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ABSTRACT: The aim of this research is to carry out an analysis of the mobilisation
of interface strength, in the geosynthetic liner system of a landfill capping, during seis-
mic activity, since geosynthetics, widely-used for waterproofing, drainage and reinforce-
ment, affect stability. Contact surfaces between geosynthetics and between geosynthetic
and soil may become potential surfaces of slippage due to low available friction. The
problem has been examined by means of a numerical Flac 2D model which, according
to some simplifying hypotheses, could highlight the evolution of interface strength in the
dynamic field. The analyses have shown that the seismic displacements may be large
enough to mobilize dynamic friction at the level of the geosynthetic interface and thus
that a dynamic characterisation of the interfaces is required in order to accurately pre-
dict stress in the liner and displacement of the capping.

1 INTRODUCTION

The upper element of landfill closure, or capping, is an example of a composite structure
attained through the extensive use of various geosynthetics to optimise waterproofness,
strength, drainage, separation and anti-puncturing. The geosynthetic liner is usually covered
and protected by a further soil layer, and the stability of this system is largely dependent on
the features of the geosynthetic interfaces, whether between one another or when in contact
with the surrounding soil. The low friction in geosynthetic means that interfaces are often
preferential sliding surfaces. This means that the estimation of the sliding risk along the inter-
faces is required in order to correctly design the capping and, if needed, to insert a reinforcing
geosynthetic layer anchored to the top of the slope.
Along with a safety evaluation for the static condition, it is essential that the dynamic

behaviour and, in particular, the limit state of serviceability caused by excessive displacements
is considered in areas of seismic activity (Bryne et al. 1992, Anderson & Kavazanjan 1995,
Augello et al. 1995, Matasovic et al. 1998). Although studies have been conducted to address
this problem, the behaviour of geosynthetic lining systems under seismic loading has yet to be
fully investigated.
One of the simplest methods of calculation is the pseudo-static approach which states that

damage resulting from seismic activity can be avoided by ensuring that maximum static fric-
tion is not reached during seismic activity or, in other words, by ensuring that there are no
relative displacements at the interfaces. In order to avoid an excessively conservative design,
some relative displacements between the various elements of the structure can be accepted,
according to the recent “performance-based design” (Kavazanjian et al. 1998, 2014), provid-
ing that the former are compatible with the serviceability of the structure. In light of this
approach, seismic displacements of composite structures can also be predicted (Cai & Bathurst
1996, Ling & Leshchinsky 1997, Matasovic et al. 1998b, Bray et al. 1998, Wartman et al.,
2005, Bray 2007, Zania et al. 2010a, b, Feng et al. 2015). Moreover, the adoption of reinfor-
cing geosynthetics entails some specific problems regarding the cyclic tensile behaviour of
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polymers (Cardile et al. 2016, 2017) and the design of the anchoring zone (Ezzein & Bathurst
2014, Moraci et al. 2017).
It is evident that the accurate prediction of the displacements cannot be made without con-

sidering an appropriate characterisation of the interface behaviour. In light of this, the authors
previously conducted an experimental study on the interface friction between geosynthetics,
under both static and dynamic conditions, at low normal stress comparable to those in the
capping system (Carbone et al. 2014, 2015, Pavanello & Carrubba 2016, Pavanello et al. 2018
a, b). These studies were conducted by means of an inclined plane and a shaking table; both
devices allow for various test methodologies, all based on the analysis of the motion of a rigid
element (steel block), at the base of which a geosynthetic of the interface is fixed while the
second is fixed on a plane supporting the block.
The studied interfaces were a smooth HDPE geomembrane (GMBS) in contact with a non-

woven polypropylene geotextile (GTX) and a rough HDPE geomembrane (GMBR) in contact
with another nonwoven polypropylene geotextile, different from the former; both interfaces
are frequently found in capping liners. The analysis of the frictional behaviour, on a small
scale and in dry conditions, showed that the dynamic friction between geosynthetics may not
be constant, and may be higher or lower than the static friction, in relation to the relative vel-
ocity of sliding.
It was also found that the characterization of the interface behaviour by means of regular

