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ABSTRACT: The disposal o f mineral wastes, which by their nature contain soluble contaminants, presents major technical and 

environmental problems. These wastes are commonly deposited hydraulically in retention ponds. During the design o f these ponds, the 

process o f consolidation o f the mineral waste is often considered with little or no regard for its effect on the movement o f contaminants.

Applying a self-weight or surcharge load to a mineral waste layer will induce excess pore water pressures which will then dissipate 

causing a discharge o f polluted water into the pores o f the underlying strata, and into the capping layer. The discharge o f contaminated 

pore water is therefore due to consolidation of the mineral waste.

A centrifuge test, simulating the one-dimensional consolidation of, and contaminant migration from, a mineral waste site is described, 

and the results from the test are compared with theoretical predictions made using a new finite element code.

RESUME: L’elimination des residus mineraux qui, de par leur nature, contiennent des contaminants solubles, presente de graves 

problemes sur les plans technique et ecologique. Ces residus sont communement deposes de maniere hydraulique dans des bassins de 

retention. Lors de la conception de ces bassins, on ne tient souvent pas assez compte des effets du processus de consolidation des residus 

sur le mouvement des contaminants. L’application d’un poids inherent ou d’une surcharge a une couche de residus mineraux provoque des 

piessions excessives d’eau interstitielle qui vont alors se dissiper, causant un degagement d’eau polluee dans les pores des couches sous- 

jacentes et dans la croute. Le degagement d’eau intersliiielle contaminee est done du a la consolidation des residus mineraux. Les auteurs 

decrivent un essai centrifuge, simulant la consolidation en une dimension d’un site de residus mineraux et la migration de contaminants a 

partir de ce site; ils comparent les resultats de cet essai aux previsions theoriques effectuees en utilisant un nouveau code d’element fini.

1 INTRODUCTION

The consolidation process o f tailings in containment ponds 

(figure 1), although transient, may continue over many tens of 

years, and in the case o f low-permeability underlying clay soils or 

low permeability tailings, the time scale o f contaminant migration 

may extend over many hundreds o f years.

For these reasons it is necessary to find research tools which are 

able to model the process over a shorter time span. Numerical 

models are therefore invaluable in the prediction of contaminant 

movement and consolidation processes. It is necessary to validate 

such models, but direct comparison to a prototype is often not 

possible due to the large time scale involved, the difficulties in 

achieving known and controlled boundary conditions, and the 

problematic nature, and cost, o f obtaining detailed measurements. 

Centrifuge modelling offers a powerful experimental tool to 

provide data for the validation of numerical predictions.

At present, many computer codes exist for the prediction o f 

consolidation rates and final surface levels for the simulation o f 

mineral waste disposal options. Many o f these take account o f the

Figure 1. Mineral waste disposal in impoundments

large strains involved and the corresponding changes in 

compressibility and permeability. However, no codes are available 

which are able to anticipate the contaminant flow from the 

consolidating waste layer into the surrounding strata due to the 

consolidation.

The numerical model used in this work has been developed by 

researchers at Cambridge University. At present, the finite 

element code is based on an updating infinitesimal strain theory, 

and has the capacity to predict contaminant movement from a 

consolidating strata using an advection-dispersion type equation.

2 CENTRIFUGE TESTING

2.1 Fundamentals

The mechanical behaviour o f a soil body (prototype) under the 

influence of the Earth’s gravity g, may be replicated in a small 

scale model J/N, by subjecting the model to an equivalent stress 

state to that in the prototype. The way in which this is usually 

achieved is by exposing the model to a centrifugal acceleration o f 

Ng. Soil o f the same density in the prototype is used for the 

model, so that the vertical overburden stress at homologous 

points in the model and prototype, is the same(Schofield 1980).

As a consequence of the increase in the weight o f the fluid 

phase in the centrifuge model, and assuming that the same fluid is 

used in the model as in the prototype, the fluid velocity in the 

model will be N  times faster than the fluid velocity in the 

prototype. Since the model lengths are N  times smaller than the 

equivalent lengths in the prototype, then the flow paths are 

correspondingly N  times shorter in the model than the prototype. 

