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SYNOPSIS: A significant case history concerning the design and construction of a hazardous waste landfill, recently built in Italy, is shown. The 
liner system at the sidewalls, which are 15 m. high and 40 degrees in slope, is a composite liner including a 1.0 meter thick layer made of 
compacted cemcnt-clay mixture. A detailed description of the construction procedure of the layer is given. Moreover the aspects concerning 
both the evaluation of the shear strength parameters of the compacted mixture and the stability analyses of the compacted liners at the sidewalls 
are considered. In particular the importance of taking into account the non linear shear strength envelope of the compacted cement-clay mixture, 
when stability analyses are carried out, is stressed.
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INTRODUCTIO N

Due lo the increase of waste unit cost for disposal and the decrease of 
available areas for landfills location and construction, there is a trend to 
design waste cover and landfill slopes steeper and steeper for increasing 
landfill capability. Moreover, as a consequence of recent stability 
failures, the stability of landfills has emerged as a major concern. As 
discusscd by Mitchell and Mitchell (1991), the potential failure modes 
can occur within waste piles, through landfill foundations and along liner 
systems.
In this paper, the stability aspects concerning the compacted clay liners 
on sidewalls are examined referring to the most important hazardous 
waste landfill recently built in Italy.
One of the peculiarities of this new landfill is represented by the 
geometry of its sidewalls which are 15 meters high and 40 degrees in 
slope. Moreover, the Italian Environmental Protection Ministry required 
that the liner system at the sidewalls was a composite liner, formed by two 
2.5 mm thick High Density Polyetylene (HDPE) geomembranes, one of 
them directly placed on a 1.0 m. thick compacted clay layer. The 
underlying natural soil is constitued by well cemented sandy gravels, with 
very high safety factors against slide failures (see Fig.l).
In this condition, the most critical stability problems of the considered 
landfill concern:
- sidewall slopes within the compacted clay liner, which can occur 
prior lo the completion of waste filling operations;

- failures along liner system for the low shear strengths at the interfaces 
beetwen the geosyntetics and between the geomembrane and the 
compacted clay [Koerner,1990; Mitchell et al., 1990; Seed et al.,1990].

For limitation of space, only the stability problems concerning the 
compacted clay layer are here discussed.

STR EN G TH  PA R A M ETER S O F  CO M PA CTED  CLAY

For the construction of the compacted clay liner a natural deposit of 
clayey silt, named "Pianfei clay", was available, whose main physical 
characteristics are shown in Fig. 2.

Fig. 1 - Scheme of sidewall liner (not in scale)

The dry density versus water content relationships for "Pianfei clay" 
obtained in laboratory using standard and modified Proctor compaction, 
are compared with the dry densities measured in situ in a test pad (Fig.3). 
This comparison shows that laboratory Proctor standard compaction 
adeguately reproduces the in situ density of the compacted "Pianfei 
clay". On the basis of this comparison the direct shear tests for a 
preliminary evaluation of shear strength parameters of "Pianfei clay” 
were performed on specimens compacted Proctor Standard at the 
natural water content. The results are shown in figure 4.
In order to increase the shear strength of the compacted clay, furnace 
slag cement was added in a percentage in weight of 5%. The mixture 
specimens, blended and compacted in laboratory, were tested in the 
direct shear device after on month of curing time. The same testing 
procedure followed for the natural compacted clay was used: first, the 
specimens were saturated during the permeability tests carried out in
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Fig. 2 - Phisical characteristics o f Pianfei clay.
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flexible wall permeameters; then they were sheared at low strain rate 

(0,003 m m /m in) to assure fully drained conditions. The values of 

confining vertical effective stresses (10-50 kPa) have been choosen in the 

range o f the estim ated stresses acting in situ on the potential failure 

surfaces within the compacted clay liner. No appreciable swelling was 

observed during the application o f the vertical stresses (consolidation 

phase) in the direct shear apparatus. The drained peak shear strength 

parameters o f the cement-clay mixture are shown in figure 4, were the 

line II refers to specimens mixed and compacted in laboratory and the 

line b concerns the results obtained by tests performed on specimens 

obtained from undisturbed cubic sam ples drawn from the sidewall 

during the construction phase.

The com parison of the three straigth line failure envelopes in Fig.4 

shows that the peak drained shear strength param eters are strongly 

affected by the cem ent, even in rather low percentage. Moreover, as 

expected, the m aterial prepared in laboratory under very controlled 

conditions show higher (up to 10 0 %) peak shear strength than the 

material mixed in situ. This latter observation outlines the importance of 

testing undisturbed samples taken from in situ placed material in order to 

have a reliable assessment of the actual performance of the liners.

