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SYNOPSIS: Containment o f refuse at engineered waste disposal site is usually effected by lining the sites (most commonly with a layer o f compacted, low 

permeability soil) to prevent the contaminated water (leachate) and landfill gas from passing into the ground and groundwater. A facility has been established 

at the Greek Public Works Research Centre (KEDE) for the appraisal o f Greek soils with regard to their use in compacted clay liners and some of the initial 

results are presented in this article. The experimental data show close agreement with trends and values obtained previously for British soils, confirming the 

suitability o f the test methods and procedures established for the specification and checking o f clay liners in Greece. There is also good agreement for the actual 

minimum permeability values obtained with heavy compaction and values predicted by an empirical equation developed for British soils.

INTRODUCTION
CLAY LINING

Since the 1970's awareness o f landfill problems and their solutions has 

increased to a point where waste disposal by landfill has become a 

technology in its own right (DoE, 1986). Other methods o f waste 

disposal such as recycling, composting and incineration are under 

investigation and consideration but it is generally accepted that landfill is 

the most cost-effective disposal method. Furthermore load filling has the 

advantage that otherwise useless land, such as disused quarries, may be 

reclaimed. Its subsequent usage, be it agricultural, industrial, domestic 

or recreational, will be dependent upon the extent to which the waste 

disposal is properly engineered.

As waste decomposes complex biochemical reactions take place, the 

temperature increases, the pH may change and the products of 

decomposition are released in both liquid and gaseous form. The main 

products are leachate and landfill gas but organic and heavy metal 

compounds and bacteria are also abundant. Landfill gas consists mainly 

o f methane, carbon dioxide, ethane and carbon monoxide, with hydrogen 

being present in varying quantities. Within a landfill site it should be 

controlled positively, using interceptor and collector drains, to prevent it 

travelling through the ground. Similarly the leachate needs to be 

contained and collected to prevent pollution o f the ground and 

groundwater in the vicinity o f the waste disposal site. Leachate is 

primarily formed due to infiltration of rainwater into the refuse during its 

deposition. As this rainwater permeates the decaying waste organismic 

products and soluble waste constitutes are leached out. These harmful 

products are contained within the site by encapsulating the refuse with a 

liner along the base and sides, together with a Cup over the refuse to 

minimise water inflow after completion o f filling. The most common 

landfill lining material is a clay soil (in a suitably-low permeability state) 

although there is rapidly growing use o f man-made membrane synthetic 

liners. However these latter systems are used in association with a low 

permeability clay layer to provide a back up barrier in case o f leakage.

The basic purpose o f a liner is to act as a barrier to the escape of 

contaminated liquids from the site, although soil liners can also act as a 

chemical ’filter’,  by absorbing or attenuating certain compounds and 

elements, so that the emergent liquid has had the harmful substances 

removed. On the other hand it is not certain whether prolonged contact 

between leachate and the clay may detrimentally affect the integrity o f a 

liner by increasing its permeability or by making it brittle.

The usual minimum requirements for a clay liner are a thickness o f at 

least one metre and a permeability o f 10* mm/sec or less. This layer of 

clay may be a natural deposit or more-commonly it is formed by 

compaction o f a suitable clay so as to satisfy the permeability 

requirements. It can be very difficult to handle and place a ’clay soil’ to 

form a suitable barrier, because o f its slow-draining and cohesive nature, 

(Daniel, 1987). If it is too wet, spreading and compaction is difficult, 

the clay can be turned into a slurry and the compaction plant cuts into the 

surface o f the clay thereby forming ruts and potential preferential seepage 

paths. When the clay is too dry it forms very hard lumps which cannot 

be compacted properly (the clay as dug out for use will be in large lumps 

due to the size o f the excavation equipment). If after formation of an 

acceptable liner it is allowed to dry out then cracking and formation o f 

highly permeable drainage paths will occur. Clay soils with a high 

plasticity are needed to provide the requisite flexibility to accommodate 

movement due to consolidation, settlement and decomposition. In warm 

climates, or if the liner is left to drying conditions for any length o f time, 

moisture content reduction of the clay and subsequent shrinkage will 

cause the formation of deep cracks in the clay liner.

