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Modeling of pollutant transport in heterogeneous soils 

Etude du transfert d’un polluant dans les sols heterogenes

E. E. R. Boyce & C. Sawidou -  C ity University, London, U K

ABSTRACT: This paper investigates mechanisms for pollutant spreading in heterogeneous soils. Results from a series o f centrifuge 

model tests are presented and compared with numerical simulations. Discrepancies between the experimental data and numerical 

predictions highlight mechanims of transport which depart from the conventional theory used in the numerical simulations.

RESUME: Cet article examine les mecanismes du dispersion des polluants dans les sols heterogenes. II presente des resultats d’une serie 

des essais de centrifugation et les compare avec des simulations numeriques. Des divergences entre les donnees experimental et les 

predictions numeriques soulignent des mechanismes du transfert que font une entorse a la theorie classique que sert aux simulations 

numeriques.

1 INTRODUCTION

Given the growing concern over many environmental problems, it 

is becoming increasingly necessary for the engineer to develop a 

better understanding o f how pollutants move through and interact 

with our natural environment. Traditionally such an insight has 

been gained through field and laboratory tests. Whilst data from 

field tests is invaluable, it is extremely difficult to exercise control 

over the test conditions. Conventional laboratory tests are subject 

to limitations o f scale and have often failed to reflect scale- 

dependent behaviour observed in the field.

Many researchers recognise that a geotechnical centrifuge 

provides a powerful tool for modelling a range of geo- 

environmental problems (Hensley 1989; Cooke and Mitchell 1991; 

Culligan-Hensley and Sawidou 1995). The use of a centrifuge 

allows a high degree of control over both soil geometry and 

boundary conditions, allowing the effects o f the variation o f a 

single parameter to be observed by repeating tests with only slight 

variation in conditions. In addition, correct simulation of a 

prototype situation allows field scale behaviour to be modelled. 

Most research into environmental problems using the centrifuge 

has focused on homogeneous soils. This paper presents results 

from a series o f tests carried out to examine the effect o f soil 

heterogeneity on pollutant migration.

2 TRANSPORT MECHANISMS

The migration o f even a single miscible pollutant through a 

saturated soil matrix as it displaces the resident pore fluid can be 

extremely complex. As well as advection at the pore fluid 

velocity, the pollutant will be subject to a variety o f spreading 

mechanisms and chemical reactions, which cause the development 

of a transition zone between the pollutant and resident pore fluid: 

diffusion, dispersion, adsorption and production reactions. In 

addition, the pollutant interface itself may develop instabilities due 

to density or viscosity contrasts between the two fluids. This may 

result in a random fingering pattern, causing an overall increase in 

pollutant spread.

2 1 Mechanisms o f  Dispersion

In the case of a conservative pollutant with the same viscosity and 

density as the resident pore fluid, the most important spreading 

mechanisms are diffusion and dispersion. Diffusion is governed by 

Fick’s Law, so that the flux caused by diffusion is proportional to 

the concentration gradient. Mechanical dispersion is a

macroscopic parameter which represents an averaging of 

microscopic variations in the pore fluid velocity. As a working 

assumption, mechanical dispersion is usually also treated as a 

Fickian process, allowing the two mechanisms to be described by 

a single parameter, called the hydrodynamic dispersion coefficient. 

For one dimensional flow, the transport o f the pollutant is often 

described by the classical advection dispersion equation:

dc n  d c dc 

dt dx. dx
( 1)

where c = concentration of pollutant in pore fluid, t = time, x = 

distance, Du = one dimensional coefficient o f hydrodynamic 

dispersion and u = pore fluid velocity.

The hydrodynamic dispersion coefficient in an homogeneous 

soil is dependent on pollutant and soil type and the pore fluid 

velocity. This dependency is usually described in terms of the 

Peclet number, Pe = ud/Dj, where d is a characteristic dimension 

for the soil and Dd is the free molecular diffusion coefficient for 

the species under consideration. At low velocities (Pe < 0.4), the 

dispersion coefficient is constant and equal to the molecular 

diffusion coefficient, but as the pore velocity increases, the effects 

of mechanical dispersion become more important. At higher pore 

velocities (Pe > 5), the spreading o f the pollutant is governed by 

mechanical dispersion, and there is an approximately linear 

relationship between the dispersion coefficient and pore velocity 

up to a Peclet number of about 50 (Bear 1972). The dispersion 

coefficient is then given by

D hl = a u , (2)

where a  is the dispersivity of the soil, which is o f the order o f the 

characteristic dimension, d. Peclet numbers greater than 50 are 

unlikely to be observed in a geo-environmental context.