It follows that the transient flow processes, such as consolidation 

and contaminant transport, will occur N2 times faster in the model 

than the same process in the prototype. In the centrifuge 

modelling o f consolidation of, and contaminant transport from a 

mineral waste strata it is vital that the time scaling factor for the 

consolidation and contaminant transport processes is the same. 

Table 1 summarises the centrifuge scaling relationships relevant

u n d e r ly in g  p e r m e a b le  s t r a ta

c a p p in g  la y e r

c o n ta m in a te d  s u p e r n a ta n t  w a te r
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Table 1. Centrifuge scaling relationships

Physical Quantity Model/Prototype Ratio

macroscopic length UN

microscopic length 1

gravitational acceleration N

pore fluid properties 1

soil matrix properties 1

strain 1

stress 1

pore water pressure 1

pore fluid velocity N

solids velocity N

consolidation time UN2

concentration 1

contaminant transport time UN2 ®

Percentage Passing 

1 00

(D a ssu m e s  non -react ive , d if fu s io n  d o m in a te d  flow .

to mineral waste disposal. Throughout the test reported in this 

paper the Peclet number remained below 0.4, so correct scaling 

of the dispersion process was assumed (Hensley and Sawidou

1994). However, the primary interest was the advective 

component o f the pollutant migration. The test modelled 28 years 

prototype time, in 26 hours o f centrifuge test time, and was 

conducted on the Cambridge 10m balanced arm centrifuge.

2.2 Centrifuge modelling o f  mineral waste disposal

The one-dimensional centrifuge model o f mineral waste disposal 

involved instantaneous dumping of a slurried kaolinite, 

contaminated with Sodium Chloride solution, over a closely 

graded, fine sand. Sodium Chloride was used as a non-reactive 

and therefore conservative pollutant. The model was then 

subjected to an acceleration o f 100 gravities in the centrifuge. 

During the test a downwards hydraulic gradient was applied to 

the model.

When the clay had consolidated sufficiently, and was able to 

support the effective stress induced by a surcharge, a sand 

capping was placed over the clay, under 100#. Miniature probes 

to detect pore fluid pressure, contaminant concentration and 

temperature were included in the model, enabling continuous 

monitoring to be conducted during the tests. Figure 2 shows the 

hydraulic service arrangement used in the test.

A total o f eight centrifuge tests were carried out (Potter 1996). 

In this paper the results from one representative test are 

compared to theoretical predictions made using finite element 

codes.

2.2 Experimental details

The model used in the centrifuge test reported in this paper was 

contained in a cylindrical polyvinylchloride (PVC) container of
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Figure 3. Grading curves o f the materials used in the centrifuge 

tests.

400mm internal diameter. Free draining was allowed from the 

base o f the container via standpipe B shown in figure 2. A 

constant head was maintained at the top of the container.

Saturated E-grade kaolin slurry (44.7kg), at an initial moisture 

content o f 138%, was placed over a 116mm depth saturated layer 

o f 100/170 Leighton Buzzard silica sand, with a void ratio of

0.822. Figure 3 shows the grading curves o f these materials. The 

slurry was ‘bontaminated” with O.IMol. o f Sodium Chloride 

solution. Standpipes A and B were set at 420mm and 202mm, 

respectively, above the base o f the underlying sand. 13 pore water 

pressure probes, 30 resistivity probes for the detection of 

concentration at discrete points and 4 thermocouples were 

included in the model. Before the simulation o f the prototype 

began, hydrostatic conditions were applied to the model by 

closing valve # 1.

The centrifuge was started about 40 minutes after placing the 

clay. At 30g  the pore water pressure probe readings were 

checked and the water feeds to the two standpipes were turned 

on. The speed was increased to impose an acceleration o f 60g to 

the model, and the saline overlying water was replaced with clean 

water using the solenoid valve arrangement and standpipe A 
shown in figure 2.

