
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


New experimental investigations for the determination of serviceability of soil liners 

for landfills

Nouvelles 6tudes experimentales pour determiner I’utilite des barrieres horizontales pour decharges

L. Edelmann -  Institute  o f G eotechnics, D a rm stadt U nive rsity o l Technology, G e rm any & Institute  o f G eotechnics, S wiss F e de ra l Institute

o f Technology (ETH), Zurich, S witze rland 

R. Katzenbach -  Institute  o f G eotechnics, D arm stadt U niversity o f Technology, G erm any 

R Amann -  Institute  o f G eote chnics, S wiss Fe dera l Institute  o f Technology (ETH), Zurich, S witze rland

ABSTRACT: As no limiting values are available for in-situ deformability of horizontal soil liners such deformation was investigated in a 

research project. A new testing apparatus was developed to perform large-scale deformation tests on 0.6m thick barrier models with a 

diameter of 4.2m. Differential settlements were simulated by allowing subsidence o f the barrier models. Two materials, Hessen silt and 

Hessen clay were tested. Large potential for deformability and serviceability is available for clay with medium plasticity. A comparison of 

lest and measurement results is shown.

RESUME: Puisqu'il n'existe pas de valeurs limites sur la capacite de deformation des barrieres horizontales in-situ, on a etudie de telles 

deformations dans un projet de recherche. Un nouvel appareil d'essai a ete construit afin de proceder a des essais de deformation en 

conditions d'utilisation avec des modeles de barriere ayant une epaisseur de 0.6m et un diametre de 4.2m. Des tassements differentiels ont 

e te  simules pour abaissement du sol sous les modeles. Deux materiaux, un limon de Hesse (RFA) et une argile de Hesse ont ete utilises. II 

s'avere que l'argile de plasticite moyenne a un potentiel eleve de deformation et d'aptitude au service. Une comparaison des resultats des 

essais et des mesures est presentee.

1 INTRODUCTION

Landfills are generally planned in accordance with the multi- 

barrier concept based on several barrier functions. The most 

important elements in containing pollutants within the landfill are 

technical barriers such as basal liners and capping systems.

Settlement and collapse in the waste body and landfill subsoil 

result in imposed loadings and deformations in the liner systems. 

Nonuniform deformations lead to bending (Fig. 1) and should be 

considered critical for soil liner material behaviour.

The principal function o f the technical barriers is to minimize 

percolation and in addition for capping systems to keep water out 

of the waste body. Therefore the guarantee o f integrity is o f great 

importance for the barrier function.

Depending on the magnitude o f deformations, limiting defor

mation states may ensue which may exceed strength in the form 

o f  plastic deformation, cracking or shearing mechanisms and 

impair the proper functioning of the liner.

Concerning the long-term durability of composite liners, soil 

lin e rs  are attributed the main responsibility for sealing and retard

ing  pollutants (LWA-Instructions 1993, Manassero et al. 1996). 

But soil liners as the prime element o f composite liners are sensi

tiv e  to settlements, especially to differential settlements as 

nonuniform deformations (Fig. 1).

So far, however, no limiting values have been available for the 

in-situ deformability o f soil liners. At the same time it is required 

th a t the proper functioning of the liner system not be impaired by 

deformation. Liner systems should be able to withstand deforma

tio n  without failing, i.e. remaining in the plastic range.

This article reports on results o f a research project which

investigated the effect o f differential settlements on the effective

ness and proper functioning of horizontal soil liners in large-scale 

tests (Katzenbach et al. 1995). For this purpose, real landfill 

conditions for settlements and nonuniform deformations were 

modelled in a newly developed large-scale testing apparatus 

"Darmstadt Simulator for Large-Scale Deformation Tests on 

Horizontal Soil Liners for Landfills" (Edelmann 1995).

A deformation is termed a limiting deformation state when it 

leads to measurable amounts o f water percolating through the 

barrier model. The research results should provide limiting values 

for deformability o f various soil liner materials used in engineer

ing practice.

2 SOIL PARAMETERS

Two types o f soil judged to be characteristic for the range of 

materials used in soil liner construction were selected for the tests.