TESTING PROGRAMME

To date engineered waste disposal sites utilising compacted clay liners 

have not been constructed in Greece. Consequently it is necessary to 

establish procedures for accurate determination o f permeability
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characteristics and for suitable, efficient control of on-site works to 
produce an effective clay liner. As part of this process a dedicated 
laboratory facility was established at the Public Works Research Centre 
(KEDE) in Athens for undertaking permeability tests on greek soils, and 
preliminary work has been undertaken by KEDE and students from the 
National Technical University of Athens (Toubeki and Koumoutsea, 
1992). The tests were conducted using compaction permeameters and 
falling head permeability boards of the type developed by Bolton Institute 
(Tong, 1992). Each soil was subjected to a ’suite of tests’ (originally 
defined by the North West Water Authority) which are used to assess the 
suitability of the clay for lining purposes. The resultant data are 
subsequently used for control and checking of the field work (Sarsby 
1987). The’suite of tests’ comprises; liquid and plastic limits, grading 
curve, specific gravity, compaction, permeability tests for five different 
compaction states.

M A TERIALS

The clays were tested from different parts of Greece. The soils were 
subjected to the conventional classification tests, ie liquid and plastic 
limit, grading curve, and the resultant data are given in table 1 and 
figure 1.

Table 1 Soil Classification Data

Proctor Compaction Heavy Compaction

Soil Optimum
Moisture
Content

(%)

Optimum
Dry

Density
(Mg/m3)

Optimum
Moisture
Content

(%)

Optimum
Dry

Density
(Mg/m3)

A 12.4 1.80 9.5 2.02

B 15.1 1.78 11.8 1.95

C 20.7 1.64 16.3 1.80

Soil Clay
Fraction

Liquid
Limit

Plastic
Limit

Specific
Gravity

A 15 30.7 16.0 2.63

B 24 38.2 16.0 2.59

C 5 41.3 23.0 2.59

Clay Silt Sand Gravel

Fig. 1 Grading curves of the test soils

The compaction curves are shown in figure 2 for both standard and heavy 
compaction. The dry density of a soil is given by

Pd = Pw
(1 + e)

(1 )

Thus soils with different specific gravities will give different dry density 

values for the same voids ratio. The moisture content, w, is also 

dependent upon specific gravity, ie wG =  Se where S is the degree of 

saturation. Since the voids ratio is anticipated to be a prime parameter 

affecting the soil permeability, the influence o f G has been eliminated by 

plotting (pwG/pa) against wG, instead of the more conventional way of 

displaying compaction data, ie by plotting pd against w. The resultant plot 

is very similar in form to that o f the conventional plot, but it emphasises 

the similarity of all o f the compaction curves.
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Fig. 2 Com paction curves

In figure 2 the influence o f compactive effort on a soil’s density state is 

clearly evident. Also seen is the tendency for soils to approach a fully 

saturated state when subjected to heavy compaction at moisture contents 

slightly in excess of optimum, ie, between +2%  and +4%  for the soils 

tested in this investigation. This result has important implications for 

accurate determination of permeability in the compaction permeameter 

apparatus since, unlike the triaxial apparatus, it is not possible to apply 

a back pressure to the pore fluid and thus dissolve air within the void 

spaces. Air in the voids between the soil particles can produce false 

volume changes during permeability tests and can also seriously impede 

the flow of water by creating ’air-locks’ within the soil. Heggie (1992) 

conducted a comparative series o f permeability tests on a boulder clay 

using both compaction permeameters (rigid wall cells) and the triaxial 

apparatus (flexible wall devices). He found that for samples compacted 

wet of optimum the two types o f apparatus gave essentially the same 

permeability values, even when considerable effort was taken to ensure 

full saturation of the triaxial samples. A similar conclusion was reached 

by Daniel, Anderson and Boyston (1985).

PERMEABILITY TESTING

Samples were formed in permeameter cell bodies using both Proctor 

compaction and modified (heavy) Proctor compaction. After preparation 

a shallow depth o f soil was dug from the top of the sample to form a 

’reservoir’ for the permeating water and to allow expansion of the
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sample. It is frequently advocated that the space between the top o f the 

soil and the underside o f  the permeameter cap should be filled with wire 

wool to help confine the soil. At Bolton Institute permeability tests have 

been conducted with four arrangements on top o f the sample, ie tightly- 

packed wire wool, wire wool with filter paper on top o f the soil, loosely- 

packed wire wool, a water-filled void. All arrangements gave essentially 

the same values of permeability even though after testing the upper 15% 

(approximately) o f the sample had expanded and become very loose.

Initially the samples were left to stand in the water overflow tray to draw 

water up into themselves. After assembly o f the complete apparatus the 

test specimens were left under a constant head to initiate the permeation 

process and promote saturation. After several days the first falling head 

test was performed. Readings o f the water level in the standpipes was 

taken over a period o f several days.