An important point is that the characteristic dimension which 

should be used to define the Peclet number is dependent on pore 

size and not grain size. In coarse grained materials, the 

characteristic pore dimension is similar to the mean grain size. 

However, in fine grained materials (silts and clays), it has been 

observed that the characteristic pore dimension may be a 

magnitude greater than the grain size (Klinkenberg and Sjenitzer 

1956, Boyce 1994). A common practice o f using the mean grain 

size to calculate the Peclet number has led to some erroneous 

assumptions about the nature o f the transport regime in some 

previous studies.

Although predictions o f contaminant transport based on 

equation ( 1) have been supported by laboratory data, field studies
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Figure 2. Pollutant breakthrough curves for test EERB5A.
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Figure 1 Position o f resistivity probes in centrifuge models.

have shown that the dispersion coefficient for a particular soil may 

be larger in the field than that measured in the laboratory. In 

addition, the dispersion coefficient measured in the field may vary 

with distance travelled from the source (Greenkom 1983). Most 

authors attribute these observations to soil heterogeneities present 

in the field situation. This has led to much research directed 

towards achieving a greater understanding of the fundamental 

mechanisms of mechanical dispersion and the relationship between 

heterogeneity and pollutant spreading. Several studies have 

shown that field scale dispersivity is o f the order o f the 

characteristic heterogeneity scale. For a given type of soil, this 

characteristic dimension will depend on several factors, such as 

grain shape and size distribution and regularity o f packing. The 

effect o f such factors is complex, but in general terms an increase 

in the randomness o f packing increases the degree of dispersion. 

Spatial variability o f soil properties in the field may also lead to 

heterogeneity on a mesoscopic scale, further increasing the 

characteristic heterogeneity dimension. The degree of spatial 

variability encountered by the pollutant will depend on the 

distance it has migrated from the source, and the macroscale 

dispersivity may not be constant.

3 MODELLING PROCEDURES

3 .1 Principles o f  Centrifuge Modelling

Centrifuge modelling has become an increasingly important 

technique for modelling various aspects o f pollutant transport 

through porous media. Using the technique of centrifuge 

modelling, the self weight stresses o f a prototype may be 

reproduced in a 1/N scale model accelerated to N gravities 

(Schofield 1980). This is particularly important for tests involving 

pore water flow in fine grained soils (Arulanandan et al. 1988), 

since several flow parameters depend on void ratio, which is 

stress dependent. Table 1 gives scaling factors for other basic

parameters used in the modelling of contaminant transport. T hese 

ratios may be determined by inspection or by dimensional analysis 

(Hensley, 1988; Arulanandan et al. 1988).

Due to the complex relationship between hydrodynamic 

dispersion and pore velocity, the dispersion coefficient will not 

necessarily scale directly between model and prototype. In a 

homogeneous soil, provided the Peclet number is less than 0 4 in 

both model and prototype, the spreading mechanism will be 

diffusive and dispersion will scale directly. At higher P eclet 

numbers the dispersion is velocity dependent, and the amount of 

pollutant spread will be greater in the model than in the prototype 

Using the classical advection dispersion equation as a starting 

point, Hensley and Randolph (1994) developed a scaling 

relationship for the spread of a pollutant in a homogeneous soil, 

which will apply even at Peclet numbers greater than 5. This may 

be summarised as

where the subscript r represents the ratio between prototype and 

model values and the parameter x' (= x -ut) is an indication of the 

spread o f a concentration profile about the mean point (0 5 

normalised concentration). Therefore if the ratio Dm, is known, it 

is possible to deduce the scaling ratio for transcribing the pollutant 

spread observed in a centrifuge test to the prototype equivalent 

From equation (2), it can be seen that it would be possible to 

scale the pollutant spread directly, by reducing the dispersivity by 

a factor N. In the case in which the dispersivity o f a soil system is 

governed by mesoscale heterogeneities, correct scaling of 

pollutant spread should be achieved if the characteristic 

heterogeneity dimension is reduced by a factor N.

