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Nomenclature

avox(t): upper box acceleration at any time t

aconst: cONstant acceleration of the upper box during the slide (Inclined Plane test - Step 2 of
UIPP)

acit. critical acceleration of the box corresponding to the relative sliding between the box
and the table (Shaking Table test - Phases 2 and 3)

amax. Maximum amplitude of the table acceleration (Shaking Table test - Phase 3)

awble(t): table acceleration at any time t of the test (Shaking Table test)

f: frequency of the table acceleration (Shaking Table test)

F(B): force required to hold back the upper box (Inclined Plane test — Step 3 of UIPP)

Nq4: number of cycles of the upper box starting from the beginning of the relative motion
between the box and the table (Shaking Table test)

TAR: table acceleration rate (Shaking Table test)

UIPP: Unified Inclined Plane Procedure

u: upper box displacement (Inclined Plane test)

Uim: Maximum upper box displacement (Inclined Plane test - Step 3 of UIPP)

v: upper box average velocity

B: plane inclination angle (Inclined Plane test)

Bo: plane inclination corresponding to beginning of the upper box movement u = 1 mm
(Inclined Plane test - Step 1 of UIPP)

Bs: plane inclination during the uniformly accelerated motion, anox = aconst (Inclined Plane test
- Step 2 of UIPP)

Bso : plane inclination angle corresponding to the upper box displacement equal to 50 mm
(Inclined Plane test - Step 2 of UIPP)

¢: interface friction angle
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do: maximum static interface friction angle (Inclined Plane test — Step 1 of UIPP)
q)'c',:;,n: dynamic interface friction angle (Inclined Plane test — Step 2 of UIPP)

dim: static friction angle after the interface shearing, at large displacements (Inclined Plane

test — Step 3 of UIPP)
d)an: dynamic interface friction angle (Shaking Table test)

dstana: Standard interface friction angle as defined by EN ISO 12957-2 (2005) (Inclined Plane
— Step 2 of UIPP)

tang: coefficient of friction

c: normal stress

ow: vertical stress

&: increase factor
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INTRODUCTION

Many geotechnical and hydraulic works require the use of several typologies of
geosynthetics to handle specific functions such as: reinforcement, filtration, drainage,

waterproofing, separation, protection and erosion control.

To accomplish these functions, geosynthetics are often coupled in multi-layer systems
and may be placed on slopes. In such cases, the interface shear resistance between
different materials may control the stability of the composite system. Therefore, in
geotechnical applications such as geosynthetic liner systems on slopes of landfill sites (cap
cover or bottom liner) or reservoirs, dams, an in-depth knowledge of the friction behaviour
of both soil-geosynthetic and geosynthetic—geosynthetic interfaces is required. In
particular, the correct assessment of the interface shear properties between different types
of geosynthetics is of paramount importance considering the fact that interfaces with low in-
plane shear resistance act as potential failure planes and in opposite case, high shear
stresses at the interface can induce high tensile forces in geosynthetic with possible tensile
failure. In fact, the functional engineering properties of geosynthetic interfaces should
remain within acceptable limits, as it is a critical factor governing the integrity of the structure
as well as the stability of these modern liner systems. If the stability of composite systems
is not properly addressed, failure can occur. For example, failures of cover soils on
geosynthetic layers in slopes of waste disposal areas have been reported in the literature
(Blight, 2007; Palmeira, 2009).

Geosynthetic composite installations may be greatly affected by both static and seismic
loadings. The behaviour of each interface can be different depending on the interactions of

the materials in contact under the different load conditions. Though the knowledge
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regarding stability analyses and monitoring the slope movement and also the stabilization
techniques improved substantially in recent years, instabilities of geosynthetic composite
slopes is still being an important issue in several regions especially during seismic events.
Slopes which are quite stable under static conditions may not withstand or be seriously

damaged by seismic forces induced during an earthquake.

In compliance with the more recent regulations, the design should take into account the
performance of composite systems under both static and seismic conditions. In spite of this,
only few studies are available in literature on the assessment of geosynthetic interface
response in both conditions.

In light of this, a comprehensive study on the geosynthetic interface shear strength is
carried out in this work. The assessment of the interface shear strength is very complex as
it mainly depends on the nature of the surfaces in contact but also on the test conditions
such as: mode of shear loading, normal stress, temperature and humidity. An alteration of
the interface shear strength can also occur due to mechanical damage, time-dependent
processes (ageing), stress dependent processes (such as repeated loading), coupled

effects of both time and stress-strain dependent processes (creep or relaxation).

An extensive experimental research program was performed to investigate the evolution
of the interface shear strength from static (gravity as driving force) to seismic (dynamic
excitations) loading conditions in several geosynthetic — geosynthetic interfaces including
geocomposite drains in contact with geomembranes (smooth and textured). Taking into
account the wide range of geosynthetic structures, only a few interfaces among the more
common ones are experimented. However, the original test method proposed, is extendable

to new interfaces.

Static conditions were studied through the inclined plane while seismic conditions were
simulated by shaking table tests. In fact, the inclined plane (Briangon et al., 2011, 2002;
Palmeira, 2009; Reyes Ramirez and Gourc, 2003; Wasti and Ozdiizgiin, 2001; Wu et al.,
2008b) and the shaking table (Carrubba et al. 2001; De and Zimmie, 1998; Yegian and
Kadakal, 1998) are the most suitable tests in order to investigate the interface shear
behaviour under low vertical stresses typically encountered in many applications such as
landfill cap covers.

This study presents the results and the findings of research studies on the influence of
interface shear behaviour under different loading conditions with the goal of better

understanding the complex interactions and mechanisms occurring at the interface.
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In light of this, the first part of the thesis was devoted to the development and validation
of methodologies to carry out in the testing program considering also the experimental
conditions affecting the different test results of both the inclined plane and the shaking table

tests.

In the inclined plane test a new procedure (named “Unified Procedure”) able to
characterize the interface shear strength in all the phases of the test and under different
kinematic conditions was proposed. Thanks to this new procedure, it is possible to study,
during a single test, the interface shear strength angle in static (at both small and large
displacements) and dynamic conditions. In the shaking table test, a specific procedure was
defined in order to study the dynamic interface shear strength angle in all the phases of the

test, conditions not always taken into account in the previous researches.

Subsequently, the attention was focused on the factors affecting the interface shear
strength. Firstly, the influence of the kinematic conditions, characterized by the relative
velocity at the interface, was assessed in both tests. Several interface friction angle were
defined representing different physical conditions. Furthermore, since the focus of this study
is on construction and low normal stress interaction mechanisms, the influence of normal
stress varying from 0.08 to 12 kPa was studied. Finally, as the many steps in the
construction of the cover liners, and the repeated loading induced during an earthquake
may cause damage in the liners, also the wear effect of the surfaces was simulated and

investigated.

In addition, since landfill cover liners are subjected to harsh environmental conditions,
and in particular the properties and behaviour of polymeric geosynthetics are sensitive to
temperature changes, a first insight on the influence of temperature in static conditions was

also provided.

The scope of the thesis can be divided into six main sections: (Chapter 1) general
description of landfill covers and stability problems related to the use of geosynthetics in
cap liners; (Chapter 2) geosynthetics main properties and functions; (Chapter 3) review of
previous studies and the resultant current state of knowledge concerning interface
behaviour of geosynthetic systems using the inclined plane and the shaking table tests;
(Chapter 4) description of the new procedure proposed and adopted in this study; (Chapter
5) interface shear strength results obtained through the inclined plane and the shaking table
tests with the analysis of the effect of some experimental parameters. Preliminary
correlation of the interface shear strength results from static to dynamic conditions. Finally

a summary of the main conclusions and advancements made during the current research
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study and additionally, recommendations for future work on the topic are provided (Chapter
6).
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1 GEOSYNTHETIC IN LANDIFILL
COVERS

1.1 LANDFILL GENERALITIES

Human activities create several types of waste such as municipal solid waste (MSW),
industrial waste, and hazardous waste. The environmental impact of disposing solid waste
has been long recognized. Many waste management strategies aimed to reduce
production, to recycle and to re-use waste have been introduced in recent years. However,
large amounts of waste must still be disposed in the environment; and as far as municipal
solid waste (MSW) is concerned, the main alternative for its safe disposition continues to

be the sanitary landfill.

A sanitary landfill is usually conceptualized as a biochemical reactor. In this giant reactor,
waste and water are the main inputs, while gas and leachate are the major outputs
(Manfredi and Christensen, 2009).

A conventional landfill, as typically defined, is a landfill carefully designed and constructed

to encapsulate the waste and to prevent the escape of pollutants into the environment.
A correct waste containment philosophy consists of:

soptimisation of the landfill location;

sconstruction of high performance lining and capping systems;
eoptimisation of waste storage;

eshort and long term careful monitoring;

ea convenient re-use of the landfill area after closure.

5
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The geotechnical engineer, in particular can effectively deal with the design, construction
quality control and monitoring of the lining and cover systems, the waste storage and
compaction procedure, and the foundation and improving treatments for constructions
above waste deposits (Manassero et al., 2000).

