 

the 

20 

at UW A is to use 

both for the model verification 
for each new tailings 

being investigated, as described by and Toh 
(1992). The test is thus not a simulation 
of field behaviour but may also be utilised to obtain the 
DaI(UlJ,eters ~"m"i~a;l for a numerical model. 

In the numerical 

ratio and effective stress (e-if) and and void 
ratio (k-e) for the to solve the large strain 
consolidation "HJ'LJHCU! the e-et 
'''!<UA\Y''''''W is obtained from the water content distribution 

the after the of 
consolidation on the 

There are two methods to determine the k-e 
The most direct method is 

measurement either the constant head or the 
head methods. These by AI-Tabbaa 

and Wood and Aiban and Znidarcic ( have 

shown good k-e for voids ratios greater than 
about 2. However, most slurried have 
voids greater than 3. These 
."""m,,-!U',,,:> are not suitable for such soft soils due to the 
consolidation effect of the seepage stresses which occur 

the DeImeablht'l 

The k-e be obtained 
a 

varied to obtain the best fit between numerical pre~(jj(:holn 
and behaviour observed in either fun-scale or 
tests. This then be used to 

both the numerical 

urauolls are 
and the numerical 

of the 

then use the numerical model with these n.,'r""'''ata~c to 
the behaviour in other tests with different rlr<I1n,l<"'p 

kaohn used in the numerical 

paper, the ",,!,aLl,"'''''''''''' 

drainage, with or without 

for For the 

described later in this 
this were: 

e = 3.15 ........................................... (3) 

where et is in and 

k 

The model was then used to the behaviour in tests 
drainage, with and without water table 

in the base showing good 
a!!l'eelmel1t between the and observed behaviour. 

Of course it is recognised that this 
limited verification of the model and the 

used. True verification is by ('("nn~I'" 

DfE~d.l!~tHms with the observed behaviour in a full-scale 

nr()bl(~m. The described here has been used for a 
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number of in Western Australia for the 
and mineral sands industries. to date 

the 

instrumented full-scale 

event, but with the 
had access to the results of the fun-scale 

Final of these results is still 
the results win be presen:ted. 

3.5 Limitations of the model 

and material nr"np.rtu 

which occur in a fuB-scale two other very 
of real behaviour are not allowed for in 

the water table results in suctions which 
increase with distance above the water as 
outlined above. as suction the 

may be reached where de-saturation starts to 
occur, so that the between pore 
water pressure and effective stress no holds. The 

COlTe~moli1d.mg to this can be established 

In 

correSPOI1Id.lI1lg to 

• In many the latter stages of 

4 

4.1 

consolidation of the soil near the surface may be 
dominated which will 

than 
the "n.,rA·,,,h 

model as an 
soil surface. More 

for the later 
rate falls below the pan 

APPUCA TION OF NUMERICAL MODEL 

Effect of condition 

in 
conditions 

the numerical model. In 
which can be made 

Australian 

the numerical model win be illustrated. This 
would 

stages of area. 
The cases considered are summarised in Table 1. In an 

cases, the voids ratio on was 3.0. The soil 
used are those for pure obtained as 

outlined above. The variables considered were: 
• The base condition: Case 1 had an 

while all the other cases had a 
base, but with the water table in the base 
maintained at different above the 

• Treatment of water which drained to the surface: In 
to the surface was removed 

but in all the other cases, it was 
on the surface. In the final of 

consolidation where all is towards the base (Cases 
2, 3, 5, 6 and 7), this water has to be drawn down 

Case 

1 Im 

2 

3 7 

4 

5 

6 
7 

0 

. '-.. 
'-.. 

"-

" 

8 

5. Surface 

can be 
to the total consolidation time. 
the In Cases 5 and 6, the 

oflO 

Instantaneous 

Decanted 

Ponded 

Ponded 

Ponded 

of cases considered in 

" 
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"-
, \ 

\ \ 
, \ 

\ 
\ 

\ 
\ "-
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Case 3 
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The surface settlement versus time for Cases 1 to 4 is 
shown in Figure 5, which illustrates the of 

condition both on the final amount and 
on the rate of settlement use of a scale of 
time tends to mask the contrast between the curves). 

Figure 6 shows the profiles in Cases 1 and 3 
(Cases 2 and 4 are not induded as give identical 
profiles to Cases 1 and 3, respectively). The effect of the 
final suction above the water table for Case 3 is to 
give shear even at the surface of over 10 kPa, 

while this is achieved in Case 1 2) at a 
of about 10 m below the surface. 

The progress of consolidation for Case 4 is illustrated 
the series of plots shown in Figure 7. In these plots, the 

initial and final conditions are shown by solid square 
symbols and hollow symbols (L::,.), respectively, 

with conditions at the intermediate times indicated 
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shown the other 7(a) shows the total 
pore pressures at these times. Initial conditions show total 
pore pressure to total overburden pressure, but the 
base pore pressure would fall to the value set in the base 

(70 after the start of 
consolidation. 

