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Slope stability of clay liners at waste deposit rock walls 

Stabilite des talus de barrteres d’argile verticales pour d6charges

M.Hertweck & P.Amann -  Institute o f Geotechnical Engineering, ETHZuric h, Switzerland

ABSTRACT: The important aspects when designing steep slope sealing systems up to angels of 90° for waste deposits are the evaluation of 
the performance and the stability of the slopes. Different failure mechanisms exist, such as bulging, shear failure, sliding and bearing 
capacity failure. Based on the results of full-scale tests (scale 1:1) and in-situ measurements, a simple model for estimating the inter
dependence of the stability of slopes and the deformation will be presented in this paper. The influences of the thickness, the inclination and 
the height of the steep slope sealing system are shown. A brief description of the full-scale tests and the in-situ measurements is also given.

RESUME: Les aspects les plus importants lors de la construction de decharges avec des barrieres d'argile verticales sont la performance et la 
stabilite des talus. Differents mecanismes peuvent se produire, tels que deformation Iaterale, rupture de cisaillement, glissement et rupture de 
sol sous la fondation. Base sur les resultats de nos essais dans des conditions d'utilisation (echelle 1:1) et des mesures in-situ, un modele 
simple permettant l'estimation de l'interdependance entre la stabilite des talus et la deformation est decrit dans ce document. L'influence de 
l'epaisseur, de l'inclinaison et de la hauteur de talus sur le systeme barriferes d'argile verticales est presentee. Une description brfeve des 
essais dans les conditions d'utilisation et des mesures in-situ est egalement donnee.

1 INTRODUCTION

To prevent the escape of pollutants from waste deposit into the 
subsoil, the base and the sidewalls of quarries must be covered by 
a sealing system. Examples of such deposits up to a height of 
20 m already exist and are planned up to a height of 80 m. Along 
the side rock walls the same structural components are used as 
sealing system as for a basal liner. It consists of a ground water 
drainage directly placed along the rock wall to avoid water pres

sure on the sealing. The sealing and the leachate collection system 
are placed in front of this ground water drainage. As sealing mate

rial clay is prefered. The leachate collection system consists of 
gravel enclosed in wire netting. In addition, it supports the clay 
sealing during compaction and acts as a deformable transition 
layer. During the lifespan of the deposit, the body of waste sup
ports the steep slope sealing system. The performance of inclined 
clay liners is decisively influenced by the mobilization of earth 
pressure of the different structural parts. The main problem is the 
stress-strain incompatibility of the used clay material and the waste 
material. Experience of the stress-strain behaviour of steep slope 
sealing systems and the stability of slopes could be gained from 
large-scale tests and in-situ measurements.

2 STRESS-STRAIN BEHAVIOUR - PRINCIPLE

The serviceability and the ulimate limit state of steep slope sealing 

systems is of great interest. The serviceablity can be described by 
the efficiency of the sealing effect of a low permeable material. 
Gravitational forces of the structural parts and the body of waste 
are the principal influence. Depending of the support due to the 
waste, the sealing must be able to deform without loss of service

ablity. In addition, the sealing system is loaded by external loads 
during the filling sequence and afterwards. Time-dependent reduc

tion of the body of waste leads to considerable settlement 
especially for municipal solid waste (MSW) and therefore to 
settlement-induced negative skin friction. Otherwise, settlement of 
the subsoil can occur during the lifespan of a waste deposit. A 
subsidence causes a trapdoor mechanism resulting in shearing and 

arching in the wall sealing. Depending on the used sealing 
material, consolidation, shrinkage, collapse due to rewatering and 
temperature cause settlement of the wall sealing which can reduce 

the serviceablity during the lifespan of the deposit.

The ultimate height and the design of the liner system as well as 
the coordination of construction and filling sequence must be 
estimated in advance. In addition, the serviceablity may not be 
reduced. Therefore, kinematic failure mechanisms were analysed 
(figure 1).

Bulging  of the wall liner occurred at the toe of the slope 
because of the gravity loading and a low lateral support from the 
body of waste. Bulging is coupled with buckling of the gabion 
wall and plastic deformation of the wall liner. Buckling at the toe 
of the wall, as shown in figure 1, can occur with increasing 
buckling length and increasing height of the wall liner. 
Considering the inclined drainage layer as a solid body, over

turning around the toe of the wall is also possible. In such a case 
the wall liner will bulge at the top of the wall.