Modern engineered landfills are designed and constructed to minimize or eliminate the
release of constituents into the environment. Thus, landfills consist of multi-barrier systems

including the bottom and side lining systems and covers (Figure 1.1.1).

Vegetation

Topsoil

Drainage geocomposite
Geomembrane
Geosynthetic clay liner
Gas drain geocomposite
Regulating layer

Waste

\W 0
Lateral 5 "( 2 (ly\'((‘\;)’\) :\,()
barrier (A()( ?‘< 5 Q ﬁAxS A Cover

'v%)\ 9)9;’0‘/"/})\,, A "
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{x ()
' Basal liner
| | ! |
x'&“(',(g(\’/(&)) — Waste
99$ 0! '

SR °8? o2 Drainage blanket

289 Geosynthetic protection layer
Geomembrane
Compacted clay liner

Subsoil

Figure 1.1.1. Schematic diagram of a municipal solid waste landfill containment system (modified from
Shukla and Yin, 2006)

Referring to the three liner components (i.e. bottom, side and cover liners) of a
containment system as shown in Figure 1.1.1, it is possible to summarize their main

functions as schematized in Figure 1.1.2 (see also Manassero et al., 2000).
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BOTTOM LINER SIDE LINER COVER SYSTEM
[ weraL coupoNENTs | [ POLYNERIC COMPONENTS | [ WNERALCoMPONENTS | [ POLYNERIC couPONENTS |
[ wweraLcomponents | [ oLvieric conponewTs | | | | |
|, ‘ - Filter-transition layers Filter-transition layers Erosion control fayer Erosion control layer
Filter-transition layers Filter-transition layers (Top sol, cabbles, vegetafon layer) Bio-gid, geo-cell)

- | ‘ Drainage layers Drainage layers Biotic (animals) barrier Reinforcement elements

Drainage layers Drainage layers (Cobbles) (Geagrid, geotexties)

‘ | Protection layers Drainage pipes Frost-desiccation control layer Biotic (animals) barrier

I Protection layers ‘ | Drainage pipes | | ! ‘ | gepp | | ! ‘ | [ ) ‘

Protection layers Drainage layer Drainage pipes

Barrier layers Protection layers

Attenuation layer Barrier layers Barrier layer Drainage layer

Attenuation layer Barrerlayers (Geological barrer)

(Geological barrier)

Gas collection layer Barrier layer

Gas collection layer

Figure 1.1.2. Components of solid waste containment systems (after Manassero et al., 2000).

Geosynthetics play an important role to minimize contaminant migration into the
surrounding environment to levels that will result in negligible impact. Their application has
been triggered by the economic and technical advantages that geosynthetics can offer in

relation to more traditional materials (Bouazza et al., 2002).

The loading conditions expected will vary throughout the design life of the landfill. For
instance, for the slopes of the bottom liner the following main considerations can be done
(Jones and Dixon, 1998):

o short-term loading immediately post-construction with the relatively low normal
stress due to protection/drainage materials only,
¢ intermediate loading as waste placement proceeds,

¢ long-term loading under full height of waste and the expected waste settlements.

1.2 COVER SYSTEMS

Landfill covers are ruled by the European Union Directive 1999/31/EC on waste

landfilling. The cover system has to fulfil numerous functions:

¢ isolate the waste body from the environment, including the insurance of controlled

removal of the landfill gas and odours;
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¢ limit the infiltration of rainwater to the waste so to minimize generation of leachate

that could possibly escape to ground-water sources;

¢ reduce the maintenance requirement;

e minimize erosion problems;

e resist to settling and localized subsidence phenomena.

Furthermore, the cover system provides a lot of other tasks; among them it is possible to

include: separate waste from animals and insects, favourite the vegetation growth and post-

closure developments on the landfill area. Thus, the tasks of a cover system are much more

numerous than for a base and side liners considering also that in the long term the water

and pollutant balance of almost all the landfills are governed by the capping performance.

In general, the nature of liner design varies, both within and between countries,

depending on waste management strategies and practices, public concern and political will.

The type of a waste containment facility is dictated by the type of waste to be disposed of.

Waste classification can be broadly grouped into three types:

inert;
municipal or domestic and industrial non-hazardous;

industrial hazardous.

A landfill cap of municipal solid waste containment usually consists of the following layers

(from bottom to top):

v
v

Base (levelling) layer: this layer forms a base for the capping construction;
Gas vent layer: it should be able to control the volume of gas that may be
formed during anaerobic decomposition of the waste (biogas);

Bottom low-permeability layer: this layer has to provide a level of protection
against infiltration. It consists of a low permeability soil (i.e., compacted clay)
or of material with an equivalent performance;

Drainage layer: the functions of the drainage layer are: removing the excess
of rainwater, minimizing the infiltration through the low permeability layer and
enhancing the stability of the cover soil on side slopes;

Protective soil layer: the purpose of this soil layer is to sustain the vegetative
cover and protect the underlying layers from frost damage and excessive

loads.
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The mineral layers may be replaced by a different material (usually geosynthetics) with
equivalent performances as it is schematized in Figure 1.2.1. Thus, since the modern trend
is to optimize the capacity of landfill storage, the use of geosynthetic is becoming very
widespread in cap covers thanks to their low thickness value, their easier implementation

in comparison with conventional solutions and their economic viability.

over Soil Layer

Drainage Layer

Low-Permeability Layer

GCL
Gas Vent Layer Base Layer
Base Layer Waste

Waste

Figure 1.2.1. Typical landfill cap of municipal waste containment (modified by TeMa —Technologies
and Materials brochure).

This design is aimed at limiting percolation of water into the underlying waste, allowing
minimization of the transport of contaminants from the landfill to the groundwater. However,
it's worth noting that limiting wetting of the waste body presents a disadvantage, since
decrease of waste moisture could stop the biodegradation. Consequently, in a modern
bioreactor landfill, a systems of injection by chambers or wells of water or leachate

completes the control of the percolation of rainfall water.

Usually, lateral and cover lining systems are designed to accommodate two factors: land
saving (smaller landfill foot print) and increase of landfill capacity. To achieve these goals,
the inclination of the slopes (Figure 1.2.2) is generally increased to improve the ratio

between the volumetric capacity and the print of the landfill (Bouazza et al., 2002).

In this respect, the main concerns regarding the integrity of the cover systems are landfill
settlements and the stability of the liners. In particular, the stability is a key point when the

multi-layer system involving soil and geosynthetics is laid on slope.
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Figure 1.2.2. Landfill covers on slopes.

1.3 STABILITY ANALYSIS OF LANDFILL COVERS

The overall integrity of a landfill is closely linked to the slope stability of the lateral and
cover barriers under static and seismic loading conditions. The interfaces between the
different material layers composing a multi-layered liner system often represent potential
slip surfaces that need to be considered in slope stability analyses. The failure at the
interfaces occurs when the driving forces exceed the shear resistance force mobilized at
the interface.

The stability of landfill liner system is influenced by many variables and the most important

factors that influence the multiplayer landfill liner system stability are:

¢ interface shear strength between various geosynthetic materials,
o interface shear strength between geosynthetics and soil materials,
¢ internal shear strength of geocomposite clay liners,

e internal shear strength of solid waste and

o slope and height of waste fill during each lift,

10
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e length of the slope,

o anchorage of the geosynthetics at the top.

Geocomposite liner of the cover systems, may experience harsh environmental
conditions such as extreme high and low temperatures or excessive loading in their life time
(Akpinar and Benson, 2005; Rowe, 2005). Geosynthetics placed on slopes of a landfill can
experience tension due to various factors (Jones and Dixon, 1998). For example, during
construction of the liner systems, wind up-lift on uncovered areas, movement of heavy
vehicles and frictional forces from the cover soil. After the closure of a landfill, the down-

drag caused by settling waste must be taken into the account.

In the design, the geosynthetics to be used in the project, the associated local soils at
their targeted density and moisture content should be tested at appropriate normal stresses,
strain rates and temperatures. The measured interface shear strength parameters should
be compared to those existing in the literature, and then can be utilized in the evaluation of

the potential sliding failure in the landfill liners to assess the stability of the structure.

Several different critical equilibrium situations involving geosynthetics can be considered.
In all these cases, the interface properties require an accurate assessment. One can

distinguish:

¢ Sliding along the slope of the bottom liner;

¢ Sliding along the slope of the cap cover.

The first difference between the two cases is the value of the normal stress on the liner,
increasing until high values in the first case, due to the waste progressive storage, and on
the other hand, systematically low in the second case, seeing that the normal stress is

related to the weight of the veneer.

Among the examples of failures related to sliding along the bottom liner, the most famous
is the slope failure of Kettleman Hills, a hazardous waste landfill in southern California, USA
(Mitchell et al. 1990, Seed et al. 1990, Byrne et al. 1992). This failure occurred primarily at
the interface between the clay and smooth geomembrane of the secondary lining system,
with sliding in the upper part of the side slopes occurring along the primary
geomembrane/secondary geotextile interface. This failure however was not attributed to

seismic loading but to the low shear strength at the interfaces.