cyclic loadings could allow a good prediction of the block motion during tests with irregular
seismic loadings.
This study aims to extend the laboratory finding to a realsized landfill capping through

using numerical simulation to examine the mobilisation of the dynamic interface friction
between geosynthetics during an earthquake. The transition from the laboratory scale to a
realistic scale structure entails a number of features which may differentiate the seismic dis-
placements of a segment of capping from those of the rigid Newmark’s block. The deformabil-
ity of the surrounding soil must be taken into account, along with the fact that the tensile
forces, which develop in geosynthetic layers according to their elongation, hinder the down-
ward sliding of the covering soil. The effects of the mobilisation of dynamic friction on the
deformation and stress state in the geosynthetics capping liner shall be analysed in the follow-
ing under some simplified hypotheses.

2 THE NUMERICAL MODEL

The numerical model implemented in Flac 2D code (Itasca 2016) schematises the side of a
landfill cover, which spans 37.5 m horizontally and 12.5m in height, corresponding to a slope
angle of about 18°. The overall numerical model extends 75.0m horizontally and 23.3 m verti-
cally. Figure 1 shows the grid adopted in the analysis and highlights some key points (A, B
and C) which shall henceforth be considered as references. Referring to the boundary condi-
tions, the vertical and horizontal displacements are prevented for the nodes at the lower side,
while only horizontal ones are prevented along the two lateral boundaries.
Since the purpose of the analysis is to highlight the effects of interface friction parameters

on the displacements and stresses in the capping system and not to analyse the behaviour of
the landfill body, the model has been deliberately simplified. In light of this, the soil is con-
sidered homogenous and thus the effects of signal amplification, potentially caused by the
landfill filling, are not taken into account. The soil is schematised by an elastic-plastic medium
with the Mohr-Coulomb plastic criterion characterised by an angle or shear resistance of 35°.
The remaining parameters used for the soil are γ=17.7kN/m3, E=82MPa, ν=0.36.
The liner system is also simplified through its reduction to two overlapping layers of geo-

synthetics in contact with the lower ground and with the upper ground, with the latter having
a thickness of 0.8m. The model has a single critical surface of sliding at the contact between
the two geosynthetics. This simplification does affect the validity of the approach since, in
general, the lowest friction value can be found in the contact between geosynthetics rather
than between the geosynthetic and the soil.
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The two geosynthetic sheets are schematised by beam elements without bending stiffness
and compressive strength. Table 1 summarises the properties chosen for the two layers in this
study: the lower layer is in all cases a rough geomembrane (GMBR), whereas the upper layer
may be a drainage geocomposite (GCD) or a coupling of a drainage geocomposite and a
reinforcing geogrid (GCD+GGR). The selected values of thickness and mass for the geosyn-
thetics are typical for this kind of application.
With regards to the Young modulus (E), it should be noted that the tensile behaviour of

geosynthetics is typically non-linear except for very low levels of deformation, and a detailed
description of the relationship between stress and strain would therefore require implementing
a non-linear stress-strain law. In this study a simplified linear elastic behaviour is used, with
the mean stiffness deduced from the literature data and evaluated for a deformation range of
about 7%. The value of the elastic modulus for the GCD + GGR system takes into account
the equivalent stifness in relation to the overall thickness and does not therefore correspond to
the typical values of a geogrid. The critical interface is represented by the contact between the
geomembrane and the nonwoven geotextile of the outside layer of the GCD in both the stud-
ied cases.
The geosynthetic layers are considered as constrained at the top of the slope in accordance

with the usual constructive methodologies, although a trench of anchorage has not been sche-
matised for simplicity; a section of the beams has instead been modelled in such a way that no
relative sliding between the geosynthetics or between the geosynthetics and the soil can occur.
The interfaces has been modelled as independent elements along the entire extension of the

slope. This has been done in order to be able to change the friction characteristics on time,
punctually and in function of the kinematic parameters of the relative sliding motion which
may be induced by the earthquake. Normal and shear stiffness of the interfaces are assumed
to be KN=1.0·10

3 MPa and KS=5.0·10
2 MPa, respectively. According to experimental data,

previously obtained for the GMBR-GTX interface, a static friction equal to 24° is assumed,
whereas two hypotheses are made for the dynamic friction: a constant value equal to 21.5°
and a variable value, which depends on the speed of relative sliding.
In the case of the latter, the relationship between dynamic friction angle and relative speed

is expressed by the following equation:

Figure 1. The numerical model.

