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Behaviour of a slide area at a Lisbon’sMSWlandfill after implementation of
stabilizing measures
Comportement d'une zone de glissement d’une décharge de Lisbonne après la mise enoeuvre
de mesuresde stabilisation
F.Pardo De Santayana - Laboratòrio Nacional deEngenharia Civil, Lisboa, Portugal

ABSTRACT: The paper describes the stabilization measures and the monitoring scheme adopted for the Eastern Expansion of Beirolas Municipal Landfill, in Lisbon. In June 1995, this expansion was affected by a large landslide during construction, caused by a
design misevaluation of the degree of consolidation and strength of the foundation soft clayey soils. Remedial measures after the fail
ure included slope grading, installation of vertical drains and placement of a surcharge fill. The results of the instrumentation and in
situ tests were used to analyse the behaviour of the area after implementation of these measures. The monitoring plan adopted pro
vided an efficient warning system and enabled to assess the effectiveness of the treatment.
RÉSUMÉ: On présente les mesures de stabilisation et le plan d ’instrumentation adoptés pour l’extension de la zone Est de la décharge
de Beirolas à Lisbonne. Cette extension a été le siège d’un glissement de terrain, durant sa construction en juin 1995, causé par une
estimation erronée, lors du projet, du degré de consolidation et de la résistance de l’argile molle de la fondation. Suite à la rupture, les
mesures de confortement ont consisté en un nivellement de la pente, à la mise en place de drains verticaux et d ’une surcharge par un
remblai. Les résultats de l’instrumentation et des essais in situ ont été utilisés pour analyser le comportement de la zone après la mise
en oeuvre de ces mesures. Le programme de surveillance adopté a constitué un système d ’alerte efficace et a permis d ’évaluer la per
formance du traitement.

1 INTRODUCTION
1.1

The Beirolas Landfill Eastern Expansion landslide

The Beirolas Municipal Landfill is situated in a low lying area
on the right bank of the Tagus river estuary, in Lisbon, Portugal.
At the beginning of 1995 the landfill occupied an area of 17 hec
tares and reached a height of 15 m above the surrounding ground
level. At that time, before the final closure of the landfill, the
construction of a lateral expansion was decided to receive con
taminated soils from the petroleum companies sites located
within the intervention area of Lisbon’s EXPO 98. This expan
sion was to be built on an approximately 180 m wide relatively
flat strip of land, at an average ground surface elevation of +4 m,
NGP (“Nivelamento Geral do Pais”), occupying approximately
7.5 hectares between the east side slope of the existing landfill
and the estuary water line (Fig. 1). The Eastern Expansion in
cluded three cells and should allow for disposal of approxi
mately 250,000 m3 of contaminated soils.
The foundation soil profile at the site consisted of, from top
to bottom, 1) a 4 to 5 m (diminishing to 0 m towards the river)
thick silty-clay artificial fill layer, placed in the 70-80s; 2) a 20
to 35 m thick estuarine and alluvial soft clay deposit, with its
top located at elevation 0 m, NGP; 3) a thin, irregular, some
times absent, basal sand and gravel deposit; and 4) the Miocene
bedrock, consisting of alternating layers mainly of sandy lime
stone and calcareous sandstone.
The index properties of the alluvial soft clay classified the
material as CL and CH; the Plasticity Index was typically be
tween 20 and 30, and the Liquid Limit between 50 and 65; the
natural moisture content was close to the Liquid Limit, and the
saturated unit weight was approximately 16.5 kN/m3. Its vertical
permeability, k, measured in consolidation tests is of the order of
1 to 5 x 10 10 m/s, the modified compression index, Cce (defined
as Cc/l+ e0), is in the order of 0.20, and the coefficient of con
solidation, cv, in the range of 2 to 5 x 1O'8 m2/s. The soft clay
undrained shear strength is characterized according to the ratio
su/o v’ = 0.22, where a v' is the vertical effective stress.
Construction of the Eastern Expansion began in December
1994. After placement of about 110,000 m3 of contaminated