If the stability of composite systems is not properly addressed, failure can occur. For

example, failures of cover soils on geosynthetic layers in slopes of waste disposal areas,

11
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reservoirs and ponds have been reported in the literature (Blight, 2007; Palmeira, 2009; Wu
et al., 2008).

The present research will be dedicated to the stability of landfill covers with an
experimental program considering geosynthetic interfaces subjected to low values of

normal stresses.

Furthermore, landfill slopes can experience different types of failure modes, some of
which involve sliding along the composite liner system (Eid, 2011). Figure 1.3.1 shows two
of these modes in which failure surface passes entirely along the liner system [e.g.
Kettleman Hills landfill failure (Seed et al.,1990)] or through the waste at a steep inclination

and then to the underlying liner system [e.g. Mahoning landfill failure (Stark et al., 1998)].

Failure along the
Liner System Only

Failure through the
Waste and Liner System

/
/
Solid Waste

Subgrade

Figure 1.3.1. Landfill failure modes involving sliding along the liner system (after Eid, 2011).

As with any stability study, the selection of the most probable mode of failure and the
accurate assessment of the necessary physical and mechanical properties and hydraulic
conditions of the waste and the foundation soils are the most critical aspects (Bouazza et
al.,, 2002). Although different definitions for the factor of safety have been reported in
literature, stability against direct sliding is satisfied if shear resisting force available at the

displaying a lower frictional resistance is greater than or equal to the driving force.

Other important characteristic of the failure mode is the localisation of the critical interface
corresponding to the sliding motion. The liner system is a composite with soil and
geosynthetic layers and the prediction of the slip surface requires a relevant knowledge of
the shear properties of every interface between the different elements of the system and

also the shear properties internal to the materials (soils and geosynthetic clay liners).

The stability of the liner system can be regarded as ensuring there is no uncontrolled
slippage between the components of the system. Such slippage may produce excessive

local stressing on the geosynthetic and lead to tearing, or may induce a global slope failure

12
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(Jones and Dixon, 1998). Current design methods for geosynthetic liner system stability rely
for the most part on limit equilibrium methods: the most widely used are the block method
(Giroud and Beech 1989; Koerner and Hwu 1991).

1.3.1 Static stability analysis of cover systems

Afterwards, only the case of liner systems corresponding to the cap cover will be

considered.

In the simple case of the Figure 1.3.2, the main conditions of stability are presented.

Anchorage

Figure 1.3.2. Schematization of the main issues related to the stability of geosynthetitc liner systems
on landfill slopes (Gourc et al., 2004).

The limit equilibrium of the liner system is complex. Two different approaches of limit

stability should be considered:

e sliding at the interface soil-geosynthetic with a limit equilibrium of the soil veneer
above the geosynthetic,

o sliding at the interface between two geosynthetics, considering the global
equilibrium of the geosynthetic on slope and its anchorage which supplies a pull-out

strength.

In the two cases, tangential stresses are mobilized along the geosynthetic interfaces and
consequently, tensile forces are mobilized in the different geosynthetics. There is a possible
combination of sliding on an interface soil-geosynthetic or geosynthetic-geosynthetic with a
tensile failure at the top edge corresponding either the maximal tensile force of the

geosynthetic or the maximal pull-out strength of the anchorage.

13
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The approach of the first sliding mode is identical to the approach of a conventional slope

stability problem. The principle is summarized below.

The analysis assumes the cover soil to be a rigid block resting on the geomembrane or
other geosynthetic, where the interface between the soil and geosynthetic or between
geosynthetics acts as a well-defined failure plane. Stability analysis may be conducted by
assuming the cover soil to be infinitely long such that the passive wedge is ignored, or of a

finite length. These conditions are called as infinite and finite slopes, respectively.

The main features to differentiate infinite (Figure 1.3.3) and finite equilibrium (Figure

1.3.5) are the conditions at the top and at the bottom of the slope:

o atthe bottom, a buttress is considered with a wedge which acts as a passive block
to sustain the layer along the slope;

o atthe top, generally a tensile crack in the soil veneer is considered, since the low
cohesion of soil can be discarded. As far as the geosynthetics are included, if the
considered slip line is beneath one or several geosynthetics. Tensile forces, T, in
these layers should be included in the equilibrium, since a virtual cutting of these

layers by the slip line is taken into account (Figure 1.3.6).

In the second mode of sliding, presented in § 1.3.1.2, the global equilibrium of the

geosynthetic on slope and its anchorage which supplies a pull-out strength are considered.

1.3.1.1 Sliding at the interface soil veneer - geosynthetic
1.3.1.1.1 Infinite slope approach

In an infinite slope, stability under static loading can be maintained if the slope angle is
less than the angle of friction between the most critical interface, where the adhesion at the

interface, seepage and external forces are ignored.

Such analyses neglect the influence of reinforcement forces on the soil stresses along
the potential failure surface and may result in factors of safety significantly different than
those calculated using more rigorous approaches (Bouazza et al., 2002). Considering the
normal and shear forces acting in a control volume (Figure 1.3.3) along the veneer slope
(or infinite slope), and assuming a Mohr-Coulomb shear strength envelope, the factor of

safety can be expressed as:

14
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_N-tand N-.cosBtand tand
W -sin B W -sinp tan B

FS 1.3-1

where W is the top cover weight; N the normal load; B the slope inclination angle and &

the interface friction angle between the geosynthetic and the cover soil.

Following the scheme (Figure 1.3.3) adopted by Koerner (2005), it is assumed that failure

will occur at the cover soil interface.

To
> anchor
trench

Geomembrane

Figure 1.3.3. Infinite slope approach (after Koener, 2005).

1.3.1.1.2 Finite slope approach

The finite slope methods take into account of the toe end effects in design. Giroud and
Beech (1989) and Koerner and Hwu (1991) formulated the finite slope problem to determine
the factor of safety and the geosynthetic reinforcement force required to restore static
stability. These formulations were based on a two-part wedge mechanism in which the inter-
wedge force acts parallel to the slope angle. There are, however, several differences
between the Koerner-Hwu and Giroud-Beech equations. The top end of the soil cover of

the Giroud-Beech and Koerner-Hwu formulations are shown in Figure 1.3.4.
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Tension crack

Koerner-Hwu
(1991)

Giroud-Beech
(1989)

SOIL COVER
GEOMEMBRANE

Figure 1.3.4. Finite slope approach according with Giroud-Beech and Koerner-Hwu formulations (after
Ling and Leshchincky, 1997).

The limiting equilibrium method of Giroud and Beech (1989) has been used extensively
and this approach divides the system into two wedges and balances forces in the vertical
and horizontal directions. The resistance to failure is provided by mobilised soil resistance
at the toe, mobilised interface friction along the bottom of the potential sliding surface and
a mobilised tensile load in the geosynthetics above the plane of sliding. A major drawback
in this method is that the distribution of tensile loads within the geosynthetic layers is not
determined.

Subsequently, Giroud et al. 1995a modified the previous method to include also the soil
cohesion and the soil-geosynthetic adhesion. In the method proposed, only three elements

must be considered in the analysis of the stability:

o the slip surface;
o the soil located above the slip surface;

o geosynthetics if located above the slip surface.
The factor of safety is expressed following Equation 1.3-2:

FS= I:R,slope 1.3-2
F

D,slope

where Fr, siope is the projection on the slope of the resisting forces and Fg, siope the
projection on the slope of the driving forces. The safety factor equation consists of the sum
of five terms (Equation 1.3-3): the interface friction angle, interface adhesion along the slip

surface, the internal friction angle of the soil component of the layered system located above
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the slip surface, the cohesion of soil component of the layered system located above the

slip surface and the tensile strength of the geosynthetic located above the slip surface.

The factor of safety according can be express as follows:

1.3-3

. 2 .
S:tan6+ a. +ltan ¢/(2S|nBcos B)+i1/(smﬁcos B)+ T,
tanB y-TsinpB D 1-tan Btan 6 yD1-tanptan 6 DT

where vy, ¢ and ¢ are the unit weight, the cohesion and the interface shear strength angle
of the soil; a is the interface adhesion along the slip surface; Ta allowable tensile strength
of geosynthetic reinforcement;  slope angle and 6 the interface friction angle along the slip
surface, D the height of the slope. As for a conventional slope stability problem, different

slip lines selecting successive interfaces, should be assessed.

Thanks to this definition of the factor of safety, it is easier to identify the contribution of
the different terms to the stability of the slope. Further, Giroud et al (1995b) analyse stability

analysis considering also seepage forces.

