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1. INTRODUCTION 

of models are available. These include 
where a scaled model is tested in the 

'!!VUv''', where the process 
.. "r .. ,,,·,,,,, by a process that behaves 

in a similar manner; mathematical where 
the process is reduced to a set of 
which are solved using either analytical or 
numerical ,!!vU''-'''''. 

processes. 

1.1 

Prediction of the -movement and accumulation of 
contaminants in flow systems is often 
carried out with the aid of theoretical models, that 
nrr",,,,,, mathematical simulations of the under 
consideration. The results of any '!!'-!'UvU""~ 

,rl"y,,,n,rl,,,,t upon both 
processes and accurate 

.. ,""",." .... 1'0 of all relevant mechanisms. 

In recent years, it has become that a critical 
need exists for observations 
behaviour in soils. 
to validate vA,.,.m'~ 
to aid us in 
fundamental transport processes. 

controlled field experiments and 
column tests have the bulk of vAjJv''''''v'''''' 
data on in soils. 

have the advantage of 
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Recently, researchers have come to recognise that a 
geotechnical can 

has 
dimensional ~~n.'-'~.~~ 
boundary conditions. 

wa<;te source. 

2. PRINCIPLE 
MODELLING 

OF CENTRIFUGE 

The mechanical behaviour of a soil mass 
under the earth's g, can be in a small 
scale model of experiencing a force of 
ng, 1. If the times acceleration is 
the same in model and the stress distribution 

the model will be identical with that 
the n .. ",u"",,np 

model tests therefore offer a means of 
out small scale physical of 

geotechnical at stress levels similar to those 
experienced by the nrr,t"t·,rn" 

Street, Cambridge, CB2 
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(a) 

(b) 

2.1 Laws 

forces will 
convective 
of different 

at 
of 

The general scaling laws that govem the 
between the model and its cOlTe~;pondJmg nrn"""\lnl-' 

respect to the of hazardous waste 
have been derived Bachmat (1967) and .A~"'~"_J 
(1988) analysis, and Laut (1975) 
and Arulanandan et. a1. (1988) using dimensional 

The relevant laws are summarised below. 

tp = tm 

=( (2) 

(3) 

where: n = scaling factor 

m = model 

p= 

u = pore fluid 

t = time factor 

C :::: concentration {M/I) 

8 

.2 
'0 
0: 
c 
.2 
o 

c 
~ 

processes. 

1 states that events related to hazardous waste 

2.2 Laws 

laws is carried 
of , where 

models are tested at different scales and 
similitude between models is observed. Verification of 
the laws (1), 
(2) and (3), was et. al. (1988) 
at the 2). 

o 25g 'est 
6. 33.3g 'est 
... 37.5 9 'est 
o 50<;1 test 

~ 0.5 
o 
v 

oOL-------~~~------~IOO~------~1~50~------=2007 

Pro,otype Time in Hours 

2: Verification of Scaling Laws 
of Models' Arulanandan et. 

Arulanandan et. al. concluded that the scaling 
factors were correct that: 

1. processes are identical 

2. fier,m'""" processes at the fluid-solid interface 
are described laws. 
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3. MODELLING CONTAMINANT 
TRANSPORT FROM A LANDFILL SITE 

The research described in this section of the was 
conducted on the Balanced Arm at the 

of Cambridge, The reader is referred 
(1980) for a of this 

The fundamental aim of the research was to investigate 
of accelerated of waste 

tr<ln<:T\()n processes, by 
For this purpose, it was decided to model the 
of a conservative species 

a soil deposit of 

r~'~h"np UHJ'Vl'-'" chosen for the 
trench of 3 m 

deposit underlain 
base stratum horizontal 

of contaminant in the landfill with time was 
n"',rn,r. .. ,>,prl in a number of the models. 

E 
o 
N 
I 

'" Vertical 1 
flow, Va 

Soil deposit 

-C: _ Horizontal flow Vb Permeable base 

3: Problem 

A standard sodium chloride solution Cl-, 
0.6 ) was used to represent the landfill 
contaminant-The geological was 
formed from reconstituted 180 grade silica The 
V,-'U",'UVA" base stratum in the model was constructed 

Buzzard 25/52 sand. 

A schematic "PT',.P"p" instrumented 
centrifuge 

The progress of the salt-water contaminant as it moved 
through the soil sample was monitored by miniature 
four-electrode resistivity probes, that were designed and 
manufactured at the Cambridge University 

These probes were also able to monitor 
concentration of solution held within the landfill site. 
Druck miniature pore water pressure transducers were 
used to measure both heads within the soil 
body and soil surface water levels. Soil surface 
settlements were detected by Linear Variable 

LVDTs 

_Ll 
oR[ I ('JP oP oP OP oR oP OR 
oR 

Te 
oP oR 

op OR OR oP op OR 

transformer 

Differential Transformers and the Ipn''''''''r''''n .. p 

within the soil body was recorded by an insulated buried 
nickel-chrome the:rmOC()UI)le. 