3.2 Test Programme

A programme of geotechnical centrifuge tests was carried out to 

model transport o f a conservative pollutant through a 

heterogeneous soil (Boyce 1994). The conceptual prototype was 

a horizontally layered soil matrix, composed of between ten and 

fourteen alternating layers o f silt and fine sand, both of porosity 

0.4. The layered model was underlain by a base drain of coarse 

sand, through which the test fluids could be introduced. An 

overburden o f coarse sand was also added to some models, so that 

all models in the test series were of the same total prototype 

height (25m).

Table 1: Scaling laws.

Property Prototype model ratio

gravity 1 :N

length N: 1

velocity 1:N

time 1:N2

pressure 1:1

concentration 1:1
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Figure 3. Comparison o f predicted and observed spreads for test EERB5A.

Flow through the model was set up by standpipes, and was 

perpendicular to the layers in the upwards direction. The pollutant 

was a 0. IM sodium chloride solution, which was applied as a step 

input at the base o f the model. The resident pore fluid was a 

solution of glycerol, prepared to the same density as the pollutant, 

in order to prevent any density driven migration. It is believed 

that there was minimal adsorption (less than 2%) o f the sodium 

chloride by the modelling materials.

During testing, the pore fluid pressures throughout the model 

were determined by Druck pore pressure transducers, whilst 

localised chloride concentrations were determined from 

measurements made with miniature resistivity probes, developed 

at Cambridge University. Pore fluid velocities were varied 

between tests, by varying the standpipe heights and the prototype 

layer size was also varied.

The results presented in this paper were taken from three 

separate tests, and are typical o f the several patterns o f pollutant 

breakthrough that were observed. All three tests were conducted 

at lOOg and it is believed that the soils were close to full 

saturation. Details o f soil and flow parameters for the tests are 

given in Table 2, whist Figure 1 shows the position of relevant 
resistivity probes within the models.

3 .3 Numerical Simulation

The centrifuge test results were compared with the predictions of 

the one-dimensional semi-analytical code POLLUTE (Rowe and 

Booker 1983) and the two-dimensional finite element program 

SUTRA (Voss 1984). Both programs are based equations o f the 

form of the classical advection-dispersion equation. POLLUTE 

has been used previously with some success to predict patterns of 

pollutant migration observed in centrifuge tests on homogeneous 

silt models (Hensley 1988), whilst SUTRA is used commercially 

to predict pollutant movement in the field.

The input parameters for the simulations were based on a 

series o f laboratory tests to determine the permeability and the 

relationship between pore velocity and hydrodynamic dispersion 

coefficients for chloride migration for both materials. Layer 

thickness and porosity were set according to measurements made 

during excavation of the centrifuge models, while hydraulic 

gradients were based on pore pressure measurements made during 

testing. Although SUTRA has provision for variation of the 

density o f the pore fluid with pollutant concentration, neither 

model allows for variation of the fluid viscosity.

Numerical simulations were used to develop predictions for 

the pollutant breakthrough curves at each of the resistivity probe 

positions. The simulations were used to model events at the 

prototype scale, but the dispersion in each case was set to the 

value expected at the model pore fluid velocity, in order that both 

breakthrough times and pollutant spread could be compared 

directly. Separate simulations were carried out using POLLUTE 

with the values o f dispersion set to those expected at prototype 

scale. Hensley and Randolph’s scaling law (equation 3) was then 

applied to the experimental data, to deduce prototype spreads, and 

these were compared with the POLLUTE predictions.

Table 2: Details o f centrifuge tests.

Test Code Prototype 

layer size 

(m)

Prototype pore 

fluid velocity 

(x 10"6 ms'1)

EERB5A 2.0 12.93

EERB5C 2.0 17.16

EERB4C 1.5 17.22
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Figure 4. Pollutant breakthrough curves for test EERB5C.
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Figure 5. Pollutant breakthrough curves for test EERB4C.

4 RESULTS

Results for the three tests are shown in Figures 2 to 5. Figures 2,

4 and 5 show breakthrough curves at the positions o f the 

resistivity probes, whilst Figure 3 shows prototype spreads 

deduced for test EERB5A.

Figure 2 shows a comparison of some observed breakthrough 

curves for test EERB5A with predictions o f the models 

POLLUTE and SUTRA. The two predictions are extremely 

close, except that SUTRA predicts slightly greater dispersion. 