The simulation o f the prototype commenced approximately 1.5 

hours after reaching 60g, as valve #1 was opened to standpipe B 

and the acceleration imposed on the model was increased to 

100g. At this point, and by the scaling relationships, the model 

clay depth corresponded to a prototype initial clay depth of 

26.4m (figure 4), and the prototype overall downward hydraulic 

gradient was 0.573. Forty minutes later, 7.91kg (dry weight) of 

100/170 Leighton Buzzard sand was placed hydraulically onto the 

clay. The test continued for another 243/4 hours during which 

time the progress o f the pollutant migration was monitored.

The concentration of the overlying water at the end of the test 

was 0.003Mol. Na+. The post test investigation showed that the 

interface between the sand capping and the clay was slightly

r waste

Figure 2. Hydraulic service arrangement
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is the excess pore water pressure and p  is the fluid density.
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Figure 4. Prototype scenario

uneven. The depth of the clay varied between 110mm and 

131mm, which corresponds to a prototype settlement o f 46%, 

and the total depth o f the capping and the clay was 159mm. The 

void ratio o f the capping layer was calculated as 0.768.

3. FINITE ELEMENT ANALYSES 

3.1 Basic Governing Equations 

3.1. I The equation o f  equilibrium

If a saturated soil body under consideration occupies a volume V 

and is bounded by a surface S, the equation of equilibrium with 

continuity and boundary conditions is expressed by the virtual 

work equation as follows.

}(5er o ) ^ = J ( 5 r f r F )dS (1)

where e is the infinitesimal stain, <T is the total stress, d  is the 

displacement and F  is the external force.

3.1.2 Effective stress-strain relation

The effective stress-strain relation for a fully saturated soil is 

written as

t? = o -p £ l  = De (2)

where ex' is the effective stress, p  is the pore fluid pressure, D  is 

the stiffness module of porous media and Q  is the matrix

(1,1, 1,0,0,0)T.

3.1.3 Mass transport equation

If the pore fluid is assumed to be incompressible relative to the 

soil skeleton in a fully saturated porous medium, the mass 

transport equation becomes

Vv„ +
dev

~dt~
: 0 (3)

where vd is the specific discharge (Darcy velocity), e, is the 

volumetric strain and t is the time. The specific discharge is 

related to the pore pressure gradient using the Darcy's law.

-Vi/
PS

(4)

where k  is the permeability (m/s), g  is the gravitational constant, u

3.1.4 Contaminant transport equation

Gibson et al. 1995 outlined the derivation o f the contaminant 

transport equation for pollutant migration through consolidating 

soils. However, if it is assumed that there is no decay of 

contaminant mass, and if the movement o f the solid particles is 

ignored (Potter et al. 1994) then, as a first step, the contaminant 

transport process can be expressed by the following equation 

(Freeze and Cherry 1979),

— (n + pbK d)c = V n D ^ V c  -  V.nvf c ( 5)

where c is the concentration, n is the effective porosity, v/ is the 

pore fluid velocity, DhL is the longitudinal hydrodynamic 

dispersion coefficient, Kd is the distribution coefficient and pb is 

the bulk density of porous medium.

4 FINITE ELEMENT FORMULATION

4.1 Basics

The three unknowns in the governing equations are displacements 

d , pore pressure p  and contaminant concentration c. In the finite 

element method, these values are calculated from nodal quantities 

using the following equations.

d  = Ndd ’ p  = Npp '  and c = N ec ' (6)

Here, d \  p ’ and c ’ are the nodal values o f displacements, pore 

pressure and contaminant concentration respectively. Nd, Np and 

Nc contain shape functions, which define the values within an 

element.

The strain, e, and volumetric strain, 6v, can be expressed as

e = -B jd ' and £v =-Edd ' (7)

where Bd= V N d and E j= Q £j .