The residual shear strength, that for the considered clayey silt can be 

assumed very close to the critical state strength, seems not to be affected 

by the cement content resultine. for both tested materials, a friction angle 

' t > 'c v=24°.

It was pointed out that the results shown in figure 4 were obtained from 

direct shear tests performed at effective normal stresses selectedin order 

to reproduce the in situ effective normal stresses acting on the most 

critical failure surface as close as possible. This warning is necessary 

because it is ascertained that the effective stress strength envelope of OC 

stiff aged and bounded clays is non-linear (Mesri and Abdel-Ghaffar, 

1991, Jamiolkowski et al., 1991). In view of this fact, it results that the use 

of the Coulomb-Terzaghi failure criteria implies a linearization, in the  

range o f o ' of interest, of a portion of the non linear failure envelope. 

This is confirmed by the experimental data obtained for the cement-clay 

m ixture in figure 5 show ing that the linear effective stress strength 

envelope is strongly  influenced by the considered range of o '.  

Consequently, the prediction o f Fs can be com pletely wrong if this 

important aspect is underconsidered. To overcome the u n certa in ties 

linked to the linear strength envelope, Mesri and Abdel- Ghaffar (1991) 

proposed the following non-linear failure envelope for OC clays:

Tf = O  ' t a n ( p 'p i  O  ) I- ™ ( 1)

valids for CT 1 s  CJ 'p, being:

m = slope o f log T f vs log o ’ plot, in the non-linear portion of the failure 

envelope,

&p = preconsolidation pressure,

<p' = friction angle at NC condition (when &  > o 'p), i.e. friction angle at 

critical state, <J>'CV.
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Fig. 3 - Pianfei Clay and cement-clay mixture. 

Dry density versus water content.
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Fig.4 - Compacted Pianfei Clay and cement-clay mixture. Drained peak 

shear strength parameters at low effective normal stresses.
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Fig. 5 - Cement-clay mixture.

Influence o f normal stresses on the linear strength envelope.

Knowing iji'cv, both parameters which define the curved failure envelope 

(m and o 'p ) can be obtained from the linear fit (in double log scale) of 

the experimental data o f Tf and o ' .
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The curved failure envelope which fits the experimental data of the in situ 
compacted cement-clay mixture is shown in figure 6. The obtained value 
of m = 0.77 falls in the same range expected for OC natural cohesive 
soils (for soils with plasticity index = 20%, the suggested values of m are 
between 0.70 and 0.85). Moreover, the a'p value defined at intercept of 
equation (1) with the linear strength envelope valid in the NC range, is 
close to the value estimated from oedometer tests carried out on cement- 
clay mixture specimens.

T f  = o' tan <|)'cv [oya'lO-“ )

0 100 200 300 400 O  ' (kPa)

0 1000 2000 3000 4000 5000 6000 O  1 (kPa) 

Fig. 6 - Curved failure envelope for compacted cement-clay mixture.

STA B ILITY  ANALYSIS

The safety factor, Fs, concerning the stability of the considered mineral 
liner before the completion of waste filling, was estimated taking into 
account the following.
a)The potential failure surfaces within the liner involve shallow layers, 

which are thin in comparison with the length of the slope, therefore the 
infinite slope model can be properly used for a safety side evaluation 
of the slope stability.

b)The peak shear parameters can be adopted considering that the infinite 
slope model assumes an uniform distribution of the mobilized shear 
stresses along the potential failure surfaces and moreover a time shorter 
than two years is planned for the complete filling of this part of landfill 
and furthermore the waste will be stored by horizontal layers from the 
bottom to the top, so that the stability of the sidewalls will improve in 
time. Finally, after the completion of filling operations, the slope will 
be completely substained by the waste weight and therefore progressive 
failure due to non uniform stress distribution and long term creep 
phenomena can be reasonably excluded.

c)No seepage insides the mineral liner was considered for the very low 
hydraulic conductivity of the mineral layer (during the construction) 
and for the geomembrane protection (during landfill activities).

Assuming c' = 6.5 kPa and 4>' = 24“ (straigth line a of Fig.4) the 
conventional infinite slope stability analyses gives a safety factor Fs = 
1.05, which does not give any assurance against the failure of the slope. 
On the contrary, if the infinite slope stability analysis, is performed 
assuming the c1 and <t>' values obtained from undisturbed cubic samples 
of cement-clay mixture (straigth line b of Fig.4), we obtain Fs = 2.03.