The Koerner-Hwu equation is mainly based on the solution of a quadratic equation from
which the factor of safety is determined. Koerner and Soong (1998) improved the previous
method including also the effect of construction equipment, seepage forces, seismic forces,
and the stabilizing effects of toe berms, tapered slopes and slope reinforcements. In the
simplest case illustrated in Figure 1.3.5, they consider a cover soil placed directly on a
geosynthetic at a slope angle B, and the effect of two zones (i.e. the active and the passive
wedges) is analysed. It is assumed that the cover soil is of uniform thickness and constant
unit weight and that the failure will occur along the continuity with the remaining cover soil

at the crest. The factor of safety is obtained solving a quadratic equation

(@FS +bFS+c=0) as follows:

:—bi\/b2—4ac

2a

FS 1.3-4

with:

a=(W, -N, cos p)cos B 1.3-5
b=—~(W, —N, cosp)singtans + (N, tand+C, )sinBcosp +sinf(C + W, +tand) 136

c=(N,tan 5 + C,)sin 2B tan & 1.3-7
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where W, and W, are respectively the active and passive wedge weight; N, is the normal
load of the active wedge; C. adhesion between soil and geosynthetic; C adhesion force
along the passive wedge; B the slope inclination angle and & the interface friction angle

between the geosynthetic and the cover soil.
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Figure 1.3.5. Limit equilibrium forces involved in a finite length slope analysis for a uniformly thick
cover soil. (after Koener and Soong, 1998)

In the limit equilibrium methods, the tensile strength within individual components of a
layered system are determined by a force equilibrium procedure. To assure the stability, the

shear strength should balance the forces in a direction parallel to the slope.

1.3.1.2 Tensile force transmitted to the geosynthetic

Although these methods, according to which both material and interface behaviour is
assumed to be rigid-plastic, generally yield a conservative design, they are not able to
explain the complex behaviour observed within the composite system. Computations using
the finite element method, in association with more elaborate constitutive laws (Feki 1996),
have demonstrated behavioural sensitivity to small modifications in, for example, the friction

interface relationship.

The design methods above require an evaluation of the interface friction between soil and
geosynthetics corresponding tests were presented by Pitanga et al., (2009).The physical
behaviour could be complex, because with some specific geosynthetics with surfaces

allowing soil grains penetration, the critical shear interface is difficult to localize accurately.
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Even if the stability of the cover is assured, the aforementioned methods do not
investigate the tensile strength transmitted to the geosynthetics. This condition is of
paramount importance because the forces involved cannot be consistent with the allowable
tensile strength of the geosynthetic, Ta. In fact, if Ta is exceeded, a tensile crack in the

geosynthetic can occur as represented in Figure 1.3.6.

cover soil

Virtual cut of the

geosynthetic geosynthetic

slip line

Figure 1.3.6. Tensile force exceeding the allowable tensile strength of geosynthetic.

In the present research, only friction properties for geosynthetic-geosynthetic interfaces
are considered so that the sliding at the interface between two geosynthetics, considering
the global equilibrium of the geosynthetic on slope and its anchorage which supplies a pull-

out strength should be considered.

This case is more complex and less conventional, seeing the equilibrium of every
geosynthetic. The different forces to consider are the shear stresses along the slope for
both sides of the interface (i.e. T is the tensile strength resulting from the difference between
the tensile mobilization of the upper and lower part of the geosynthetic considered) and the

anchorage strength (Gourc et al., 2004).

Even if, in this section, only the risk of plane slippage along the geosynthetic system is
treated, the stability of the system should also take into account the internal stability of the
protective earth cover installed on the slope on either side of the geosynthetic complex, as

well as the global stability of the slope.

When geosynthetics are laid on slopes, the weight of the materials above them induces
a destabilizing force moving the system downward. For this reason, the behaviour of
geosynthetic sheets at the top of the slope is a decisive factor to withstand to the tensile

force generated along the slope and the consequent pull out strength.
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Following the scheme presented in Figure 1.3.7 the resulting force T that depends on the
weight of the cover soil, on the slope inclination and on the interface friction angles on both
geosynthetic surfaces, does not exceed the allowable tensile strength of the geosynthetic,
Ta.

Block 1

Block 2 (possibly)

Figure 1.3.7. Balance of forces in geosynthetic systems design on slopes.

Furthermore, the basic conceptual scheme to design anchorage is presented in Figure
1.3.8 in which the simplest case (hydraulic conditions are not taken into account) is

presented.

In the case of infinite slope, the analysis of stability corresponds simply to the balance
between the driving forces due to the weight W of the protection itself and the stabilising
forces constituted by the friction force F that can be mobilised on the interface being studied,

to which is then added any anchor force T at the top of the slope (Figure 1.3.8):
T+F=W sin 1.3-8
F=W-cosB-tang, 1.3-9
It is important to note that, for the calculation of the friction that can be mobilised, ones
should take into account the uplift force given by the sum of hydraulic pressure, Fy, that can

occur at the geosynthetic interface in case of total or partial saturation of the protective

layer(s). In this case, F is defined by the relation:
F=(W-cosB —F\,\,)-tanq)g 1.3-10
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T= W-sin (B)-F T/‘ T - cos (B) -

GSY

W- sin (B)

Figure 1.3.8. Schematization of the pull-out strength of the geosynthetic anchorage.

1.3.1.3 Anchorage capacity of geosynthetics in trenches

In the basic calculation of the anchorage capacity (i.e. the force, T, required to pull the
sheet out), the geometric characteristics of the anchorage and the friction characteristics of
the materials used are required. More complex calculation, take into account the forces and
stresses that develop at each curved portion of the anchorage and other mechanisms of
the soil cover behaviour.

The anchorage can be of several types depending on the specific characteristics of the
site, on the available area and on the applied load (Chareyre et al. 2002). Figure 1.3.9
shows the most typical geometries for the anchorage: the “linear” (simple run-out), or as

more common, installed in trenches with “L — shape”, “V — shape” or “U — shape”.

The trenches are dug by a trenching machine and then they are backfilled with the same

soil that was originally, properly compacted in several layers
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ii) iv)

V

Figure 1.3.9. Anchorage geometries: run-out anchor; ii) “L — shape”; iii) “L — shape” with and
additional horizontal bend; iv) “V — shape” or “U — shape” ( modified by Briang¢on et al 2002).

For every kind of anchorage, different design methods were developed in literature
(Briangon, 2003; Koerner, 1998 and 2005; Hulling et Sansone, 1997; Villard and Chareyre,
2004). The common hypotheses are (Gourc et al., 2004):

e the geometry of the anchor is represented schematically by linear segments
(numbered in an increasing order from the outside towards the inside of the soil
mass),

¢ the anchor fails only by relative displacement at the critical interface,

o the shear stresses t that can be mobilised at the interface are equal to the maximum
stresses tmax corresponding to the slip limit state (on one or both sides of the
geosynthetic),

o friction is governed by a Mohr-Coulomb interface law: tmax = On- tan ¢g with ¢4 and o,
the friction angle and normal stress acting at the interface before pull-out,

e the contribution of the i segment to the total anchorage can be assimilated to a
force Fi calculated by integrating the shear stress of intensity tmax on either side of

that portion of geosynthetic sheet.

The main differences between the various design methods are in the following

assumptions:

e behaviour of the cover soil,
o edge effect on the pull-out strength,

o stress state in the vertical segment.

In the first assumption, if the soil is considered as rigid mass, the geosynthetic moves in
relation with the soil that is considered fixed. The maximum forces that can be mobilised

correspond to the limit equilibrium state at all points of the soil/geosynthetic interface (i.e.
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Tmax = On- tan ¢g). The value of the anchoring capacity is therefore determined by considering
the distribution of the normal stress 0, on each segment of the interface. Otherwise, if it is
considered that during the movement, the soil can deform and cracks and also its behaviour

at failure should be taken into account.

The second hypothesis implies that the change in direction at the angle can modify the

tension in the sheet (T - T on Figure 1.3.12).

The third hypothesis takes into account a different stress state in the vertical segment to

be considered.

The first analytical formulae put forward to calculate the anchorage capacity (Hulling and
Sansone 1997) assumed that the loads on the anchorage were taken up only by friction on
the linear parts of the geosynthetic without the existence of angle effects. The friction loads
were governed by a Coulomb - type law: tmax = On tan ¢g where on. and ¢g are the normal
stress and the friction angle of the interface in question, respectively. In particular, the
parameter o, is the normal stress acting on the interface, equal to oy (vertical stress) on
the horizontal portions of the sheet, and equal to on (horizontal stress) for the vertical
portions of the sheet. The parameter oy. is calculated using the coefficient of earth pressure

at rest, Ko.

With similar hypothesis, Briangon, (2003), defined another method, schematized in
(Figure 1.3.10) in which the anchor capacity, Tmax, is equal to the sum of the friction forces
that can be mobilised on the linear parts of the anchor system (Tmax= Ta1tTaz2+Tasz).
Furthermore, as a result of a series of experimental tests in situ, the effect of any angles
which tend to increase the anchorage capacity, is not taken into account because the
contribution of these angle effects was found to be generally low. The value of the friction
Ta1 that can be mobilised along the horizontal length L is generally low compared with Taz

and Tas.