The pore pressure gradient, Vp, and concentration gradient, 

Vc, can be written as

Vp=Epp ' and Vc=Ec c ’ 

where Ep= V N p and Ec= VNC

(8)

4.1.1 The equation o f  equilibrium

Using the above notation, the finite element formulation o f the 

equilibrium equation ( 1) with the effective stress-strain relation 

(2) becomes

K d '-L Tp '= r , 

where,

( 9)

K  = \ ( B TdDBd)dV LT = \ ( E rd N p)dV  and r, = \ ( N T„F)dS

4.1.2 Mass transport equation

Using the Galerkin residual procedure, the finite element equation 

for mass transport equation (3) combined with equation (4) 

becomes

dd' 
L —  H  

dt
(10)
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where

(p = \ ( ~ E Tp kEp)dV  and r2 = [ ( N ; V>V 5 

and v/„ is the seepage velocity normal to the boundary.

4.I .3 Contaminant transport equation

Similarly to the finite element formulation for mass transport, the 

finite element equation for contaminant transport equation (5) is 

expressed as

dc1
X —  + y c '= r , 

dt v  3

where

(11)

X  = \(r , + <?bK d) N Tc N cdV

V = j  E lE c + V v N lN c + E tc vNc)dV

r} = \ ( N Tc f d)dS

5

and fd  is the diffusive flux normal to the boundary.

4.2 Time Integration

Both equations (10) and (11) are time dependent and can be 

solved by standard time marching techniques. Thus if we make 

the approximation

rl+Al
[ p 'd t = (j?' 0+ & p')A t (12)

where Ap'=p'(l+Ao - P '(<)• Z is the integration parameter and At is 

the time increment, then equation ( 10) becomes

LAa -  E,At<t>Ab = At<j>b(l) + r2Al 

and, similarly, equation ( 11) becomes 

(X  + £,yAl)Ac = -y/A/Cjjj + r}Al

( 13)

(14)

To solve equation (14), the values of pore fluid velocity are 

necessary. In the analysis, nodal pressures and nodal 

displacements are computed first by solving equations (9) and

(13) between time t and t+At. From these equations, velocities 

can be calculated at the gauss points using the Darcy's law. The 

computed velocities are then substituted into matrix y  in equation

(14), and the resulting equations are solved for concentration at 

time (t+At).

Finally, the complete set o f equations can be expressed in a 

matrix form as

( 15)

5. COMPARISON OF NUMERICAL AND CENTRIFUGE

RESULTS

The equations described in Section 3 were implemented by

modifying the finite element program GeoFEAP (Espinoza et al.

1995), which now has the capability o f analysing two dimensional 

problems o f coupled behaviour o f consolidation and contaminant 

transportation.

The modified Cam-clay model (Roscoe and Burland 1968) was 

used to model the deformation of contaminated slurry. The clay 

has a unique isotropic virgin compression curve and the initial

~K Lr 0 Ad' r,

L

&
I 0 Ap' =

0 0 X  + ^ A / Ac' -AAj/c'(() +r3 At

1Pa Pc(a) pc(b) |n p '

in it ia l p re c o n s o lid a t io n  

p re s s u re s

Figure 5. Cam-clay model o f consolidation

preconsolidation pressure, p e, is determined from the initial water 

content (or specific volume) o f the slurry as shown in figure 5 

Soga (1994) has shown that this model is reasonable in predicting 

the deformation o f a clay with a water content greater than its 

liquid limit

The Cam-clay material properties o f E-grade Kaolin used in the 

centrifuge test are shown in table 2 (after Elmes, 1985). The 

variation o f permeability, k, with void ratio, e, was modelled 

using a power law. The curve fitted values were obtained from 

back calculation of five centrifuge tests (Potter, 1996). The 

following empirical equation is proposed for the permeability and 

void ratio relationship of E-grade Kaolin.

(m/s) (16)

The capping sand layer and the underlying silt layer were assumed 

to be an elastic material and to have a constant permeability. The 

input values o f these layers are listed in table 2 .