Table 1. Properties used for geosynthetics

Layer Geosynthetic Thickness (mm) E (MPa) Mass per unit area (kg/m2)

lower GMBR 2 450 1.9

upper
GCD 5 33 0.9

GCD+GGR 6 170 1.1
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�dyn ¼ 17:0� � 1þ 0:49 � 1� e�0:21 _xr
0:7

� �� �

ð1Þ

in which _xr (m/s) is the relative sliding speed and 17.0° is the intercepted dynamic friction
value when the sliding speed is zero. This relationship is represented by the dashed line in Figure
2, together with the experimental data. It should be noted that, if there is no reinforcement geo-
grid, the inclination of the slope, in comparison to the value of static friction, indicates a con-
struction dimensioned only for the static condition. This choice was made in order to analyse
cases in which the seismic condition may exceed the static equilibrium. The WE time-history
component of the earthquake of L’Aquila (Italy, 2009) has been selected for the dynamic load-
ing, as an example of a medium-intensity Italian earthquake. This seismic signal, recorded in the
Valle Aterno station, is characterised by a peak acceleration of 0.66g; in this study, both original
and amplified (by a factor 1.5) signals, are considered. The amplification factor of 1.5 is selected
to reach a PGA of 1.0g and the so obtained signal is considered as an example of an intense
earthquake. At the dynamic analysis stage, the boundary at the base level is changed from fixed
to “quiet” or absorbing, and from fixed to “free-field” on the two lateral sides. The quiet bound-
ary scheme involves dashpots attached independently to the boundary, in the normal and shear
directions. Similarly, the “free-field” boundaries, applied to the lateral sides, simulate the effect
of an infinite elastic medium surrounding the model. The dynamic loading is applied as a shear
stress history at the lower boundary and a Rayleigh damping of 2.5% is adopted.

3 RESULTS

During the dynamic analysis, the response of the capping is monitored in terms of tensile
forces in the geosynthetics and of displacements of the cover. As example, Figure 3a shows
the variation of tensile force in the upper geosynthetic layer during the earthquake, detected in
three significant points placed respectively at the top, in the middle and at the bottom of the
slope (respectively points A, B and C of Figure 1). Similarly, Figure 3b shows the variation of
force in the lower layer, with reference to the same three reference points.
As it can be observed, the variation of stress is concentrated in the top of the upper layer,

whereas the other two monitored points on the same geosynthetic show a small (middle point)
or even a negligible variation (bottom point). In the case of the lower geosynthetic, the vari-
ation in tensile force is lower in respect to the upper layer and it is also distributed more
evenly along the extension of the geosynthetic. This is highlighted in Figure 4, which shows
the distribution of the forces along the two geosynthetics at the end of the earthquake. It
should be noted that the final force in the upper GCD is very close to the limit tensile strength
of this kind of geosynthetic, of about 18 kN/m.

Figure 2. Variation of the dynamic friction angle and the relative sliding speed for the GMBR-GTX

interface (redrawn from Pavanello et al. 2018a).
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For the purposes of comparison, Figure 5a shows the time variation of the tensile force in
the upper geosynthetic under the hypothesis that the value of the dynamic interface friction
angle is constant and equal to 21.5°. In light of the overall variability of the dynamic friction,
shown in Figure 2, this value may seem, at first glance, a reasonable average value. However,
the comparison between Figure 5 and Figure 3 shows that this hypothesis involves a signifi-
cant reduction in tensile forces; the result is thus not equivalent to the assumption of a

Figure 3. Variation in time of the axial force in the geosynthetics (case with ϕdyn variable and

PGA=1.0g): a) upper layer (GCD) and b) lower layer (GMBR).

Figure 4. Distribution of the axial force in the upper and lower geosynthetics at the end of the seismic

loading (case with ϕdyn variable and PGA=1.0g).