soils, on 25 June 1995 a large landslide took place (Pardo de
Santayana & Veiga Pinto, 1998), which severely affected the
whole area loaded with contaminated soils in Cells 2 and 3 (Fig.
1). The area sunk approximately 4 m and moved several meters
towards the river. Tlie slide extended well into the river, whose
bed emerged in front of Cells 2 and 3, in the tidal fluctuation
zone.
The failure occurred due to a design overestimation of the
soft clay undrained strength. The soft clay layer was wrongly
considered to be normally consolidated under the load of 4 m of
fill. However, excess pore water pressures caused by the place
ment of the fill in the 70-80s had experienced very little dissipa
tion, particularly between elevations -10 and -20 m, NGP, at the
time the Eastern Expansion works started. At mid-depth of the
clay layer, the difference between the actual undrained strength
and the one used in the design stability analyses was of the order
of 10 kN/m2. The strength decreased even further after the slide,
especially at elevations -20 to -25 m, NGP.
1.2 Remedial measures
After the failure, no more contaminated soils were placed in the
Eastern Expansion, and several remedial measures were under
taken. New underdrain lift stations and leachate collection wells
were constructed, and pipes, berms and other cell elements were
repaired or newly built. The surface of cells 2 and 3, affected by
the landslide, was graded during the first months of 1996 in or
der to get a soft uniform slope angle between the crest of the
landfill east slope and the river water line. Static short term sta
bility analyses showed that, by means of this grading, the factor
o f safety increased from about 1.0, to 1.3.
A soil improvement treatment, consisting in the installation of
pre-fabricated vertical drains to the bottom of the soft clay layer
and placement of a surcharge soil platform, was subsequently
decided for the area located between the Eastern Expansion cells
and the river. This treatment should allow the construction of the
landfill final cover system (approximately 1 m of soils) on this
area, including the Eastern Expansion, without reducing the
short term stability factor of safety below 1.3. The vertical drains
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and the surcharge soils. Stability analyses demonstrated that the
factors of safety were not lower than 1.35 after construction of
the platform, considering no increase in shear strength due to
wick drain installation.
According to the available data, assuming a coefficient of
horizontal consolidation, ch, of 7 x l0 '8 m2/s, 75% of consolida
tion would be achieved in about 11 months, and 90% in 19
months. The expected undrained shear strength profile in the soft
clay layer at the end of the consolidation process, defined by
s u= 0 . 2 2 cj v', would be represented by a line parallel to the nor
mally consolidated profile with no surcharges (prior to place
ment of any fill: su=0.22avo) shifted an amount Asu=0.22Aav',
where Aav' is the increase in vertical effective stress due to the
weight of all the soils placed on top of the soft clay layer.
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would accelerate the shear strength gain in the soft clay by dissi
pating, in a relative short time, the excess pore water pressures
caused by the load of the existing fill, the landslide shearing and
the weight of the new surcharge.

2 DESCRIPTION OF TREATMENT
2.1

Wick drains and surcharge platform

The area where vertical drains were to be installed formed a 40
to 60 m wide strip of land between the Eastern Expansion cells
and the river. No drains were installed inside the cells in order to
avoid penetration of the lining system. Prior to installation of the
vertical drains, the area located between the top of the Eastern
Expansion berm and the water line was graded uniformly
(Fig.2). Surface depressions formed by the mud waves created
by the slide were filled with sand, and a minimum thickness of
0.5 m of sand was placed all over the treatment area. Wick
drains were installed from December 1996 to January 1997, with
a drain spacing of 2 m, and a total length of 30 to 35 m from the
ground surface, located at elevation +2 to +5 m, NGP, to the bot
tom of the alluvial deposit. As shown in Figs. 1 and 3, it was not
possible to install the wick drains to the bottom of the clay layer
in all the planned area due to the thickness and consistency of
the artificial fill layer at several locations. The surcharge soil
platform was constructed in April/May 1997, with a maximum
height of 1.75 m. A geotextil was placed between the sand layer

An instrumentation and monitoring plan was adopted with a
double goal: to provide a warning system to detect potential ini
tialization of instability movements, especially during construc
tion of the surcharge platform, and to monitor the performance
of the wick drain treatment. In February 1997, three vertical in
clinometers (1-1,1-2 and 1-3) were installed adjacent to the toe of
the platform and keyed into the underlying bedrock (Fig.2). Two
vibrating wire piezometers (P-l and P-2) were also installed at
mid-depth of the soft clay layer. Three surface monuments to
monitor both vertical and horizontal movements (plates PA-1,
PA-2 and PA-3) were placed in April 1997, immediately after
construction of the platform, at its center line.
Measurements carried out in inclinometers 1-1 and 1-3, lo
cated adjacent to zones provided with wick drains fully installed
to the bottom of the clay layer, showed continuous horizontal
movements towards the river, which reached 0.14 m (at 5 m of
depth) and 0.095 m (at 15 m of depth), respectively, in June
1997, 4 months after installation. At that time, coinciding with
the appearance of a series of cracks at the ground surface at the
areas where these inclinometers were located, both inclinometers
broke, within a short period of time, at a depth of 15 and 20 m,
respectively. After an analysis of the possible causes, the break
ing was attributed to the process of consolidation of the soft clay
layer; nevertheless some precautions were taken, including a par
tial removal of the surcharge platform at the 1-3 location and an
increase in the frequency of measurements.
Inclinometer 1-2, located adjacent to a zone where complete
installation of wick drains had not been achieved, showed a dif
ferent behaviour, with less movements and no breaking. Maxi
mum horizontal movement in September 1997 was about 0.07 m
towards the river.
As regards the piezometers, they did not function properly
and failed relatively soon after installation.
Horizontal surface movements were measured at plates PA-1,
PA-2 and PA-3, exhibiting values and directions in agreement
with the results of the inclinometers located closer to them. In re
lation with the settlements, plates PA-1 and PA-2, situated in ar
eas with fully penetrating wick drains, settled in a regular and
decreasing rate, reaching values of 0.43 and 0.74 m, respec
tively, in October 1997. In plate PA-3, located in a zone where
drains were not installed to the bottom of the clay layer, a differ
ent behaviour was observed: settlements practically stopped after
the first 3 months. In October 1997, a total settlement of 0.24 m
was measured in plate PA-3.