D l lT v Ia ~
Tas }
B L "

Figure 1.3.10. Schematization of the method proposed by Briangon, (2003).
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Considered a simple “L-shape” anchor, Koerner (1998, 2005) assumed that the vertical
component of the tensile strength on the geosynthetic along the slope induced, on the
horizontal section of the sheet, additional normal stresses at the soil-geosynthetic interface,
hence, an increase in the interface friction forces. In this method the cover soil applies
normal stress due to its weight but its contribution to the frictional resistance at the interface
is considered negligible. The total tensile force required in the anchor takes into account
the sum of the different forces acting on both sides (up and down) of the geosynthetic.
Furthermore, in the vertical segment, active and passive earth pressures are considered
(Figure 1.3.11, method A).

In the Guide technique (2000) different authors introduced, in order to consider the
change in direction of each geosynthetic sheet, an amplification coefficient Ks that depends
on the inclination of the bend (Figure 1.3.11, method B) and, in the vertical segment, the Ko

coefficient is considered.
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Figure 1.3.11. Comparinson between Koerner (1998) and (Guide technique, 2000) desing methods for
“L-shape” anchor.

Villard and Chareyre, (2004), schematized in Figure 1.3.12, proposed another analytical

model where the tension T, applied parallel to the slope, is obtained by considering the
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angle effect and behaviour of the cover soil: two failure mechanisms are considered

depending on whether the soil failure is taken into account or not.

Figure 1.3.12. Force balance considered in the analytical model proposed by Villard et al, 2004.

Briancon et al. (2006) performing experimental tests in-situ highlighted some important
mechanisms. They noted that, depending on the geometry of trench considered and on the
soil properties, the failure mechanisms of the soil can occur and can be different depending
on the trench geometry and soil properties as reported in Figure 1.3.13. It is also underlined
that the normal stress applied to the different interfaces at failure can be different from the
initial stress state and the soil-geosynthetic interface friction can be not fully mobilized if
failure occurs in the soil. Therefore, assessing the law governing the interface tensile force,
T, with respect to the displacement, u, is of paramount importance. In this context, the
inclined plane test permits assessing the evolution of the tensile strength from very small to
large displacement.
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Figure 1.3.13. In-situ extraction of geotextile layer in a rectangular and “V-shape” trench: i) and iii)
before extraction; ii) and iv) at rupture (after Briangon et al. 2006).

1.3.2 Seismic stability analysis of cover systems

The performance of solid waste containment facilities subjected to seismic loading,
demonstrated that modern solid waste landfills have generally shown a good ability to
withstand strong earthquakes without damages to human health and the environment
(Kavazanjian, 1999; Matasovic. et al., 1998; Maugeri and Seco E Pinto, 2005). Twenty-two
landfills were influenced by the Northridge earthquake (U.S.A.) (Augello et al., 1995), and
a few solid waste landfills located in the Kobe/Osaka area of Japan were reported to be
damaged by the severe earthquake (Park et al., 2004).

For landfills located in seismic regions, the most critical loading to the liner system and

the geomembrane may be expected during an earthquake.

Maugeri and Seco E Pinto, (2005) summarized the major failure mechanisms for landfills

under earthquake loadings as follows:

. Sliding or shear distortion of landfill or foundation or both;
. Landfill settlement;

e Transverse and longitudinal cracks of cover soils;

e  Cracking of the landfill slopes;

¢ Damage to the gas system pipes;
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e Tears in the geomembrane liners;

e Disruption of the landfill by major fault movement in foundation;

o Differential tectonic ground movements;

e  Cracks through the contact between refuse landfill and canyon; and

e Liquefaction of landfill or foundation.

In particular, performance of the cover and lateral slopes under seismic conditions is an
important aspect to consider in the design. The slopes which are quite stable under static
conditions can simply collapse during earthquakes due to several reasons, including ground
shaking leading to excessive vibrations and deformations, loss of bearing strength of the
foundation soil due to liquefaction and reduction in the safety factor of the slope due to
transient shooting up of the pore water pressures. Any of these events can impair the
functionality of the liner and cause leakage of leachate leading to ground water pollution or
a failure of landfill.

The stability analysis of solid waste landfills can be established by following the
procedures outlined in the flow chart presented in Figure 1.3.14. In general, the behaviour
of solid waste landfills during the occurrence of earthquakes can be analysed by

experimental methods or mathematical methods.

DYNAMIC RESPONSE OF
GEOMEMBRANE BASE AND

COVER LINERS
MONITORING Aﬁgﬁ?;%;gw SOIL PROPERTIES
SAFETY AND RISK |¢— » PENETROMETER TESTS
ANALYSIS GEOPHYSICAL TEST
G versus Y
A versus y
EXPERIMENTAL SELECTION OF DESIGN MATHEMATICAL
METHODS  [% EARTHQUAKE »  METHODS
NEOTECTONICS
LIQEFACTION
POST-LIQUEFACTION
STRENGTH
SHAKING | [ CENTRIFUGE PSEUDO- | [SIMPLIFIED| | DYNAMIC
TABLE TESTS STATIC METHOD | |ANALYSIS
ANALYSIS 1D, 2D, 3D
h 4 EQUIVALENT|| NON
CASE HISTORIES LINEAR LINEAR
FAILURE MECHANISMS
RECENT EARTHQUAKES

Figure 1.3.14. Flowchart for soild waste landfills (adopted by Maugeri and Seco E Pinto, 2005)

27



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

Seismic evaluations of slope stability range from using relatively simple pseudo-static

procedures to advanced nonlinear finite element analyses.

1.3.2.1 Pseudo-static analysis

Seismic stability analysis of cover systems may be conducted using a pseudo-static
approach. In this method, based on limit equilibrium analysis, the following hypothesis are

made:

v the behaviour of the soil is rigid-plastic;

<

failure is reached simultaneously from all the point of the failure surface;

v' the shear strength versus normal load relation can be defined by a mohr-coulomb
envelope;

v’ seismic inertia force is considered through an equivalent static force; the vertical

and the horizontal component of the dynamic force can be expressed:

=k

F. o=k, -W 1.3-11
F, =k, -W 1.3-12

where k, and k, are the horizontal and the vertical seismic coefficient.

1.3.2.2 Seismic coefficient

The slope stability of waste landfills is generally evaluated by limit equilibrium slope
method. In the analysis conducted applying the pseudo-static approach, the distribution of
the acceleration is assumed uniform along the entire slope and the horizontal and the
vertical components of the seismic inertia forces are applied at the centroid of the cover
cross section. In order to take into account the possible amplification effects, the peak
ground acceleration ag (acceleration expected on the bedrock), is usually multiplied by some
amplification coefficients which take into account the subsoil and the local site effects.
However, in this case, the maximum acceleration used in the design, amax, Can overestimate

the effect of the earthquake (Tropeano, 2010).

To simplify, the horizontal seismic coefficient, ky, is often expressed as a part of the peak
ground acceleration, ag, and the vertical seismic coefficient, ki, is generally evaluated as a

part of kn. In literature, there are not many examples to calculate the seismic coeffcient.
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The Eurocode 8 (prEN 1998-5 — 2003), indicates ky as follows:

k,=05-v,-S-a,/g 1.3-13

where v, is a coefficient depending on the importance of the structure considered; S is a
coefficient taking into account the subsoil (Ss) and the topographic (St) effects. The vertical

seismic coefficient can be equal to:
k, = +0.5 -k, 1.3-14

k, = +0.33 -k, 1.3-15

\

Equations 1.3-14 or 1.3-15 are used if the ratio between the vertical and the horizontal

acceleration of the earthquake is higher or smaller than 0.6 respectively.

Similarly, in Italy, the current legislation, “Norme Tecniche per le Costruzioni” (NTC,

2008), indicates, at the limit state, the horizontal and vertical seismic coefficients as follows:

Kn =B - anéax =B St-Sg a4 1.3-16

k, = 0,5k, 1.3-17

with k, and ky horizontal and vertical seismic coefficients respectively, amax is the
maximum acceleration, a4 is peak ground acceleration, Bn is a reduction coefficient that
takes into account the ductility; St and Ss amplification coefficients depending on the subsoil

and the site effects.

1.3.2.3 Factor of safety — limit equilibrium slope method

Limit equilibrium methods considering the infinite slope, are often applied in the current

practice

The factor of safety, considering the translational equilibrium across and along the slope

as schematized in Figure 1.3.15, in absence of seepage, can be expressed as:
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W .cosB -k, -W-sinf =N 1.3-18

kK, -W.cosB+W sinB=T 1.3-19
2

FS:tan¢~(1—khtanB)+c/y~hcos B 1.3-20

k, +tanp

where kj is the horizontal seismic coefficient; y, c and ¢ are the unit weight, the cohesion,
and the interface shear strength angle of the soil respectively; B and h the inclination angle

and the height of the cover soil.

/
W aw /

Figure 1.3.15. Balance of forces considering the infinite slope scheme applying the pseudo-static
approach.