Shear failure takes place along a given sliding surface at the 
abutment resulting in a shear zone under plastic flow at the toe of 
the wall liner (1) or a shear mechanism across the wall liner (2). 
Lateral sliding of the leachate collection system can occur at the 
foundation of the drainage layer. Gravity and external loads 
decrease the safety factor for bearing capacity failure  in com
bination with a low lateral support.

While the tendency for bulging and sliding is predominant, it 
occurs in conjunction with the shear failure. Due to increasing 
width of the inclined wall liner system, the sealing system can lose 

its serviceablity because of large lateral deformation or collapse by 
shear failure. Large lateral displacements can cause increasing 
volumetric strain and therefore an increase of the hydraulic 
conductivity.

bulging shear failure

sliding/ bearing capacity

overturning failure

T 7 T 7 7 T 7 T T T T T - T T

Figure 1. F ailure m echanism s o f  steep slope sealing  system s.
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3 STRESS-STRAIN BEHAVIOUR - MEASURED

3.1 Large-scale tests

A full-scale experimental research program has been set up at 
the Institute of Geotechnical Engineering at the ETH-Zurich, 
necessitating the development of appropriate testing equipment. 
Two tests were performed on a typical design of a steep slope 
sealing system, to measure the stress-strain behaviour (figure 2). 
A detailed description of the large-scale testing apparatus is given 
by Hertweck & Amann (1996).

A clay liner (1.1 m thick) was placed along a smooth 80° 
inclined wall. Between the wall sealing and the body of waste 
there is a leachate collection system, built with gabions. The basal 
liner has a thickness of 1.3 m. The toe of the steep slope sealing 
system has been rebuilt and loaded statically under plane strain 
conditions. Higher construction stages up to a height of 35 m were 
simulated. The load was increased alternately in steps of 3 m 
between the wall sealing system and the waste deposit. The wall 
sealing system was loaded in advance.

©
clay sealing

©
gabions

© drainage layer

©
inclined wall

© bituminous layer

©
geotextile

© waste material

©
foundation

Figure 2. Large-scale  m odel o f  the sealing system .

In the first test the model corresponds to an MSW deposit. This 
case simulated the interdependence of a stiff wall liner and a soft 
support. In the second test the same clay sealing was used, but in 
combination with a body of waste of a higher stiffness, consisting 
of residues from waste incineration. In this paper we focus on the 
first large-scale test because of the low lateral support.

Volume change is an important criterion when analysing the 
serviceablity of a sealing. We were able to measure the volumetric 
strain in the model during the simulation of the different construc

tion stages by installing displacement transducers (Amann & 
Hertweck 1995).

A silty clay (CL) was used for the sealing. Illite and mixed 
layers were the main clay particles of the fraction < 2  fim. The 
clay was installed at a saturation of 9 6 %  (Ic = 0 .8 ) .  The moulding 

water content was 5 %  over the optimum moisture content 
achieving 9 5 %  of the standard Proctor maximum dry density. The 
hydraulic conductivity was 7x1 O '11 m/s. Consolidated drained 
triaxial tests were performed with the sealing material, giving the 
effective shear parameters of <p’ =  1 8 .2 °  and c' =  1 9 .8  kPa, ob
tained at an axial strain of Eir = 20%.

For the body of waste we used a peat-compost mixture with 

similar deformation characteristics to MSW (Amann & Hertweck 
1995). The results from consolidated drained triaxial tests show 
no failure up to an axial strain of 20%. The shear parameters are 
mobilized continuously by strain, giving a strain-dependent 
passive support pressure (figure 3). The mixture can be compared, 
due to the mobilized shear parameters, with an 7-10 years old 
municipal solid waste (Jessberger 1996).

The measured vertical strain of the wall liner was ev = 10% of 
the total model height. The deformation directly induced by the 
filling sequence are rather small. The vertical deformation of the 

gabions was of the same order as the wall liner ( e v = 11%). The 
waste material adhered to the gabions, giving a surface settlement 

of 28% of the height of the waste material next to the gabions and. 
38% at maximum near the front.