Figure 5. Variation in time of the axial force in the upper GCD: a) case with ϕdyn=21.5° and

PGA=1.0g; b) case with ϕdyn variable and PGA=0.66g.
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variable dynamic friction and little cautious. Furthermore, this result suggests that the range
of medium-low relative speed plays an important role in the sliding motion; this condition cor-
responds, more precisely, to relative speed lower than 0.065 m/s, value for which Equation 1
indicates that dynamic friction angle is lower than 21.5°. Consequently, a laboratory charac-
terization of the dynamic friction at low speed and during the transition from static to
dynamic condition is very important.
Figure 5b illustrates the variation in time of the tensile force in the upper geosynthetic

under the hypothesis of variable dynamic interface friction and the not amplified L’Aquila
earthquake, with PGA = 0.66g. The low geosynthetic stiffness allows the liner to follow the
relative downward slide of the capping, inducing a maximum tensile value rather limited, of
the order of 9.4 kN/m. Consequently, under the simplified hypothesis assumed in this study,
the structure shows a good seismic performance even in absence of a reinforcement geogrid,
but this result should be confirmed by further researches, for example considering the amplifi-
cation effects induced by the deformability of the landfill body.
The case of capping with a reinforcement geogrid is illustrated in Figure 6. It should be

noted that the different scale of the graph and how the tensile values are more than twice their
value in the previous case due to the greater rigidity of the reinforcing element. Even the distri-
bution of forces along the extension of the geosynthetic appears different, as shown also in
Figure 7, where the distribution of the forces along the two geosynthetics at the end of the
earthquake is plotted. The upper layer shows in detail a distribution of tensile forces along
almost all its extension, while the forces in the lower layer remain of moderate intensity.
Figure 8 shows the relative displacements at the interface in relation to the time, for a point

in the middle of the slope, under the amplified seismic loading (PGA=1.0g). In the case of

Figure 6. Variation in time of the axial force in the upper GCD+GGR layer (case with ϕdyn variable

and PGA=1.0g).

Figure 7. Distribution of the axial force in the upper and lower geosynthetics at the end of the seismic

loading (case with ϕdyn variable and PGA=1.0g).
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GCD as upper layer, the hypothesis of variable dynamic friction involves a final relative dis-
placement of about 0.62m; under the same conditions, the hypothesis of a constant dynamic
friction angle equal to 21.5° involves, instead, a final displacement of only 0.35m. Finally, in
the case of a GCD+GGR as the upper layer, the deformation of the capping is obviously less
than that seen in the case of the GCD alone, but the relative displacement nonetheless reaches
a relevant final value of 0.43m. Also in this case, the hypothesis of a constant dynamic friction
angle equal to 21.5° involves an underestimation of the final displacement.

4 CONCLUSIONS

The numerical analysis has shown the mobilisation of a dynamic condition at the interface in
the liner system in a landfill capping causing significant relative displacements of one geosyn-
thetic layer over the other. Various hypotheses linked to interface friction, capping structure
and seismic intensity have been considered. In all of these cases, the maximum tensile force
was located in the upper layer, near the top of the slope.
The analyses have shown as the assumption of a mean value for the dynamic friction imply

a significant reduction in the tensile forces with respect to the hypothesis of a dynamic inter-
face friction variable with the speed. Moreover, the configuration with the only GCD, without
the reinforcing geogrid, revealed a fairly good seismic performance, at least for medium-inten-
sity earthquakes and under the simplified hypothesis assumed in this study. This result is
caused by the deformability of the geosynthetic, which allows the material to follow the
deformation and translation downwards of the covering soil, without inducing efforts that
may cause the break of the layer. However, with this solution, the final capping displacement
may reach large relative displacement, of about 0.62m. Lastly, the introduction of a reinforce-
ment geogrid reduces the relative displacements of the capping, proportionally to its rigidity;
however, the movements are nonetheless large enough to fully mobilise the dynamic friction
in the geosynthetic interface, whose characterisation remains a key factor in order to correct
predict seismic displacements of the structure.
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