The principal limitation of this approach is that the equivalent pseudo-static force takes
into account only the effect of the acceleration, amax, While the seismic response is also

linked to the frequency and the duration of the seismic event.

1.3.2.4 Dynamic simplified analysis

The dynamic simplified methods are mainly based on the sliding block theory (Newmark,
1965). These methods permit to overcome the limitations of the pseudo-static approach
considering the evaluation of the acceleration time history. The seismic force is typically
defined by an accelerogram, while the slope response in evaluated in terms of permanent

displacements by integrating the function of the relative motion between the rigid mass and
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the surface in the time. Slope stability is evaluated comparing the calculated permanent
seismic displacement with the allowable displacement of the structure. The method consists
of the following steps: (1) the identification of the failure surface corresponding to FS =1
using the pseudo — static analysis; (2) determination of the seismic coefficient ky = ay/g
(corresponding to FS = 1); (3) selection of the proper accelerogram; (4) comparison
between the calculated permanent displacement with respect to the allowable

displacements of the structure.

- start of ,

a{t) = a(t) - a,
start of motion a{t) > 0

Acceleration

time range _
| integration N\
vlt) = aft) - dt

sliding condition v{t) > 0

Relative
velocity

fl no slide

| I
Vo s(t) = vAt) - dt
:/l { end of sliding a{t) > 0

1

Cumulated
displacement

Figure 1.3.16. Analytical prediction of rigid block displacements (after Tropeano, 2010).

In practice, the calculated permanent seismic displacement is the most commonly used
index of seismic performance of landfills (Kavazanjian, 1999; Ling and Leshchincky, 1997;
Matasovic. et al., 1998; Maugeri and Seco E Pinto, 2005). In design the maximum allowable
values of calculated permanent seismic displacement is considered. Allowable
displacement depends on the ability to predict seismic deformation, the ability to sustain
deformation without loss of function, the impact of a release due to loss of function, the
ability to detect loss of function, and the feasibility (and associated cost) of repair (or

replacement) (Kavazanjian, 1999).

Kavazanjian, (1999) provided a list of containment system components with typical
values for the allowable calculated seismic displacement schematized in Table 1.3.1. These

values are based upon the assumption that seismic displacements are calculated in the
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typical fashion used in conventional practice: using one-dimensional equivalent linear
response analyses, yield accelerations calculated with residual shear strengths, and

Newmark-type seismic displacement analyses.

Table 1.3.1. Generic allowable calculated seismic displacements for MSW landfills (after
Kavazanjian, 1999).

Allowable Calculated
Component Displacement Comment
Liner System 150 to 300 mm Actual expected deformation is very small.
Cover System 300mmtolm Damage is repairable.
Waste Mass 1m For displacement not impacting cover or liner.
Roadways, Embankments Im Conventional geotechnical criteria.
Surface Water Controls Im Conventional geotechnical criteria.
Gas Collection System No Limit Breakage common under normal operating
conditions.

The final cumulated displacement depends on:

o amplitude, duration and number of cycles of the accelerogram a(t);

e block-plane sliding resistance (aciit).

The permanent displacement evaluated by the sliding block theory (Newmark, 1965) is
assumed to accumulate whenever the yield acceleration is exceeded during the duration of
excitation. In this case, it determines the acceleration value corresponding to the collapse
of the structure assuming the behaviour of the soil as rigid-plastic. Acceleration in the
reverse direction is usually not considered. The yield acceleration is usually obtained
through the pseudo-static approach when the factor of safety is equal to one. According to
Equation 1.3-20, in the case of infinite slope as reported in Figure 1.3.15, the yield seismic
coefficient is obtained as:

Cc

1.3-21
y-h-cos?B-(1+tanptang)

k, =k, =tan¢ +
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The vyield coefficient (ky) represents the critical seismic coefficient of the structure, which
depends primarily on the dynamic shear strength of the material along the critical sliding
surface and the structure’s geometry and weight.

1.4 INTERFACE SHEAR STRENGTH BETWEEN GEOSYNTHETICS

1.4.1 Definitions

When a body moves or tends to move over another body, a force opposing the motion,
develops at the contact surfaces (Bowden and Tabor, 1954). This force which opposes the
movement or the tendency of movement is called frictional force or simply friction. Friction
is due to the resistance offered to the motion by minutely projecting particles at the contact
surfaces. This maximum value of frictional force is known as limiting friction. It may be noted
that when the applied force is less than the limiting friction, the body remains at rest and
such frictional force is called static friction, which may have any value between zero and
the limit friction. If the value of the applied force exceeds the limiting friction, the body starts
moving over the other body and the frictional resistance experienced by the body while
moving is known as dynamic friction. Dynamic friction may be grouped into the following

two:

o Sliding friction: it is the friction experienced by a body when it slides over the other
body;

¢ Rolling friction: it is the friction experienced by a body when it rolls over a surface.

Friction theory was first revealed by Leonardo da Vinci in the 15th century as a
relationship governing the resistance between bodies in intimate contact. Amonton (1699)
presented the nature of friction in terms of surface irregularities and the force required to
raise the weight pressing the surfaces together and published the basic theory of friction
as: i) Friction force is proportional to normal load,; ii) Friction force is independent of contact
area (Bowden and Tabor, 1954).

Finally, Coulomb (1785) investigated the influence of four main factors on friction: the
nature of the materials in contact and their surface coatings; the extent of the surface area;
the normal pressure (or load); and the length of time that the surfaces remained in contact

(time of repose). Coulomb further considered the influence of sliding velocity, temperature
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and humidity, in order to decide between the different explanations on the nature of friction

that had been proposed.

The coefficient of friction (shear resistance normalized by normal force) is constant based
on the fundamental rules of basic theory of friction. Most materials obey Amonton’s Law.
However, the interfaces comprised of polymeric materials do not obey these fundamental
rules of friction. The friction force, (F) is governed by fundamental shear strength
mechanisms as well as is being composed of one or more components as follows. For most
continuous materials forming multi-asperity contacts, two components have been identified
as: i) adhesion component; ii) “plowing” or plastic deformation component (Bowden and
Tabor, 1954). For interfaces comprised of polymers, as the normal load increases, the
coefficient of friction (normalized friction: proportion of shear force to normal load)

decreases.

In fact, for average ranges of normal loads, the shear strength properties of
geomembrane/soils or geomembrane/geosynthetics systems are characterized as follows
(Blond and Elie, 2006):

e The shear strength versus normal load relation can be defined by a Mohr-Coulomb
envelope, or a friction angle and an adhesion. However, the relation is not linear
over a very large range of normal loads Figure 1.4.1(i).

e For most interfaces involving geosynthetics, a peak as well as a residual shear
strength can be defined in a shear test with a constant displacement rate. This
means that the shear strength mobilized after some displacement of one surface
versus the other will typically be lower than the maximum shear strength, as shown
on Figure 1.4.1(ii).For this reason, a rigorous assessment of the stability of a landfill
liner with geosynthetics requires the knowledge of the full shear stress-displacement

curve for the level of anticipated normal stress (Jones and Dixon, 1998).

In particular, the importance of strain softening interfaces, i.e. the decrease in interface
shear strength with increasing displacement was outlined also by Byrne (1994). He
concluded that if the degradation of the interface shear strength from the peak to the
residual value is not considered, a non-conservative assessment of stability can be
provided. Depending on the geometry and the distribution of strains within the lining system,
progressive failure may occur (Jones and Dixon, 1998). In such circumstances, the use of
the peak shear strength to calculate the factor of safety would not give a conservative

assessment of stability. The work of Byrne (1994) and Long et al. (1994) has led to the need
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to characterise the full stress/strain behaviour of interfaces in laboratory tests, in order to

obtain the relevant parameters for use in these more rigorous analysis techniques.

i) if)

Shear Strength
Shear Strength
Angle #2

Peak
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O3
Low Normal Load High Normal Load Displacement

Figure 1.4.1. i)Typical shear strength versus normal load behaviour of geosynthetic interfaces; ii)
Typical Shear strength versus displacement behaviour of geosynthetic interfaces (after Blond and
Elie, 2006).

It shall be mentioned that EN ISO 10318 (Geosynthetics - Terms and Definitions) as well
as EN ISO 12957 (Geosynthetics — Determination of friction characteristics) define the
friction angle of a geosynthetic interface as the angle which tangent is defined by “the ratio

of the friction force per unit area to the normal stress between two materials”.

If a design method involving the ‘secant’ angle (Figure 1.4.2) is chosen, this angle shall

be determined using test results conducted under the exact design normal load.

If a ‘tangent’ angle (Figure 1.4.2) is used for design, the relevance of incorporating the
adhesion in the design shall be evaluated. A common approach is to neglect this adhesion

and to consider it as an additional safety.