Table 2 Input parameters for the finite element analysis

Capping

layer

Slurry Underlying

layer

Thickness (m) 4.1 13.8 11.56

Soil model Elastic Cam-clay Elastic

Young’s Modulus E' 40MPa - 500 MPa

Poisson’s ratio v 0.35 0.25 0.3

Shape factor M - 1.05 -

Slope o f NC line X - 0.12 -

Slope o f reload line k - 0.02 -

N a t lkPa - 3.65 -

Permeability k  (m/s) 6.22 x 1 O'7 3. lx 1 0 'V 6.22 x 10'7

Initial void ratio e0 0.768 1.404 0.822

Initial p c - 18.5 kPa -

Dispersion coefficient

Du. (m2/s)

1.63 x 10'9 3 .14 x 10'10 1.65 x 10'9

The hydrodynamic dispersion coefficient o f the tested soils was 

determined using laboratory column samples (Hellawell 1994, 

Boyce 1994 and Gronow et al. 1988). The break-through curves, 

obtained as the pollutant migrated one dimensionally through the 

column sample, and knowledge of porosity o f the sample and the 

diffusion of an ion in solution, were used in expressions derived 

by Fried (1975), Brigham (1974) and Bear (1972), to obtain the 

hydrodynamic dispersion coefficient.

In the finite element analysis, a total o f 1473 elements was used 

to simulate the centrifuge test reported in section 2.2. One­

dimensional consolidation and contaminant transport was 

assumed in the analysis. At each time increment, the co-ordinates 
o f the nodes were updated to the deformed frame using the 

displacements computed at the previous time step. The density of 

the soils was also modified at each calculation to take into

is o t ro p ic  v ir g in  

c o m p re s s io n  lin e  

v = N - X ln  p '

v=1+e

in it ia l s p e c if ic  v Q 

v o lu m e  , ,

v0 (b) 

s p e c if ic  v o lu m e  v  

a t  liq u id  l im it  L L
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account o f the decrease in void ratio as the clay compresses. The 

non-linear finite element equations were solved using the 

Newton-Rapson technique in order to achieve equilibrium at each 

time step. Further information on the finite element 

implementation and analysis o f this coupled problem can be found 

in Loroy (1996).

The comparisons between experimental and predicted total pore 

water pressures are shown in figure 6. Figure 7 shows the 

experimental and predicted changes in concentration at discrete 

points throughout the model.

6 DISCUSSION

The theoretical predictions and the centrifuge data are in broad 

agreement.

Figure 6 shows that the finite element simulation predicts well 

the pore water pressures in the underlying sand, but that the pore 

water pressures in the clay are under-predicted by the numerical 

model. This under-prediction may be, in part, due to the 

difference in coordinate system used to obtain the two sets of 

data. The experimental data was obtained using a pore pressure 

probe which is fixed in space, whereas the (Lagrangian) numerical 

coordinate remains at the same position within the clay as the 

consolidation occurs. The sharp rise and then fall in total pore 

water pressure at 0.8 years is attributed to the deposition of the 

capping.

Figure 7 shows that the trends in concentration throughout the 

clay and underlying sand are predicted well by the finite element 

code. However, the figure demonstrates an over-prediction in the 

migration of the clean front to positions in the upper region o f the 

underlying sand, but under-prediction of the time for the clean 

front to reach the lower probes in the underlying sand.

h=42.0m

water

capping h '2b.4m initially

clay P11 h=11.6m

underlying

sand P10 t

1
h=0.0m

capping

depth=4.2m

Finite Element 

Centrifuge data

E LE V A T IO N

total pore water pressure (kPa)

total pore water pressure (kPa)
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w ate r
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underly ing R6
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Figure 6. Predicted and measured total pore water pressures

Figure 7. Predicted and measured concentration at discrete 

points throughout the clay and underlying sand.

Figures 7(a) and (b) show a shouldered migration pattern in 

both the numerical prediction and in the centrifijge observations. 