A large lateral widening of the sealing of Eh = 8% could be 

measured. After excavation the widening of the gabions was

1.10 0.5 3.60

measured to be Eh = 19%, so that the sealing system shifted 
18 cm towards the waste deposit. The volumetric strain in the 

sealing was calculated from the measured displacements. An 
average volume reduction of A V /V 0 =  6  - 7% could be measured 
in the sealing.

£ [%]

Figure 3. M obilization o f  the lateral support o f  the peat-com post m ixture.

During the first large-scale test pivoting of the foundation of the 
gabions was observed. During the excavation a pivoting of 5° was 
measured at the foundation. Bearing capacity failure could not be 
reached.

The measured stress ratio k = CTh/Cty 'n ^  waH sealing corre
sponds to the active state of plastic equilibrium (figure 4). The 
gabions were also plastified and therefore under limit yielding 
condition. The settlement-induced negative skin friction could be 
backcalculated. In the first test the shear stress was about 30 kPa 
for at rest conditions, uniformly distributed along the steep slope 
sealing system.

3.2 In-situ measurement

The field measurements were made in a sealing system of MSW 
deposit (Wirmsthal; Germany) located in a 60 m deep quarry. The 
inclined rock walls (80°) are subdivided by berms into three parts 
of about 20 m. The wall sealing, with the same design as the 
large-scale model, has a thickness of 2 m and is made of clay. 
The inclined abutment is smooth, while sliding is reduced by 
using a bituminous layer. As leachate collection system along the 
sidewall 1 m wide gabions filled with gravel are used. The sealing 
system was built in advance 3 m (Amann & Hertweck 1995).

Two measuring cross-sections are installed in the wall liner. 
The vertical and horizontal deformation of the wall liner can be 
measured as well as the stress state. At the present time the wall 
sealing system has reached a height of 20 m, the same as the body 
of waste.

The inclinometer measurements show that sliding and bulging 
is dominant. Bulging is achieved by overturning of the whole 
gabion wall. The differential vertical strains in the wall liner are at 

maximum Ev = 8%. The widening of the wall sealing was at 
maximum eh = 5% in the first cross-section and Eh = 9% in the 
second. The volumetric strain for the second cross section could 
be estimated as a mean value of A V /V 0 = 7%. Only volume 
reduction was obtained from the results. The stress measurements 
in the wall liner exhibit the active state of plastic equilibrium.

4 MODELLING

In order to model the interdependence of the stability and the de
formation behaviour of a stiff structure next to a soft material the 
magnitude of the lateral support pressure is of great interest. 
Analogies can be seen with other geotechnical structures, such as 
stone columns in soft soils (Bergado et al. 1991) or shafts in 
landfills (Gartung et al. 1993). When observing the deformation 
of the system it was noted that the lateral deformation tends to be 
in the direction of the softer material. The stress ratio Oh/CTv of the 
stiffer material corresponds to the active state of plastic equilib

rium. The results of the first large-scale test and in-situ measure-

608



merits have corroborated this assumption for the mineral wall liner 
(figure 4) and the gabions.

The proposed simple model considers the stress ratio obtained 
from the static equilibrium considerations and kinematic mecha

nisms (figure 1). The existing stress ratio for static equilibrium is 
compared to the required stress ratio obtained for the different 
failure mechanisms. From this comparison we are able to estimate 
firstly the safety reserve and secondly the dominant kinematic 
mechanism. The safety reserve is defined as the distance between 
the existing and the required stress ratios. In addition, with the 
knowledge of the maximum stress ratio and the mobilization for 
the passive support pressure (figure 3) the maximum deformation 
can be estimated to assess the serviceability.

If the steep slope sealing system and the body of waste are 

under static limit stress equilibrium in the lateral direction (eq. 1), 
the lateral deformation came to a standstill. Therefore, the existing 
coefficent of earth pressure for the body of waste kJ can be 

expressed by the active stress ratio of the sealing kh, the relation
ship of the different unit weights and heights (eq. 2 & 3).

— detH iH t h a r r ie r  

=  < *h

. . h

IIi
i II

7

r d h
{hb > h J \ h J >  0)

Equation 2 is valid for a parallel construction and filling sequence, 
whereas equation 3 expresses the situation of a previous construc

tion sequence of the steep slope sealing system. A higher stress 
ratio was obtained when the previous construction sequence was 
used (figure 4). Moreover, at an earlier construction stage, higher 

deformation occur. For higher walls this influence becomes 
smaller.