Therefore a remarkable increase of safety in the stability of the sidewalls 
was obtained. However, the predicted Fs can be abundantly overestimated 
if the Coulomb-Terzaghi shear strength parameters are not selected in 
the pertinent range of o' (see Table 1).

Table 1 - Safety factors for compacted cement-clay mixture slope for the 
different c' and <p' values from figure 5.

c' (kPa) <K (°) F s O

11.7 43 2 .0

31.6 36 3.4
80.0 30 7.0

This problem is overcome when the Mesri and Abdel-Ghaffar (1991) 
curved failure envelope is considered. In this case, the safety factor for 
infinite slope can be expressed by the following equation:

tan [ o\, / vH cos i I1-"1 (1-m + m cos i)
Fs = --------*-----inn-------------  <2>

being: y = total unit weight; 
i = slope angle;
H = depth of failure surface.

The figure 7 shows the plots of equation (2) to be used for the assessment 
of Fs for different combinations of m, a'p and <t>'cv , for a 40° slope angle. 
Using the eq.(2) with the curved failure envelope parameters of Fig.6, we 
have Fs = 2.10, which is very close to Fs = 2.05, obtained using the liner 
strength envelope parameters in the range of the expected in situ stresses.

A  = tan (j)'cv (a'p  /  y H ) lm

Fig. 7 - Safety factor for indefinite slope, taking into account the curved 
failure envelope.

CO N TR U C TIO N  PRO C ED U R E

To assure the slope stability during the landfill activity, the cement-clay 
mixture instead of natural clay was finally choosen as construction 
material for the mineral liner at sidewalls. A remarkable increase of 
safety (100%) in the stability of the liner has been obtained versus a cost 
increase of about 30%. Each action of the procedure to construct the
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compacted cement-clay m ixture liner was calibrated by means of a test 

pad; their sequence is described in the following:

- placement o f a horizontal lift o f Pianfei clay, having an initial 

thickness o f about 20  cm;

- first passage o f the pulvirizer disk harrow, to break down the clods of 

soil;

- first passage o f the mechanical seeder, calibrated to spread uniformly 

the cement and to furnish the required quantity of cement;

- second passage o f the pulvirizer disk harrow, both to further break 

down the clods and to mix soil and cement;

- second passage o f the mechanical seeder to add cement in order to 

reach the pre-established percentage (5% in weight);

- third passage of the pulverizer disk hanow to com plete1 both the 

breaking down of the clods and the blending of the mixture.

At the end of the above described operations the mixture resulted well 

pulverized and uniform . The com paction was carried out by eight 

passages of a footed roller having a static weigth of about 12,0 0 0  kg and 

with feet, 19 cm long, fully penetrating the loose lift of the cement-clay 

mixture. In consideration of the high natural water content of the Pianfei 

clay (28-30%) it was not necessary to add water during the mixing and 

before the compaction o f the cement-clay mixture.

The figure 8  shows the construction operative scheme of the liner. 

Initially large strips (10 m wide at the bottom and 4.0 + 4.5 m wide at the 

top) o f Pianfei clay were placed with the aim to facilitate the passage of 

vehicles and the com paction o f m ixture and to assure the stability of 

slopes during placem ent and com paction phases. Only a part (2.5 m 

wide) o f  these strips w ere m ixed and com pacted, finally the non 

compacted Pianfei clay and a part of the mixed and compacted soil (the 

most external and, probably, the least compacted mixture) were removed 

during the profiling of the sidewalls slopes. It is interesting to point out 

that during the profiling o f the slopes and before the installation o f the 

geomembrane, there was a long rainy period. However this, even the most 

superficial layer o f the com pacted m ixture shows a very sa tisfac to ry  

behaviour without any slides and/or creep evidences.

- From fully drained direct shear tests performed on clay-cement mixture 

specim ens obtained from undisturbed cubic samples, a highly non

linear strength envelope is clearly observed.

- The equation (1) proposed by Mesri and Abdel-Ghaffar (1991) seems 

to fit the obtained experimental results very well, even if more data are 

necessary to describe the non-linear strength envelope better.

- A closed form solution for the assessment of infinite slope stability 

safety factor using the curved failure envelope parameters as been 

defined (eq.2 ).
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Fig. 8  -Scheme o f  construction procedure o f  com pacted cem ent-soil 

mixture liner at the sidewall, (not in scale).

FIN AL CO N SID ERA TIO N S

- A very controlled procedure has been developed in a test pad for in situ 

blending and compaction o f a cement-clay mixture used to build a liner 

1 m thick, 15 m high and 40° sloping at the sidewalls of a hazardous 

waste landfill.
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