3 SETTLEMENT ANALYSIS IN WICK DRAIN ZONE
3.1 Progress o f settlements in plates PA-1 and PA-2
Settlement monitoring results in plates PA-1 and PA-2 were
compared with the predicted response according to a model rep
resenting the process of horizontal consolidation by wick drains
in the soft clay layer.
The average degree of consolidation ((7*) of the soft clay
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m en ts P A -1 and P A -2 .
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T h ic k n e s s o f a rtificia l fill (m )
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P A -1

P A -2

2 5 .0 0

3 0 .0 0
3 .0 0

S a n d la y e r th ic k n e s s (m )

3 .0 0
+ 3 .0 0
0 .7 1

+ 3 .0 0
1 .0 0

S o il p la tfo rm th ic k n e s s (m )
In itia l e le v a t io n o f p la tfo rm (m , N G P )

0 .7 2
+ 4 .4 3

0 .7 0
+ 4 .7 0

of consolidation of 1.05x1 O'7 m2/s, therefore similar to the one
calculated for plate PA-1.
According to the time-settlement model curves obtained for
both locations, degrees of consolidation for the soft clay layer of
50%, 75% and 90% were to be expected in, approximately, 4, 8
and 13 months, respectively.
3.2 Calculation o f final consolidation settlements
Expected final consolidation settlements in locations of plates
PA-1 and PA-2 were calculated by the following equation:
S=CCcH lo g (l +Aav Vcr^o)

F ig u re 3. L o c a tio n o f in stru m en ta tio n and S e p te m b e r 1 9 9 7 v a n e sh ea r
tests.

layer using wick drains can be calculated by the following equa
tion:
U/,=l -exp(-8 T//F(n))

(1)

where 7* is the time factor calculated from equation:
Th=(cht)/de\ where t = time; ch = coefficient of horizontal con
solidation; de = effective diameter of the area of soil served by
each wick drain, given by the equation de= 1.05s, where 5 = wick
drain spacing (m). F(n) is a wick drain spacing parameter that
can be calculated by: F(n)=ln(n)-0.75, where n= d/dw; dw =
equivalent diameter of the wick drain (m), given by
dw=2(a+b)/n ; a = width of wick drain, and b = thickness of the
wick drain.
Values assumed in design for the different parameters were
the following: a = 0.1m; b = 0.003m; dw = 0.065 m; de= 2.1 m;
c*=7xl0"8 m /s. According to these values, Equation (1) would
result in the following:
Uh=l-exp(-t/247,5)

(i in days)

(2)

The results of the settlement monitoring in plates PA-1 and
PA-2 are presented in Fig. 4. It can be seen that in both cases a
time-settlement curve can be adjusted corresponding to a
mathematical expression similar to Equation 2.
Settlements measured in plate PA-1 can be represented by
means of the following equation: Uh=I-exp(-t/175), together
with a value of the final consolidation settlement of 0.7 m (see
Fig. 4). This equation involves to assume a coefficient of con
solidation ck = 9.9x10'8 m2/s, which is slightly higher than the
value considered in design (7x10‘8 m2/s).
In the case of plate PA-2, a time-settlement curve correspond
ing to the following expression: Ui,=l-exp(-t/I65), together with
a final settlement of 1.127 m can be adjusted to the actual meas
ured values (Fig. 4). This expression corresponds to a coefficient