Figure 4. E xisting stress ra tios kd in the body o f waste.

Bulging of the wall liner was firstly estimated assuming an 
overturning mechanism, i.e. pivoting of the whole gabion wall 
around the foundation (cantilever beam). Secondly, the buckling 
mechanism of the gabion wall with increasing buckling length and 
increasing height of the wall liner was analysed. In both cases the 
gravitational forces of the overlying body of waste were taken into 
account. The lateral earth pressure of the wall liner is calculated 
with an active stress ratio ku without considering the wall incli

nation and the wall friction ( 8  = 0). The first case was calculated 
by considering equilibrium of moments around the foundation of 
the gabion wall and equilibrium of forces in the direction of slope. 
In the second case the gabion wall was treated as a simple beam 
with a trapezoid loading area resulting from the self-weight of the 
body of waste, the unknown lateral pressure from the body of 
waste and the active earth pressure of the wall liner. At limit 
equilibrium no gaping joint may occur (an = 0 ) in the middle of 
the beam. The same criterion was considered at the foundation for 
the overturning mechanism.

Shear failure was analysed using the model in figure 5 for fai

lure mechanism (1) (figure 1). The wall liner was divided into two

sliding blocks. Sliding of the wall liner is accepted along the abut

ment and a straight failure plane at the toe of the wall. Equilibrium 
of forces in direction of the slope was made taking into account 
sliding forces along the abutment (Tj; Ni). The overlying body of 
waste and the gabion wall are introduced as a gravitational force 
on both sliding blocks (G3; G4). A reaction force was obtained 
from the upper block (G') and transferred to the lower sliding 
wedge in the direction of the wall. The sliding wedge has a con
stant geometry. The required stress ratio k d was obtained for force 
equilibrium in the failure plane and a given factor of safety of 1.5.

Figure  5. Shear fa ilu re  m echanism  (1 ) fo r a steep slope sealing system .

A sliding mechanism was assumed, whereby the whole gabion 
wall was shifting towards the body of waste on top of the shallow 
foundation. From lateral force equilibrium the required stress ratio 
was obtained for a factor of safety of 1.5.

The bearing capacity failure of the foundation for the gabion 
wall was calculated after Brinch Hansen (1970). The extended 
formula was used taking a load inclination factor and the depth 
factors into account. The support pressure was not considered. 
For the vertical wall the measured constant negative skin friction 
of 30 kPa was used as additional loading. For the inclined wall 
only gravitational effects from the overlying body of waste were 
considered. Based on the results of the large-scale test the steep 
slope sealing system was treated as one solid body for analysing 
the bearing capacity. In a conservative way the wall friction along 
the abutment is neglected, because of the unrealistic stress dis
tribution at the horizontal longitudinal section at the foundation. A 

safety factor of 2  was considered as a minimum.

5 RESULTS

The calculations were done for the soil parameters shown in figure

4. The thickness of the wall liner and the gabions was 1 m. The 
width of the wall liner was varied from 0.5 m - 2 m and the 

width of the gabions from 0.5 - 1.5 m. The shear parameters 
<p' = 20°, c' = 20 kPa were used for the wall liner. The wall in

clination was varied between 50 to 90°, assuming that the wall 
liner was under active stress state. The results of a previous con

struction sequence of 3 m are presented in figure 6  & 7. Further 
results are shown by Hertweck (1997).

Apart from inclination, it can be seen that sliding is the domi

nant failure mechanism. For the sliding mechanism an interface 
friction angle at the foundation of 35° was assumed. From an 
inclination of 70° downwards, the required stress ratio will cross 
the existing stress ratio obtained from static considerations. The 
deformation behaviour will be controlled by the sliding mech

anism, so that the serviceability can be reduced due to large 
volumetric strains. The stress ratio will be influenced in the same 
order of magnitude by the interface friction and the width of the 
gabion wall. In particular, for a height of the wall liner up to 
40 m, the safety reserve decreased significantly for smaller 

gabions or a lower interface friction.
From an inclination of 70° upwards bulging of the wall is also 

a critical failure mechanism. Bulging in combination with overtur
ning of the whole gabion wall will be more unfavourable than
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buckling of the gabion wall at the toe of the wall. For flattened-out 
slopes bulging is not as a rule a typical failure mechanism. The 
influence of the width of the gabions on the required stress ratio 
for the overturning mechanism is neglectable. By contrast the 
required stress ratio for buckling varies wilh width. In addition, 
this depends on the height of the wall. For lower walls the 
required stress ratio will be more influenced than for higher walls.

height o f the wall liner [m]

Figure 6. Existing and required stress ratios for an inclination of 80°.