This may be due to the different ways in which the dispersion 

coefficient is specified for each code: for POLLUTE it is treated 

as a constant, whilst for SUTRA it is treated as a linear function of 

velocity. There is relatively good agreement between the 

observed and predicted breakthrough curves, both in terms of the 

breakthrough time and the spread o f the pollutant (slope o f the 

breakthrough curves) Some o f the experimental curves exhibit a 

degree o f tailing, a type of behaviour which is usually attributed to 

pockets o f stagnant pore fluid in dead end pores (Coats and Smith 

1964) Figure 3 shows a comparison of prototype spreads 

predicted numerically with those deduced from experimental data 

using equation (2). Again there is very good agreement between 

numerical and experimental data.

Figure 4 shows breakthrough curves for test EERB5C, 

together with numerical predictions from POLLUTE. This second 

test was similar to the first, except that the fluid velocity and

therefore the amount o f mechanical dispersion was greater. In 

contrast to the first test, the numerical predictions did not match 

the experimental data nearly so well. The breakthrough occurred 

rather later than predicted at some probe positions (RES 4, 7), 

whilst it occurred earlier than predicted at others (RES 5, 11) 

The positioning of the probes might suggest that the flow velocity 

in the left hand side o f the model was slower than in the middle 

and on the right hand side, but this is not reflected in pore pressure 

measurements in the model. In all cases the degree of dispersion 

observed was greater than that predicted. This is particularly 

noticeable for the probes located higher in the model (RES 7 and

11), and therefore further from the source. An increase in 

apparent dispersion with distance from the source has been 

observed in the field, where it has been attributed to macroscopic 

heterogeneities. In the case o f this test, the unevenness of the soil 

layers could cause a more irregular packing of soil grains at the 

layer boundaries, leading to a larger characteristic heterogeneity 

scale in these regions, and therefore to greater dispersion. The 

dispersion calculated by the numerical models is based on values 

determined experimentally for each soil, and does not allow for the 

effect o f mesoscale heterogeneity.

Test EERB4C was carried out at the same pore fluid velocity 

as test EERB5C, but with a different soil layer thickness. On 

excavation of the model, the individual soil layers were found to 

be more uneven in thickness than in the previous two tests 

Results from test EERB4C are compared with numerical
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predictions in Figure 5. In this case, the experimentally 

determined breakthrough curves differ from numerical predictions 

in terms of both breakthrough times and pollutant spread. 

Differences in breakthrough times can not be explained in terms of 

differences in the advective velocity in different parts o f the model. 

Resistivity probes 7 and 9 were very close in the model, yet 

breakthrough occurred earlier than predicted in the case o f probe

9 and later then predicted for probe 7. For some probe positions 

the measured dispersion is greater than predicted, although the 

overall shape o f the curve is similar to that expected (RES 7, 9). 

However, some of the breakthrough curves have a shouldered 

shape very different from the S-shaped curves predicted (RES 5,

12) This shouldered shape is characteristic o f 1-D unstable 

displacement (Bacri et al. 1991).

Differences in the viscosity of the resident and displacing fluids 

can lead to the propagation o f viscous fingers, which move ahead 

of the pollutant interface. In a homogeneous soil, initial 

perturbations in the interface are caused by microscopic 

permeability heterogeneities. If  the displacing fluid is less viscous 

than the resident fluid, a high pressure gradient will exist at the 

interface, tending to magnify the disturbance so that fingers form. 

However, in the case o f miscible fluids the effect o f an 

unfavourable viscosity ratio may be mitigated by the existence of 

the transition zone, across which a viscosity gradient exists. In 

addition, transverse dispersion of the pollutant acts to stabilise 

disturbances with a wavelength less than a given cut-off value, 

which may be calculated using linear stability theory. In the tests 

described here, the viscosity ratio between the fluids was 

extremely small (1.05), and the effects o f dispersion should have 

been sufficient to ensure stable flow.

It is probable that in these heterogeneous soil models, the 

initial perturbations in the pollutant interface are caused by 

permeability variations on a much larger scale, due to a slight 

unevenness in the thickness o f individual layers. In this case, the 

wavelength o f the initial disturbances would be much greater, and 

the effects o f pollutant dispersion would not be great enough to 

stabilise the pollutant interface. Viscous fingers could develop, 

causing shouldered breakthrough curves, and a wide variation in 

breakthrough times, as observed in Figure 5. Neither o f the 

numerical models considered in this paper allows for this type of 

viscous instability.