(3)

where S = consolidation settlement; H = thickness of soil layer
(soft clay) being consolidated; CCc = strain-based modified com
pression index (0.18); <
j v0 = initial effective stress; and Acrv‘ =
increase in vertical effective stress.
Thickness of soil layers and surface elevations at different
times in PA-1 and PA-2 locations are presented in Table 1.
According to the available data, the following total unit
weights were assumed for the different materials: soft clay, 16.5
kN/m3; artificial fill, 17.0 kN/m3; sand, 20.0 kN/m3; and plat
form soils, 18.0 kN/m3. Water level was considered to be at ele
vation + 1 m, NGP, and in order to take into account its relative
position at the end of the consolidation process, final settlements
equal to those deduced in the previous section were assumed.
Further assumptions were to be made relatively to the degree
of consolidation of the soft clay deposit at the time the platform
was constructed and plates PA-1 and PA-2 were placed (April
1997). As regards plate PA-1, located in an area not affected by
the 1995’s landslide, it was considered that in January 1997,
when the wick drains were installed, the soft clay layer was
normally consolidated just under its own weight; from January to
April, a certain amount of consolidation would have been
achieved due to the drains, so, it was considered that, at the time
the platform was constructed, the vertical effective stress was the
result of the submersed weight of the clay plus one half of the
increase in vertical effective stress due to the weight of the exist
ing artificial fill. In case of PA-2, located in the area affected by
the failure, it was considered that, from January to April 1997,
the drains would have caused the dissipation of the excess pore
water pressures generated by the slide, and therefore the vertical
effective stress in the soft clay layer would correspond just to its
own weight.
According to these assumptions, final consolidation settle
ments of 0.69 m and 1.14 m were obtained for PA-1 and PA-2
locations, respectively. As can be seen, these settlements were in
very good agreement with the values obtained in the previous
section, towards which the monitoring results tended.

4 VANE SHEAR TEST RESULTS
Vane shear tests were performed in the area of treatment in
January 1997 and September 1997. Prior to these campaigns, a
vast site investigation program, including vane shear tests, cone
penetration tests, standard penetration tests and undisturbed soil
sampling, was carried out in 1995 to determine the undrained
shear strength profile in the clay layer immediately after the fail
ure.
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In Fig. 5, the results of the vane tests performed in September
1997 are presented and compared to the bounding envelope of
the 1995’s undrained shear strength results. The tests were car
ried out at three boreholes, M l, M2 and M3, located in areas
where wick drains had been installed to the bottom of the clay
layer (Fig. 3). An average increase in vertical effective stress of
63.0 kN/m2 was predicted in the soft clay at the three locations
due to consolidation. Taking into account the ratio
Asu/Actv’=0.22, an increase of about 14.0 kN/m2 in the soft clay
undrained shear strength could be anticipated at the end of the
wick drain consolidation process, relatively to the normally con
solidated shear strength profile prior to application of any fill
load. In Fig. 5, the predicted final shear strength profile at the
end of consolidation and the normally consolidated profile are
also represented. In September 1997, 5 months after placement

of the surcharge and 9 months after installation of the drains, at
least 60-80% of the final strength increase could be expected.
September 1997 vane test results showed a considerable in
crease in shear strength, especially in the upper 10 to 12 meters
of the clay layer; there, the predicted final strength was already
achieved. In the lower half of the layer, particularly between ele
vations -1 4 to -2 2 m, NGP, the strength increase was also sig
nificant, compared to the 1995’s bounding envelope, though
more modest and irregular than in the upper zone; actually, M2
vane test results were close to the normally consolidated line at
those depths. Nevertheless, in interpreting the vane shear results,
the possibility of some horizontal variability has to be taken into
account due to the way the consolidation process by vertical
drains develops.

5 CONCLUSIONS
U ndrained shear stre n g th , Su (kPa)
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As a consequence of the failure occurred during construction of
Beirolas Sanitary Landfill Eastern Expansion in 1995, remedial
actions were undertaken which included installation of wick
drains and construction of a surcharge platform in a narrow strip
of land located between the Eastern Expansion perimeter berm
and the Tagus river water line. A monitoring plan to control the
effectiveness of the treatment and the process of consolidation of
the foundation soft clay layer was implemented. Vane shear tests
were performed several months after installation of the drains to
evaluate the increase in shear strength in the clay layer and to
compare it with the results of previous campaigns.
The analysis of monitoring and vane shear test results al
lowed to confirm the efficiency of the pre-fabricated vertical
drain treatment and the increase of strength in the clay layer due
to horizontal consolidation. The analysis of vertical settlements
measured at the centerline of the platform permitted to adjust the
field value of the coefficient of horizontal consolidation of the
soft clay, as well as the values of the long-term total settlements.
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