In this a dashed line at a 
for 6.3 years is drawn at the hv(:iro:,tatic 

the of the pore pressure 
isochrones with the shown the 
dashed the direction of water flow may be 

of with the isochrone divides 
from of downward flow. For the 

case indicated (at t = 6.3 IS r.('>I'",..,..,0 

... ,,,,,,,,.,,c in the zone aoove 6 metres, and downwards in the 

zone below that This of inflexion 
until at a time of about 31.6 years (0), 

Ul'll"'''~'' is downwards. (Note however that at this 
stage, the amount of water flow would be very 
From this suctions to be at 
the water has not been allowed to 

has been this water must 
be drained back into the soil before suctions can initiate. 
This explains the difference between cases 3 and 4 in 
5 - the water in Case 3 continues to drain back into 
the soil until about 150 years, and the of 
settlement at that time is the result of the initiation of 
suction. The final shows a hv(:iro:,tatic pore pressure, 
with zero at 7 metres above the base. 

It is instructive to note that in this case, the 
was extended to a total time of over 1000 years to ensure 
conditions for "infinite time" had been achieved - i.e. to 

had been attained. Even 
excess pore pressures still 

remained. The n<lr<>rnptp'rc used in this analysis are those for 
pure and this therefore not be rpnr"c,'" 
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of any real situation. ...r.","'""" it is also true that many 
of contain a M)!,HUAl'd so that 

very long times to reach 
eXIJecteo: in some situations. 

The effective vertical stress, voids ratio and shear 
to these pore pressure 

are shown in and (d), 
All these follow a consistent trend. It is 
that the at the surface due to the 

low base water table is not felt until suctions are 
which is more than 30 years after Note also that 
in this case, the final effective stress at the base is 
lower than the value reached after the start of 

overconsolidation is the reason 
",..",.Ii",nt of shear close to 

6). 

4.2 Effect of rate 

The effect of the rate of the area is 
examined in Cases 5, 6 and 7. In these three cases, the 

conditions are 
instantaneous for Case 7, takes 

of 10 years (0.167 
(0.333 for Cases 5 and 6, resr,ectl 

"'''''''''-'v,) in the elevation of the surface for 
these three cases are shown in 8. The maximum 

of for Cases 5 and 6 are about 16.2 and 17.5 
m which occurs at the end of .... \.-.,v"""v, 

5 and 1 0 years, When 
surface elevation in each case is close to that for the case of 
instantaneous Settlement due to surface suction 
starts after 1 00 years, since in an three cases, water 
was allowed to on the surface rather than 
decanted 

and shows the 
able to model the whole 

the rate of disposal area is 
The conditions at different stages of 

consolidation for Case 6 are shown in 
these with those for Case 4 in 7 

allows the effect of the extra 7 m of drawdown of the base 
water table to be for the final 
shear at the surface is about double that for Case 4, 
and the final void ratio is much more uniform. 

4.3 

the to even 
should 

or shows that the void ratio 
the process of ,",V""VHU,:lU,-III 

from a uniform value of 3.0 in each case, with a 
final value at the base of about 1.3. In Figure the 

between and voids ratio 

exercise are shown. On this 
show the range of voids ratio 

used in the v" ...... ,,,uv' 

in this case. Also 
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consolidation 
stiffness in the usual way. As the voids ratio reduces from 
3.0 to 1.3, it can be seen that the value of Cv varies 
about an order of as indicated the arrows on 
the axis it is clear that it is not "nr' ... Ar .... ; 

to carry out calculations on the of a constant 
value of Cv. 

5 CONCLUSION 

The paper has summarised the <>n,'rn"f' 

combination of 
The <>nr, ... tv>f' 

the 
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200 

300 

results of these tests to for a finite 
difference program, which can then be used to 
examine the effects of 

In order to demonstrate the types of results which 
ODl:amea, an example of the program to the 

is described. 

verification of the <>nY)rn,'f'h 

detailed verification has been 
nUJP''''r to 

with one 
weU-instrumented Uv~JV"J". 

The cases considered in the paper show that 
can be obtained to the soil surface if the 

area has the base, with 
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used in the 

the water table at the base 
base of the 

maintained at or below the 
it is also shown that the 

times for consolidation can be very and hence this 
may not occur until some time after the end 

In some of the tests where 
surface desiccation results in 
achieved et 

As stated in the paper, the current version of the 
numerical model does not take any account of the effects of 

In many parts of net 
rates are very and therefore should be taken in to 
account, especially in assessing the rate of at 
the surface. the early stages of ... ,,,.n,,,.,,,, 
of to the pan rate, and this 

nf'l'W"n",.",tp,1 into the model as an 

condition at the soil surface. More 
"VIJ1U;~U\.<Ut;U models will be for the later stages of 

where the rate falls below the pan 
rate. 
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