The first material is called Hessen silt, designating its origin 

and can be classified as a moderately fine sandy, clayey silt. The 

Hessen silt is a clay of low plasticity, TL according to DIN 18196 

or CL according to USCS. Due to its relatively low plasticity, the 

material is susceptible to imposed deformations and represents the 

low end o f the range of materials used in landfill construction. 

Nevertheless this type of material is frequently used in practice.

The second material exhibits higher plasticity and 

approximately represents the upper limit of practice relevant liner 

materials. The so-called Hessen clay can be classified as a slightly 

fine sandy, very silty clay and it has medium plasticity, TM 

(DIN 18196) or CL (USCS) (Tab.l).

Table 1: Geotechnical parameters of tested materials____________

Soil parameters units Hessen Hessen 

_________________________________________sill_______ c/ay

grading values C,S,S,G [%] 18/71/11/0 48/44/8/0

coefficient o f permeability kio [m/s] 6.0-10’10 2.9-1 O'10

liquid limit wL [%] 31.4 42.8

plastic limit Wp [%] 20.1 20.6

shrinkage limit ws [%] 16.5 17.2

plasticity index Ip [%] 11.3 22.2

Proctor density PPr [t/m3] 1.810 1.780

optimum water content Wpr [%] 15.2 16.7

uniax. compres. strength qu [kN/m2] 230 294

(a) (b )

Fig. 1: Schematic representation of (a) uniform and (b) nonuni

form deformations o f soil liners
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The simulator has a height o f 2.6m and enables the bending 

deformation of 0.6m thick barrier models with a diameter o f 4.2m 

(Fig. 2). The support construction consists o f two parts, the 

peripheral support and the lowerable central support. The central 

support was made of 19 cylindrical rubber cushions, concentri

cally arranged and filled with water. The arrangement of the 

rubber cushions forms three independently operated ring circles 

with cushion No.l as the first circle in the middle. The cushions 

of each circle are connected.

The support construction can be lowered by the hydraulically 

operated cushions in a highly controlled way to simulate subsi

dence and deformation. By removing different quantities o f water 

from the ring circles, a vertical displacement and a bending 

deformation of the barrier model occurs, forming a subsidence 

trough. The peripheral support plates are attached to the lowerable 

central support. Trapezoidal metal plates ensure a smooth transi

tion from the peripheral support to the outermost circle o f cush

ions. These peripheral support plates compress the compressible 

upper part o f the rubber pads in the peripheral support. The speed 

o f lowering in the central support is verified by a control unit.

The 0.6m thick barrier model was constructed of approxi

mately 16t o f soil material placed on the top of the support ele

ment and the 0.25m thick support/drainage layer made of sand. 

The soil material o f the barrier model was separately compacted 

in 12 lifts o f 5cm thickness each. The material was homogenized 

before placement giving a lumpiness and aggregate size of 

<30mm. A kneading compaction effect was simulated by 

sheepsfoot vibrating pounders. The material was compacted wet 

o f optimum with a degree of compaction of Dpr=97.5% of Proctor 

density. The compaction achieved was checked by determining 

the dry density of undisturbed samples from each lift.

Before starting the deformation test and lowering the support, a 

0.6m deep water layer was maintained on the top of the barrier 

model. The onset o f damage due to bending deformation was 

indicated by the appearance of water percolating through the 

barrier model. The leakage was measured by Time Domain 

Reflectometry probes (TDR probes) and tensiometers in the

3 TESTING EQUIPMENT support/drainage layer immediately beneath the barrier model.

30 TDR probes and 4 tensiometer measuring lines were 

installed in a grid which enabled the measurement o f changes in 

water content and precise localisation of percolation and leakage 

spots (Fig. 3). The plan view was divided into fields I  to VI with 

axes A to F  as boundaries.

Due to the definition o f damage by measuring water in the 

support/drainage layer special care was taken to prevent the water 

from by-passing the barrier model along the inside wall o f the 

testing apparatus. Therefore a special joint filler tape was used at 

the edge at the middle level o f the barrier model. The subsidence 

was measured by displacement transducers both on top and 

bottom of the barrier model.

4 TEST PROCEDURE AND TEST RESULTS

The subsidence velocity of Ah=4mm per day in the centre o f the 

barrier model was selected for the deformation test. Three large- 

scale tests were carried out, two with the Hessen silt and one with 

the Hessen clay, lasting up to a maximum period of three months.