5 illustrates the service for a 
model. The advective seepage velocity 

the silt and the horizontal velocity in the 
permeable stratum beneath the were controlled by 
water levels within connected to the model. 
Alteration of standpipe heights allowed for the 
variation of model seepage velocities between tests. 

test followed the same 
the was started, and the 

in stages to 100 gravities (lOOg). 
within the model was then established 

to the . After 
aPl)roxillnately 2 the resistivity probe and 

readings indicated steady state conditions 
the model. the fresh water was removed from the 

landfill and by a sodium chloride solution while 
the was still in For the 
duration of test, the landfill was with either 
a standard sodium chloride 
constant concentration of 
or fresh water, 

concentration with time. Signals from all 
instrumentation were monitored each test, 
and various events of each test were recorded by Polaroid 

At the end of each test, the was stopped and a 
site of the model was undertaken. The 
package was then removed from the arm of the 
centrifuge, and to reveal the exact location 
of the buried instrumentation .. 

1 Mains water was used to simulate a 'fresh' water 
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water 
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Silt layer 

Sand layer 

5: Schematic 

3.1 Corn of Data and 
Theoretical Predictions 

A total of seven model tests were undertaken 
the of in the soil 

~~, .. ~~.,., a land based waste site. The model 
tests encompassed a number of seepage 
velocities and a variety of landfiU boundary conditions. 
Results from the tests were compared with 
theoretical predictions from two available 

transport codes, POLLUTE and :MJGRA TE 
(Rowe and Booker '1983, 1985a and 1985b), and with 
analyses developed the course of the research 
(Hensley, 1989, and 1990). 

The POLLUTE code uses 
solve a one-dimensional contaminant tra:nSf)()rt 
in a layered soil deposit of finite 
description for this analysis is illustrated by 

Clay 

Sand/gravel 
,', . / ?\J i J' ; ) 7 7 /; 7 ;' 7 ) ;. 7' ) 

Impermeable base 

6: Problem Description for POLLUTE 
Rowe and Booker, 1985a) 

In the following, a comparison of data and 
predictions by POLLUTE is for the fifth 
centrifuge test in the series, Test PJH5. The results are 
presented in prototype time and normalised with respect 
to cs, the concentration of the model In all 
figures, the theoretical data are represented by discrete 
points. The reader is referred to Hensley and Schofield 
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, overflow 
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(1991) and (1992) for a comparison of further 
tests with POLLUTE and alternative 

u.<ovn:;u\.-,tU analyses. 

The steady state groundwater flow established 
within model PJH5 is shown in 

7. This seepage flow net was generated by a two-
finite element for 

developed the course of the 
research 1989). 

7 clearly illustrates the 
the seepage established within each 

model. However, this also demonstrates an 
one-dimensional seepage flow in 

the area soil directly below each landfill It is 
therefore reasonable to expect theoretical predictions 
from POLLUTE to provide an agreeable estimate of the 
concentration rises recorded test PJH5, at an 
measurement points located in the central section of the 
model. 

Centrifuge test PJH5 modelled a landfill sited in a 14.8 
m deep silt deposit, underlain by a sand deposit of 2.5 m 
depth. An (Darcy) vertical flow velocity of 
0.965 m/year was set the soil beneath the 
landfill site2, and an horizontal flow velocity 
of 230.21 m/year was imposed along the base 

2 The seepage velocity used in POLLUTE 
corresponded to the of velocity induced by 
forced convection. Because the density of the model 

was greater than the density of the interstitial 
free convection would have been responsible for a 

component of the total convection the model. 
However, the actual percentage contribution made by 
free convection was negligible for the conditions of test 
PJH5. 
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7: Steady State Seepage Net for \...."','UHU5'-' Test PJHS 

A comparison between theoretical and data 
for test PHIS is in figure 8: dimensions 
and the measurement points are 
also in this The as 

by the POLLUTE program were from 
'-"HU~<UH_'" of the and from 

mCl1epeflClent laboratory tests. 
24·3 m 

Sll1layer 

Sand layer 
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8: Predicted 
theoretical data are 

(a) at probe 46 
(b) at probes 42 layer) and 43 layer); (c) 

at probes 44 and 4S (silt layer); transducer 
locations and dimensions. 
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8a illustrates the concentration 
site the duration of the 

event The landfill concentration was maintained at the 
maximum value, cs' for the first 17.S years of the 

event. Thereafter the landfill concentration 
was allowed to diminish with time. 

8b and 8c compare 
data at all measurement 
the landfill site. It is from these that 

was obtained between observed and 
at an Both the increase in 

concentration at all the initial stages of 
the test, and the decrease in concentration at these 

the latter stages of the test 
concentrations in the landfill were allowed to reduce), 
were well modelled by the POLLUTE. 