A control standpipe, full o f water, was also read every day to monitor 

apparent volume changes from evaporation o f the water from the 

standpipes and the levels in the standpipes (for permeability 

measurement) were adjusted accordingly.

Each sample was subjected to at least three falling head permeability 

tests. In between each test the samples were left for substantial times 

under constant head permeation to enhance the degree of saturation and 

to complete any consolidation or swelling o f the clay samples. The data 

from each test were compared and samples were tested until successive 

tests gave essentially identical permeability values.

Test Results

To evaluate the coefficient o f permeability the data were plotted as Log 

(Ho/H) against elapsed time, t, where Ho is the initial head and H is the 

head at time t. If the data form straight lines then the permeability is 

constant for a wide range of pore and hydraulic gradients. Curvature of 

the graphs would imply that the permeability is not constant but the more 

likely reason is the presence o f a significant quantity o f air in the void 

spaces. Compression and expansion of this air generates apparent 

volume changes and false values o f the water level in the permeameter 

standpipes. Typical permeability data are presented in figure 3 for four 

separate tests (conducted at various time intervals) on one soil sample. 

For each test a straight line was obtained, ie the permeability was 

constant, and there was only a slight change in the value o f the 

coefficient o f permeability from one test to another. This behaviour is 

typical o f that for soil wet o f optimum subjected to heavy compaction.

Fig. 3 Falling head perm eability tests

Coefficient of permeability 
k(mm/sec)

Dry Density

Fig. 4 Com paction - perm eability relationship

The typical relationship between compaction and permeability is shown 

in figure 4. As has been reported previously the permeability decreases 

significantly with compactive effort when the soil is in a relatively dry 

state. At high moisture contents the difference is not so marked, 

although with heavy compaction the minimum permeability is achieved 

at relatively low moisture contents. The heavy compaction tests shown 

in figure 4 were conducted on soil that was broken down and passed 

through two different sieve sizes, ie 4.8 mm and 19.0 mm. The 

difference between the resultant compaction curves is small and there is 

no observable trend with regard to permeability values. From the point 

o f  view of the formation and checking of compacted clay liners the 

important point is that attainment o f minimum permeability is essentially 

guaranteed when the soil is compacted wet o f optimum (regardless of 

compactive effort). Once the lining clay has been ’calibrated’, ie the data 

in figure 4 have been established, on-site checking of the quality o f  a 

liner can be undertaken rapidly by measuring dry density and moisture 

content and observing where the data lie on the chart (figure 4). The 

coefficient o f permeability values for the three soils tested are shown in 

figure 5. The data confirm the trend o f decreasing permeability with 

increasing moulding water content to a minimum value at between 2% 

and 4% wet o f optimum.

Tong (1992) conducted an extensive programme of repeat permeability 

measurements and classification tests on one soil to study repeatability 

and accuracy of measurement. The correspondence between Tong’s data

T i me (Min)
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properties likely to affect permeability, eg clay fraction, shape of grading 

curve, plasticity, Williams searched for correlations between these 

parameters and permeability values. The resultant, best-fit equation for 

minimum permeability was :

k m 1 0 0 ^ °  x 2 5  (1 ♦ e)

[(d j d o  f  x  CU] (1 + PD

where, d I0 and d„ are the particle size at 10 % and 0 % 

passing, e is the voids ratio, CU is the coefficient of 

uniformity and PI is the plasticity index.

Using equation (2) the permeability values for soils A, B and C are 

predicted as 2 x 10-7, 5 x 10’* and 3 x 1 Cr® mm/sec as opposed to the 

measured values o f  7 x 1C1, 3 x 10‘7 and 3 x l a 7 (for Proctor 

compaction) and 1 x 10’7, 3 x 10' 8 and 9 x 10 * mm/sec (heavy 

compaction) - there is good agreement between the equation and the 

values for heavily-compacted soil.

CON CLU DING REM ARKS

Fig. 5 C om paction perm eability values

Fig. 6  C om parative test data

and the values for Greek soil B are immediately apparent for grading, 

compaction and permeability (figures 5 and 6 ). Using a large database 

of permeability data Williams (1992) attempted to derive an empirical 

equation to predict the permeability o f  soils. Having defined the 

parameters which either affected permeability or which related to soil

A facility has been established for testing o f Greek clay soils to assess 

their suitability for use to form waste disposal lining layers. Consistent 

permeability data have been obtained and the minimum values obtained 

from heavy compaction fit closely an empirical equation which has been 

derived for British soils.
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