Generally speaking, the main target of a typical interface friction test is to assess a limit
value of the shear stresst at the interface under a normal effective stress o'. The
characteristic parameter deduced from this kind of test is tan¢ = t/c’ where ¢' = o, if the
tests are performed in dry conditions (as in the case of this study). The shear stress does
not vary quite linearly with the normal stress. For this reason, it is worth noting that ¢ is the
secant friction angle corresponding to the normal stress ¢ and, in the following, it is called

“friction angle”. Similarly, tan ¢ is called “coefficient of friction” as usually in the literature.
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Figure 1.4.2. Secant versus tangent friction angle (modified from Blond and Elie, 2006).

1.4.2 Geosynthetic interface shear strength characterization

When the barrier is installed in the inclined surface for side and cover barriers, due to
self-weight of the soil for protection layer and possibly, in case of bottom liner the solid
waste disposed into the landfill, the sliding force will arise along the barrier system that

results in shearing force applying the barrier (Kotake et al., 2011).

The comprised liner and cover systems must withstand the possibly applied stresses
without being affected in its function during, after construction and in the post closure phase.
A careful estimation of these stresses as well as shear strength of liner and cover systems
serves as a basis for safe landfill construction, operation, and post-closure. Shear stresses
that develop during the installation of the geosynthetic composite systems on landfill sloped

base and surfaces are of a major concern.

There are several devices currently in use to test the shear strength of the different
interfaces present in liner systems under static loading conditions including: the large scale
direct shear box, the conventional direct shear box, the torsional or ring shear device, the
inclined plane and the cylindrical shear device. Bouazza et al., (2002) summarize the

principal advantages and disadvantages of these tests reported in Table 1.4.1.

The seismic response of geosynthetic — geosynthetic interfaces is commonly investigated
by cyclic direct shear tests, shaking table tests and shaking table on geotechnical

centrifuge.
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Table 1.4.1. Summary of advantages and disadvantages associated with test devices for measuring
interface shear strength (modified from Bouazza et al., 2002).

TEST DEVICE ADVANTAGES DISVANTAGES

Industry standard Machine friction

Large scale direct Large scale Load eccentric

shear box Minimal boundary effects Limited continuous displacement
Expedient specimen preparation Expensive
Large area of interface
Large displacement Capable of detecting and effects Influence of end effects

shear box Determination of residual strength with a Availability

linear displacement device

Small geosynthetic experience base

Experience with soil Machine friction
Conventional direct Inexpensive Load eccentricity
shear box Large normal stress Small scale
Expedient specimens preparation Limited displacement

Boundary effects
Machine friction
Mechanism of friction not comparable to
that exhibited in the field
Ring shear device Unlimited continuous displacement Small scale
Expensive
No lateral restrain for migration of plastic
soil

Minimal machine effects
Minimal boundary effects
Large displacement
Ability to monitor tensile forces
Low normal stresses
Inexpensive and easy to perform
Unlimited continuous displacement

Inclined Plane Limited normal stresses

Better controlling confined during shearing Availability
Cylindrical shear Large sample size with less ledge effects Experience with dry materials only
Area of shear plane remains constant No restrain for migration of plastic soils

Constant direction of shear displacement

As several studies demonstrated, both the inclined plane (Briangon et al., 2011, 2002;
Palmeira, 2009; Reyes Ramirez and Gourc, 2003; Wasti and Ozdiizgiin, 2001; Wu et al.,
2008b) and the shaking table (Carrubba et al. 2001; De and Zimmie, 1998; Yegian and

Kadakal, 1998) are the most suitable tests in order to investigate low normal stresses.

In particular, the inclined plane is a very suitable tool to simulate the interface response
because, it is possible to reproduce field conditions:

gravity is the driving force;

large specimens can be tested,;

the materials are subjected to different relative displacements, from low up to very
large; in addition and this kind of device is versatile, comparing with the shear box,
in order to simulate different kinematic conditions as unrolling of geosynthetics,
implementation of the soil cover, assessment of dynamic conditions, etc.

4. the behaviour at very low normal stress can be assessed.
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In particular, the third and the fourth points represent relevant advantages. As
geosynthetic interfaces generally exhibit strain softening behaviour (Figure 1.4.1, ii), after
shearing the peak shear strength is mobilized within a small amount of displacement and
then the shear strength decreases to a residual strength at significantly larger displacement.
As fully described in §4.1.3, through the inclined plane test, the behaviour of the interface
can be evaluated for displacements ranging from few millimetres until greater values of the

order of one meter.

Furthermore, in the field, the liners of cover systems are usually subjected to low normal
stresses. In fact, the density of soil cover, which is generally not properly compacted, could
be evaluated to 1.7 t/m3. The corresponding thickness of soil veneer is ranging between
0.30m and 1.0m which corresponds to normal stress varying between 5 and 17 kPa

respectively.

The shaking table test allows investigating the dynamic interface shear strength
subjecting materials to sinusoidal inputs (characterization test) or the seismic interface
response sending earthquake-type excitations (performance test). Through this test it is
possible to determinate the maximum shear stress transmitted at the interface and the

permanent displacement at low normal stress.

Consequently, the assessment of the geosynthetic interface shear strength is very
complex as it depends mainly on the mechanical surface properties such as surface
roughness but also on the test conditions such as: applied shear loading (De and Zimmie,
1998; Kotake et al., 2011), normal stress (Bergado et al., 2006; Jones and Dixon, 1998;
Lalarakotoson et al., 1999), temperature (Akpinar and Benson, 2005; Karademir and Frost,
2013) and moisture content (Maugeri and Seco E Pinto, 2005). An alteration of the interface
strength can also occur due to mechanical damage (Pitanga et al., 2011; Reyes Ramirez
and Gourc, 2003), time-dependent processes (ageing), stress dependent processes (such
as repeated loading, Moraci and Cardile, 2009), coupled effects of both time and stress-

strain dependent processes (creep or relaxation).
To summarize, the parameter influencing the interface shear strength are:

¢  Physical and chemical properties of the surfaces in contact;
o  Geometry and manufacturing of the surfaces;

o  Temperature and humidity of the environment;

e Interface contact stress;

o  Velocity of loading (static or dynamic);
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e Loading conditions (monotonic, cyclic or dynamic);
¢  Mechanical damage of the surfaces;

e Long-term variation of interface shear strength.
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2 GEOSYNTHETICS

2.1 GENERALITIES

Geosynthetic is “A generic term describing a product, at least one of whose components
is made from a synthetic or natural polymer, in the form of a sheet, a strip or a three
dimensional structure, used in contact with soil and/or other materials in geotechnical and
civil engineering applications” (EN ISO 10318, 2005). They are plastic, organic or textile

materials, commercialized in rolls that could be classified in different categories.

Geosynthetics have been used in civil engineering construction since the late 1970s, and
their use is currently growing rapidly. Nowadays they are employed in a range of
applications in many areas of civil engineering, especially geotechnical, transportation,
water resources, environmental (geoenvironmental), coastal, and sediment and erosion
control engineering for achieving technical benefits and/or economic benefits. The wide use
of geosynthetic is mainly due to their lower cost, their simpler installation and their ability to
partially or completely replace natural resources such as gravel, sand, bentonite clay, etc.

Other favourable basic characteristics are (Shukla and Yin, 2006):

e non-corrosiveness

e highly resistant to biological and chemical degradation
e high flexibility

e minimum volume

e lightness

e ease of storing and transportation

o speeding the construction process

e making economical and environment-friendly solution
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e providing good aesthetic look to structures.

This chapter provides a general description of geosynthetics including their basic

characteristics, manufacturing processes and their main functions.

2.2 TYPES, PROPERTIES AND MAIN FUNCTIONS OF
GEOSYNTHETICS

Geosynthetics include a variety of synthetic polymer materials that can be broadly

classified into different categories according with the method of manufacture, physical

properties and specific function.

Various types of geosynthetics can be recognized: geotextiles, geogrids, geonets,

geomembranes and geocomposite (including bentonitic geocomposites and drainage

geocomposites), geocells, geocontainers, geofoam etc. which are used in contact with soil,

rock and/or any other civil engineering-related material as an integral part of a man-made

project, structure - or system.

For convenience geosynthetic products can be represented by abbreviations and/or

graphical symbols as recommended by the International Geosynthetics Society (Table

2.2.1).

Table 2.2.1. Abbreviations and graphical symbols of geosynthetic products as recommended by the
International Geosynthetics Society

Notation Graphical Symbols

Geosynthetic products

GTX
GMB
GBA
GBL

GCD
GCE
GCL
GEC
GEK

GGR
GMA
GMT
GNT
GSP

GST

IIIITIIIITITITINITITTITIITIINIIIIINITNNL

LLIZ LT I T 7 LTI LT

REH#H
ledcacdegdedcdoacs iedcdctcacdedodons

2322%2322522253225322522232252325232223%%

A VAVE VAV VaVAVAW

XXX XAXAKXXXXXXXXXXXX

Geotextile (generic)
Geomembrane (generic)
Geobar (gencric)
Geoblanket (generic)

Gceocomposite drain (generic) — with geotextile on
both sides
Geocell (generic)

Geocomposite clay liner (generic)

Surficial geosynthetic erosion control (generic)
Electrokinetic geosynthetic (generic)

Geogrid (generic)

Geomat (generic)

Geomattress (generic)

Geonet (generic)

Geospacer (generic)

Geostrip (generic)
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Geosynthetics are polymer-based products that influence their global performance.
Furthermore other several factors such as the ambient temperature, the level of stress, the
duration of the applied stress and the rate at which the stress is applied (Shukla and Yin,
2006) can affect their behaviour. The main polymers used to manufacture geosynthetic are
specified in Table 2.2.2.