For the test designated V2 with Hessen silt the first leakage 

was measured at the outer edge of the barrier model at a 

maximum subsidence of 3.15cm in the centre at the bottom. A 

leak was first detected with one TDR probe on the 9th day of the 

test when the water content in the support/drainage layer began to 

increase. Afterwards the adjacent TDR probes measured also an 

increase of the water content and confirmed the location of 

leakage (Edelmann et al. 1996).

Independent of the first failure, a second leak was observed 

with continuing subsidence in the test V2 with Hessen silt. At a 

maximum subsidence of 5.53cm in the centre, a leak was identi-*

t
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fied also at the outer edge area of the barrier model. The 

tensiometers exhibited a sudden decrease in suction as a result of 

increasing water content.

The deformation of the barrier model corresponds to an arc of a 

circle. The radius of curvature for the maximum subsidence in the 

centre at the onset o f leakage can be calculated as a limiting value 

for deformability. For the subsidence of 3.15cm the radius of 

curvature is calculated by geometrical values to be R=70m for the 

barrier model Hessen silt. For the first leakage the measurement 

results with the TDR probes are displayed in Fig. 4 versus the 

radius of curvature. Vertical displacements as the maximum sub

sidence at the bottom of the barrier model dependent on the test

ing time are also shown in Fig. 4.

The radius o f curvature for the second leak was calculated to 

be R=40m for a subsidence of 5.53cm. The measurement curves 

from the tensiometers and the TDR probes shown in Fig. 5 are 

typical for detecting leakage. At the end of the test, the water 

content measured by the TDR probes in the support/drainage 

layer was about 35-40% by volume, corresponding to full 

saturation of the sand.
The results o f the test V2 were confirmed by a second defor

mation test with the same material Hessen silt. Failure usually 

started towards the outer edges o f the barrier models and took 

place in locally limited areas. During dismantlement o f the 

models, cracks could not be observed visually.

For the deformation test designated V4 with medium plasticity 

material Hessen clay, the potential o f subsidence of the testing 

apparatus was not sufficient. In this test the testing apparatus 

support was lowered to its maximum extent of h=38cm without 

any failure occurring. Therefore the radius o f curvature is 

calculated to be R=6m. The serviceability of the barrier model 

Hessen clay was still intact at that subsidence condition.

The dismantlement o f the deformed barrier model Hessen clay 

was carried out in 4 layers of 0.15m thickness each. The upper 

layer L4 became soft (Ic=0.2) under the influence o f the water 

layer on the top of the model and the lack of additional loading. 

48 undisturbed samples were extracted from the layer L3 to LI at 

the bottom to perform laboratory tests. The dry density decreased 

and the water content increased with increasing depth compared 

to the construction state (Fig. 6).

Permeability tests were carried out for a hydraulic gradient of 

i=30 on 14 samples o f layer L2 and L I, yielding an average 

coefficient o f permeability o f kio=2.8TO'10m/s. A comparison 

with the results o f permeability measurements made prior to the 

test (Tab. 1) indicates that no significant change in permeability is 

noticeable for Hessen clay in spite o f a calculated average volume 

expansion of the samples in the deformation test o f ev=+5,6%. 

The swelling behaviour o f the Hessen clay is classified as slight.

5 ASSESSMENT OF TEST RESULTS

There is only scant information available in the literature and in 

regulations for the deformation behaviour of soil liners for

radius  of curvature  R [m]

—A— TDR27 V TDR 16 —S —  TDR17 —B — TDR18 

— I----  T1 — * —  T2

Fig. 5: Measurement curves of the second leakage

landfills. In the German state legislation of North-Rhine Westfalia 

a minimum radius of curvature of R=200m is given for which no 

deformation proof is necessary for soil liners o f at least medium 

plasticity (LWA-Instructions 1993).

As a result of the large-scale tests, the minimum radius o f cur

vature o f low plasticity material Hessen silt is about R=70-40m. 