The concentration at the probe 
42, was 10% of the 

maximum landfill cs. This indicates that 
both the horizontal influx of fresh water along the base 

and the high horizontal seepage velocity within 
this stratum, combined to reduce 
concentrations in this layer of the modeL 

3.2 

""".,.";:",, in this section of the was 
~~"r.~'~ the of accelerated 

beneath an en:~meelrea 
of initial and conditions. 

times of up to 30 years were modelled 
the test series. Long term in-situ of this 
nature would have been costly and 
to and have 
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HEAT TRANSFER IN SOIL 
/ 

PURE CONDUCTION 
TRANSFER THROUGH 

ISTATICI PORE FLUIDS 
AND SOLIDS 

FINE GRAIN SOILS 

~ 
CONVECTION 

TRANSFER DUE TO 
E MOTION OF 

PORE FLUID 

COARSE SOILS 

~ISOTHERMS 

~HEAT SOURCE 
I 

TEMPERATURE FIELD 
UNCOUPLED COUPLED 

WITH FLOW ELD 

9: Heat Transfer in Soil 

The centrifuge test results were compared with data from 
a commercially available contaminant transport code. 
These comparisons served to illustrate the enormous 

ofa good 
of 

4. MODELLING C HEAT AND 
CONTAMINANT TRANSPORT 

heat and contaminant transport 
in environmental engineering 

to the storage and disposal of heat 
level radioactive wastes, 

waste discharges from power 
industrial processing and transport processes 
occurring in reservoirs and thermal storage 

soil may take place by pure 
conduction in which case heat is 

the 'static' pore fluid and 
particles themselves, or it can take 
in which case heat is to physical 
motion of the pore fluid itself (Savvidou 1988), figure 
9. 

The transition from conductive to 
convective mass transfer in soil is characterised by 
effective dimensionless Rayleigh Number, which 
symbolises the balance between the 
force induced by convective motion, and 
processes of viscosity and 
Savvidou, 1992). For centrifuge 

== 

4 thus indicates that will be 
between a reduced scale model and 

the prototype, with respect to the mechanism of 
combined heat and contaminant trarlsporl. 

12 

Convective in soil induces fluid motion in the 
region surrounding the waste source. Because advection 
is an in many contaminant 

the presence of a convective cell 
the and spread of a 

The centrifuge tests described in the following, were 
to investigate mechanisms of combined heat 

and contaminant in saturated soil. These tests 
were conducted on centrifuge at the 

of Western Australia. The reader is to 
nW.luv'VI et al. for a description of this facility. 

4.1 
Results 

and 

The model form that was used 
illustrated by figure 10. 

the study is 

Combined Resistivity and Temperature 
Probes (RTs) 

Centrifuge Strong 
Box 

Heating Elemem 

Porous Pipe 

10: Model Configuration 
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The models were constructed from saturated silica sand, 
and enclosed in a strong box. A 
standard sodium chloride solution C1-, 
0.2 

A small 
between the 
modeL A 
allowed the ten1Pe~rature 

to be raised by up to 40°C above the ambient 

core of porous 
at the electrodes were 

that were 
The size of the 

ceramic material the electrodes 
matched the average of the IHLIU"'UI.''''; 

materials used. It is therefore believed that the 
offered minimal to the measured 
contaminant .... ''''.''!-''VA 

A series of tests was carried out to 
heat and contaminant in soiL These 

the influence of both size and 
on the mechanisms. The 

is referred to (1992) for a 
full discussion on the test series. 

In order to illustrate the influence of buoyancy effects on 
heat two tests were conducted in 
the same sand at different Results from the two 

11, which reorded 
in the soil above and 

11 demonstrates different heat 
and at Ig. 

In field the buried 
was indicative of the 'flame 

a""u,""al'Al with convective heat transfer 
9), whereas an ""',",rAV; 

of isotherms was observed around the source at 
thus the presence of conductive heat 

The influence of convective heat transfer on contaminant 
was by conducting two 

in coarse sand at 1 OOg. In the first 
the salt water contaminant was allowed to 

Australian ueomreCJ'W1UCS 1992 

flow from the buried porous 
In the second 

the 

are in 
recorded concentration rises in the soil 
below the buried 

The data shown in 12 ill ustrate the 
influence of convective heat transfer on contaminant 

In the absence of heat the 
to the lower of the 

in the presence of heat 
the contaminant was into both the 

upper and lower regions of the 

4.2 

The research in this section of the 
demonstrated distinct differences in the heat 
mechanism at Ig and lOOg, and confirmed that 

induced velocities can have a 
effect on the contaminants in soil. 

also served to illustrate the enormous 
as a research tool 

into fundamental 
mechanisms. 

5. CONCLUSIONS 

that allows 
"",,!:":I'''''' of many contaminant 

under well controlled and rep,eal:ab.le 
labof<ttol':V conditions. The usefulness of the 

v~,~u,,,.,,, tool was demonstrated by the value of 
two test series. 

The first test series, which 
from a land based waste 

worthwhile data for 
tr.,n~r"'rl codes. 

The second test series valuable into 
fundamental mechanisms of combined heat and 
contaminant .~~nM'~r' 

a geotechnical 
tool for the 

environmental 
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for the initial work described in this paper was 
a contract with the U.K. of 

the results will be used in the 
do not 

The 
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