CONCLUSIONS

A series o f centrifuge modelling tests was carried out on layered 

soil models, involving the transport o f a conservative pollutant 

through the soil, due to flow perpendicular to the layering. 

Results from three o f these tests were compared with numerical 

predictions o f two codes (POLLUTE and SUTRA). For one test, 

the experimentally determined breakthrough curves and pollutant 

spread were in good agreement with numerical predictions. For 

the other tests, there were considerable discrepancies between the 

experimental data and numerical predictions, in terms of both 

pollutant breakthrough times and spread. These discrepancies 

were attributed either to an increase in heterogeneity scale, due to 

a more random packing o f soil grains at the layer boundaries, or to 

viscous instability in the pollutant interface. Linear stability theory 

for a homogeneous soil predicts that for the materials used, the 

interface should have remained stable during all these tests. It is 

thought that the onset o f instability may have been caused by 

variations in permeability on the mesoscopic scale, due to 

unevenness in the thickness of individual soil layers.

In common with most other numerical models currently 

available, both POLLUTE and SUTRA assume stable fluid 

displacement, with a dispersion parameter which is constant for a 

given soil type. The tests described here highlight the fact that 

these two basic assumptions may not apply for pollutant migration 

in heterogeneous soils. This is an important consideration when 

attempting to predict pollutant transport in the field.

The research reported in this paper was carried out at Cambridge 

University Department o f Engineering and was funded by a CASE 

award sponsored by EPSRC and Golder Associates U.K. Ltd. 

The authors gratefully acknowledge both the financial support and 

excellent technical support provided during the course of this 

study.

ACKNOWLEDGEMENTS

REFERENCES

Arulanandan, K., P.Y. Thompson, B.L. Kutter, N.J. Meegoda, 

N.J. Muraleetheran & C. Yogachandran 1985. Centrifuge 

modelling o f transport processes for pollutants in soils. ASCE  

Journal o f  Geotechnical Engineering  111(1):95-114.

Bacri, J.-C., D. Salin & R. Woumeni 1991. Three-dimensional 

miscible viscous fingering in porous media. Physics Review 

Letters 67(15):2005-2008.

Bear, J. 1972. Dynamics o f  flu ids in porous media. American 

Elsevier.

Boyce, E.E.R. 1994. Modelling o f  transport processes in 

heterogeneous soils. PhD thesis, Cambridge University.

Coats, K.H. & B.D. Smith 1964. Dead end pore volume and 

dispersion in porous media. Pet. Trans. AIM E  231:73-84

Cooke, A.B. & R.J. Mitchell 1991. Evaluation o f  contaminant 

transport in partially saturated soils. In H. Y. Ko and

F.G. McLean, Centrifuge 91: 503-508. Balkema.

Culligan-Hensley, P.J. and C. Sawidou 1995. Environmental 

geomechanics and transport processes. In R.N. Taylor (editor) 

Geotechnical centrifuge technology: 196-263, Blackie 

Academic and Professional.

Greenkom, R.A. 1983. Flow phenomena in porous media. Marcel 

Dekker Inc.

Hensley, P.J. 1989. Accelerated physical modelling o f  transport 

processes in soil. PhD thesis, Cambridge University.

Hensley, P.J. & M.F. Randolph 1994. Modelling contaminant 

dispersion in saturated sand. Proc. 13th ICSM FE.1557-1560. 

New Delhi: Oxford and IBH Publishing Co. Pvt. Ltd.

Klinkenberg, A. and F. Sjenitzer 1956. Holding time distributions 

of the Gaussian type. Chemical Engineering Science, 5:258.

Rowe, R.K. & J.R. Booker 1983. POLLUTE - 1-D pollutant 

migration analysis program. The University o f Western Ontatio.

Schofield, A N . 1980. Cambridge Geotechnical centrifuge 

operations: 20th Rankine lecture. Geotechnique 30(3):227-268.

Voss, C.I. 1984. SUTRA - Saturated-Unsaturated-TRAnsport - a 

fin ite element simulation model. U.S. Geological Survey.

1805