Figure 7. Existing and required stress ratios for an inclination of 60°.

When the stress-strain behaviour of the liner material and the 
mobilization of the waste material is known, this displacements 
can be quantified and controlled by in-situ measurements.

6 CONCLUSIONS

The proposed simple model is a performance estimator and a 
design model. The stability, the most critical failure mechanism 
and the deformation of steep slope sealing systems can be eval

uated, depending on the inclination and the width of the sealing 
system. The advantage of this approach is that the required param
eters can be gained easily. Based on the state of research no limit 
criterion for the resulting lateral strains can be found to limit the 
height. All measurements exhibit large lateral displacements com
bined with decrease of volumetric strains up to a height of 35 m, 
which is favourable for the serviceability. The ultimate height of 

the sealing system is determined by the ultimate bearing capacity.
The magnitude of the existing volumetric strain and lateral de

formation is of interest. Steep slope sealing systems must there

fore be instrumented to control the stress-strain behaviour during 
their lifespan.

A sealing material with insensitive and ductile stress-strain 
behaviour must be used. Plastic clay is therefore preferred. In 
addition, clay minerals like Illite or Kaolinite should be chosen as 

they show a flocculated structure giving a negligible reduction in 
shear strength due to large displacements. Brittle sealing materials 
like moraine materials treated with bentonite are less suitable in 
combination with MSW deposits.

The gabions play a multi-functional role. Beneath collecting 
leachate they reduce the lateral strains in the wall liner due to their 
own plastic deformation potential. The mobilization of sufficent 
lateral support is therefore possible without affecting the 
serviceability of the wall liner. The installation of the gabions is 
just as important as the wall sealing.

The filling and construction sequences have an important 
influence on the stability and the deformation of the sealing 

system. Increasing displacements can be avoided by adapting the 
filling sequence accordingly. High compaction of the MSW is 
recommended near to the sealing system, to get a sufficient 
support and smaller lateral deformation in the wall sealing.

For the analysed parameters the safety reserve for shear failure 

will be sufficient. For wall inclinations of 80° downwards the 
safety reserve decreases with increasing height of the wall liner. 
Independent of wall inclination, the shear failure mechanism with 
plastic flow at the toe of the wall (figure 1; No. 1) will be more 
unfavourable than a failure mechanism across the wall liner (figure 

1; No.2). For wall inclinations of 60° and 50° shear failure will be 
more critical in relation to bulging. Both mechanisms will be 
strongly influenced on the width of the wall liner.

For the bearing capacity failure the width of the sealing system 
(wall liner and gabions) is important in regard to the ultimate 
height. The ultimate height in our large-scale test for a given factor 
of safety of 2.0 was 30 m. The height for the presented MSW- 
deposit, with a width of 3 m, was 56 m. The factor of safety 
strongly depends on the inclination of the wall and the thickness. 
The ultimate height decreases significantly with walls flattened-out 
and for smaller liner systems.

The sufficient resistance CJh resulting from the maximum stress 
ratio kd must be mobilized in the body of waste. In our large-scale 
test the maximum stress ratio is obtained by static considerations 
(figure 6). For instance for the simulated height of the wall liner of

35 m and a measured kd = 0.89 a maximum lateral deformation 
of 13% (figure 3) was required to satisfy static equilibrium. This 
could be confirmed.

The ultimate limit state and the serviceability for steep slope 
sealing systems can be estimated using this method. To evaluate 
the ultimate height and the unfavourable inclination of such a 
sealing system bearing capacity failure should be used as criterion. 
The serviceability can be assessed by a knowledge of the lateral 
deformation. Based on the results it can be summarized, that for 

the analysed material combination the displacments will be caused 
by the static equilibrium and through the sliding mechanism.
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