The Hessen silt meets the requirements concerning deformability 

o f barrier material o f medium plasticity. In contrast to the Hessen 

silt there is much more deformability for the Hessen clay as a 

plastic material. The barrier model Hessen clay sustains a radius 

of curvature o f R=6m without reaching a limit state. The impor

tant difference in quantity of deformation is attributed to the 

plasticity behaviour o f the materials.

6 RESULTS OF IN-SITU DEFORMATION MEASUREMENTS

6.1 Industrial sludge and municipal waste landfill

As a part of an industrial and municipal landfill a 30m thick waste 

body of industrial sludge from waste water treatment was 

deposited in the German state Hessia. This waste body, 

designated biomass is covered by a second one of municipal 

waste (Fig. 7). The maximum thickness of the municipal waste is 

intended to be 30m also. The two different waste bodies are 

separated with an intermediate liner system composed of a 0.75m 

thick composite liner made of Hessen clay. The main task o f the 

intermediate liner system is to protect the industrial sludge from 

contact with lechate from the municipal waste. The chemical 

influence on geotechnical properties is not completely known. A 

multiplicity o f problems can arise due to the material properties of 

the sludge. These properties are reported by Amann et al. (1995).

The liner system is subjected to imposed deformations because 

o f the consolidation settlements of the sludge itself and also from 

settlements caused by the weight o f the municipal waste. The sec

ond type of settlements may be even greater due to the strongly 

pronounced creep behaviour of the industrial sludge. Differential 

settlements are of great importance for the effectiveness of the 

intermediate liner and the drainage system.

dry dens ity [ t/mJ]

wate r  content w [%]

•  construc. T  dismant. L3 ♦  dismant. L2 A  dismant. L1

Fig. 6: Water content and dry density versus depth
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horizontal tube length [m]

Fig. 7: Cross-section o f the landfill

horizontal tube length [m]
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— ^ —  Aug.95 — O—  Feb.96 --------  Aug.96

Fig. 8: Measured settlements o f the intermediate liner 

6.2 Measuring program

A measuring program was developed for in-situ investigations of 

the deformation behaviour o f the intermediate liner system and 

the industrial sludge. Pore pressure transducers were installed in 

the sludge waste body itself with cone penetration equipment and 

in the drainage layers above and below the intermediate liner 

system during the construction. Displacement and soil pressure 

transducers were fixed in the intermediate liner. An approximately 

170m long flexible tube placed in the drainage layer above was 

used for hydrostatic profile gauge measurements to investigate the 

settlements o f the intermediate liner along the tube. Vertical 

settlement gauge pipes were used to verify the results o f settle

ments measured with the hydrostatic system.

6.3 Measurement results

In the intermediate liner, displacements were measured twice, 

parallel and perpendicular to the slope, at two locations. Com

pressive strains were measured parallel to the slope on the order 

o f £=-0.3%  to -0.6% . Perpendicular to them, i.e. parallel to the 

contour lines, strains were irregular. Both tensile strains on the 

order of E=+0.1 % to +0.2% and compressive strains o f e=-0.2% 

were measured. Critical states were not expected concerning these 

strains compared with our investigations (Katzenbach, Amann et 

al. 1995). The overburden load on the intermediate liner corre

sponds to a level o f approximately 10m height of municipal 

waste, which also produces a positive effect on the compatible 

stress-strain behaviour of the liner.

The results o f the hydrostatic profile gauge measurements 

show comparatively continuous settlement curves (Fig. 8).

The measurements were carried out in sections of lm length 

each. The degree of accuracy o f the measuring technique was not 

sufficient for back calculation o f the radius o f curvature by means 

of differential settlements o f each section. Therefore a regression 

analysis was carried out using a moving average tool based on an

horizontal tube length [m] 
s e ttle m e n ts  3 /9 4 -8 /9 6  (m o v in g  a v e ra g e )  O ra d iu s

Fig. 9: Intermediate liner, settlements and radius o f curvature

interval of three parts o f the data series. Such a settlement curve 

with measurements from August 1996 and the corresponding radii 

o f curvature are shown in Fig. 9. Thus, the minimum radius of 

curvature was back calculated to be on the order o f R=20-30m. In 

comparison with the large-scale test results with Hessen clay, it is 

concluded that the current deformation state is above the 

serviceability level o f the intermediate liner system.
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