This may be due to the large transient advective velocities present 

in the early stages of consolidation.
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6. J Numerical modelling o f  mineral waste disposal 7. CONCLUDING REMARKS

Figure 7 shows that in the centrifuge test unstable migration of 

the saline solution occurred in the underlying sand, which the 

finite element code was unable to predict. Depending on the 

mode of instability and the corresponding scaling relationships, 

this type of instability on the saline front may also occur in the 

prototype, (Hensley and Sawidou 1994).

Hill (1952) developed a criterion, based on a series of 

experimental observations and on Darcy’s law, for the stability o f 

migration at a miscible interface. The criterion defines a critical 

velocity,

K j& P i-P x )  

( M i  - M , )

(17)

where K, is the intrinsic permeability (K,=k)Vpg), fl is the 

viscosity o f the pore fluid, p  is the density o f the pore fluid, 

subscript 1 refers to the displaced fluid and subscript 2 refers to 

the displacing fluid. For vertical downwards displacement of 

saline solution by clean water vfCvc for stable flow, and when 

saline solution displaces the clean water then vf>vc for stability. 

According to this criterion, the downwards vertical displacement 

o f saline solution by clean water in the centrifuge tests will be 

stable, and the displacement o f clean water by saline solution will 

be unstable. Several authors have studied the wavelength and 

frequency o f instabilities caused at a miscible interface (e.g. 

Homsy 1987). Such studies conclude than the instabilities are o f 

lower frequency and lower amplitude as the Peclet number 

increases.

Hill’s criterion gives a simple indication of the likelihood of 

instabilities at a miscible interface, though the damping effects o f 

viscous resistance and diffusivity should be taken into account 

when analysing the growth and decay of such instabilities. 

Wooding (1959) introduced the solute Rayleigh number which 

quantifies these damping effects,

VcgKiH 2 P„
(18)

where Vc is the vertical concentration gradient, u the kinematic 

viscosity, jX, is the slope of the fluid density as a function of mass 

fraction, and H  is a typical dimension of the problem. For the 

centrifuge test reported in this paper R as=3373 in the underlying 

sand, and /?„=().425 in the clay. These values suggest stable flow 

in the clay and circulation mixing, unstable flow in the underlying 

sand on the polluting front, which follows the observations in 

figure 7.

For a theoretical simulation o f these instabilities, criteria such as 

those described would have to be introduced into the numerical 

code, and a three dimensional system o f instability patterns would 

have to be derived using data o f the effect o f the Peclet number 

on frequency and amplitude on such instabilities.

6.2 The effect o f  consolidation on the pollution migration 

process

It may be deduced that the effect o f the consolidation on the 

contaminant migration pattern is two fold. Firstly, the transient 

pore fluid velocities during the consolidation process cause 

increased migration by advective flows. Secondly, the 

permeability distribution in the clay will influence the magnitude 

o f the pore fluid velocity for the duration o f the test. For a thicker 

clay layer, the combined self weight and surcharge stresses at the 

base of the clay are larger, so the resulting permeability will be 

lower.

The ‘shouldering’ o f the concentration profile shown by both 

the numerical simulation and the centrifuge data (figures 7 (a) and 

(b)), may be, in part, due to the transient pore fluid velocities 

caused by the consolidation of the clay.

The magnitude o f the effect o f the consolidation on the 

contaminant migration will depend on various factors such as the 

thickness o f the clay and capping layers, the compressibility and 

permeability o f the clay and the overall hydraulic gradient.

The experimental and numerical work presented in this paper 

used techniques that, for the first time, were applied to simulate 

coupled processes o f contaminant transport and consolidation in 

the field o f environmental geotechnics. It was shown that the 

contaminant migration pattern was affected, at least in part, by 

the consolidation of the clay.

The findings presented in this paper indicate that centrifuge 

modelling can be a useful tool for the validation o f theoretical 

codes, involving consolidation of, and contaminant transport from 

polluted clays. Once validated, the predications made using these 

codes can be applied to practical applications such as mineral 

waste disposal.

The implementation of a large deformation theory into a finite 

element code for coupled consolidation and contaminant 

transport, is currently underway.
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