Table 2.2.2. Polymers commonly used for geosynthetics

Geosynthetic materials Polymer materials

Polyethylene (HDPE and LLDPE)
GEOMEMBRANES Plasticized PVC
Polyropylene

GEONETS HDPE
HDPE
GEOGRIDS Polyesters
Polypropylene
HDPE
GEOPIPES PVC
GEOTEXTILES Polypropylene
Polyester

The number of monomers in a polymer chain determines the length of the polymeric chain
and the resulting molecular weight. Molecular weight can affect physical and mechanical
properties, heat resistance and durability (resistance to chemical and biological attack)
properties of geosynthetics. The physical and mechanical properties of the polymers are
also influenced by the bonds within and between chains, the chain branching and the
degree of crystallinity. An increase in the degree of crystallinity leads directly to an increase
in rigidity, tensile strength, hardness, and softening point and to a decrease in chemical
permeability (Shukla and Yin, 2006).

The material influences the geosynthetic mechanical behaviour, the shear resistance, the

hydraulic behaviour, the UV, chemical and biological resistance.

To summarize, the various types of geosynthetics have a variety of properties. A
comprehensive set of tests has been developed to evaluate the properties of geosynthetics.
These tests include physical tests, hydraulic tests, mechanical tests, and tests to evaluate
durability (Giroud, 2012).

For geosynthetic, the material properties can be mainly grouped under six types as listed

in Table 2.2.3 in which there are also summarizes the parameters evaluated for each group.
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Table 2.2.3. Properties and parameters of geosynthetic (after Vashi et al. 2010).

Type of property

Parameters

Thickness, specific gravity, mass per unit area, porosity, apparent opening

Physical size.
Chemical Polymer type, filler material, carbon black percentage, plasticizer and
additive details, manufacturing process for fiber and geosynthetics.
Tensile strength, compressibility, elongation, tear/impact/puncture
Mechanical resistance, burst strength, seam strength, fatigue resistance, interface
friction with soil, anchorage in soil
. Permittivity (cross-plane permeability), transmissivity (in-plane permeability),
Hydraulic ] h
clogging potential.
Endurance Installation damage potential — tear/impact/puncture resistance, abrasion

resistance, creep.

Degradation Resistance to ultra-violet radiation, temperature, oxidation, etc.

In particular, mechanical properties are important in those applications where a
geosynthetic is required to perform a structural role under applied loads or where it is
required to survive installation damage and localized stresses. Among the different
mechanical parameters, the tensile strength that is the maximum resistance to deformation
developed for a geosynthetic when it is subjected to tension by an external force, is the

significant one.

Due to the variety of properties, geosynthetics can perform a several of functions such
as: reinforcement, separation, filtration, drainage, fluid barrier, protection and erosion
control (Moraci, 2011). Even if the basic principal is “one geosynthetic, one function”, the
advanced technologies allow one or more functions to be handled from the same product.
In general, the use of geosynthetic in a specific application needs classification of tis
functions as primary or secondary listed in Table 2.2.4.

Table 2.2.4. Types and functions of various geosynthetics. ¢ main function; % secondary function
(after Bouazza et al., 2002)

Function
Geosynthetic types Separation Drainage Filtration Reinforcement Hydraulique/ Protection
gas barrier
Non woven geotextile v * v v v
Woven geotextile v * v
Geogrids v
Geomembranes v
Geocells v v
Geosynthetic clay liners v *
Geocomposites * v * * v v
Geonet v
Geopipe v
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Separation: In this kind of application, the geosynthetic has to avoid the co-penetration
and mixing of different soil layer. Figure 2.2.1 shows a geosynthetic layer preventing the
intermixing of soft soil and granular fill, thereby keeping the structural integrity and
functioning of both materials intact.

) i)

Granular fill Granular fill

Figure 2.2.1. Basic mechanisms involved in the separation function: (i) granular fill-soft soil system
without the geosynthetic separator; (ii) granular fill-soft soil system with the geosynthetic separator
(after Shukla and Yin, 2006).

Filtration: A geosynthetic may function as filter, between two materials with different
particle size distribution, allowing for adequate fluid flow with limited migration of soil
particles across its plane over a projected service lifetime of the application under
consideration. Figure 2.2.2 shows that a geosynthetic allows passage of water from a soil

mass while preventing the uncontrolled migration of soil particles.

Drainage stones

W52

o

7
27

/,

Geosynthetic —\

7 “{;/15///'2///

Water flow
direction

Figure 2.2.2. Basic mechanisms involved in the filtration function (after Shukla and Yin, 2006).

It is important to understand that the filtration function also provides separation benefits.

However, a distinction may be drawn between filtration function and separation function
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with respect to the quantity of fluid involved and to the degree to which it influences the

geosynthetic selection (Shukla and Yin, 2006).

Drainage: in this function a high permeable geosynthetic, collects and conveys fluids and
gases to flow through the plane of the material. It facilitates also the surface water runoff
(Figure 2.2.3).

Wg?er :!ow Rain
|rec*|<;r}///’<

Retaining walt—{=": :/ Bcckﬂll
AU P

sp :‘— Geosynthetlc
Weep hole T P REE: EESERSE

Figure 2.2.3. Basic mechanisms involved in the drainage function (after Shukla and Yin, 2006).

Geosynthetic acts to reduce soil erosion caused by rainfall impact and surface water
runoff on slopes preventing dispersion of surface soil particles subjected to erosion actions,

often allowing or promoting growth of vegetation.

Protection: a geosynthetic, placed between two materials, performs the protection
function when it prevents acute damage caused by adjacent materials or distributes
stresses and strains transmitted to the material to be protected against any damage (Shukla
and Yin, 2006). In some applications, a geosynthetic layer is needed as a localized stress

reduction layer to prevent or reduce local damage to a geotechnical system.

Reinforcement. the geosynthetic improves the mechanical properties of a soil mass
providing additional strength to soils as a result of its inclusion. When soil and geosynthetic
reinforcement are combined, a composite material, “reinforced soil’, possessing high
compressive and tensile strength is produced. In fact, any geosynthetic applied as
reinforcement has the main task of resisting applied stresses or preventing inadmissible
deformations in geotechnical structures. In this process, the geosynthetic acts as a
tensioned member coupled to the soilffill material by friction, adhesion, interlocking or

confinement and thus maintains the stability often soil mass (Figure 2.2.4).
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\Potentiol failure surface

Soil slope reeriiiee: ,
oo - Geosynthetic layer
SRERPANS T Ry £ (under tension)

Firm stratum

Figure 2.2.4. Basic mechanisms involved in the reinforcement function (after Shukla and Yin, 2006).

Fluid/Gas barrier: Total separation of the volume considered, realization of an

impermeable barrier to fluids or gases.

2.3 GEOSYNTHETICS IN LANDFILL COVER SYSTEMS

Landfills employ geosynthetics to varying degrees depending on the designer and the
applicable regulatory requirements. The liner system is designed taking into account the
different functions and the efficiency of materials used. In cover liner systems, for example,
these components are used (see Figure 2.3.1) to serve one or several purposes, such as
watertightness (geomembrane and compacted clay liner), drainage and filtration (geotextile,

geonet or geocoposite drain) and protection (cover soil).

Cover soil

Geocomposite drain

Geomembrane (Filtration & Reinforcement)

(Drainage)

(Sealing)

Figure 2.3.1. Example of a landfill cover profile.
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In this respect geogrids can be used to reinforce slopes beneath the waste as well as for
veneer reinforcement of the cover soils above geomembranes (Bouazza et al., 2002). The
geogrids or high strength geotextiles (woven, knitted geosynthetics or composites) are used
as support systems for geomembranes placed above them in resisting differential
settlement of the underlying waste. Geotextiles are commonly used for filtration purpose or
as cushion to protect the geomembrane from puncture. Geonets are unitized sets of parallel
ribs positioned in layers such that liquid can be transmitted within their open spaces. Their
primary function is in-plane drainage. Geomembranes are impermeable sheets of polymeric
formulations used as a barrier to liquids and/or vapors. Geocomposites represent a subset
of geosynthetics whereby two or more individual materials are utilized together. The type of
geocomposite most commonly used in landfills is a geotextile/geonet composite. The
geotextile serves as both a separator and a filter, and the geonet or built-up core serves as
a drain. Geosynthetic clay liners represent a composite material consisting of bentonite and

geosynthetics where the geosynthetics are either geotextiles or geomembranes.

2.3.1 Materials tested

The stability of modern lining systems is often controlled by interface strengths between
geosynthetic components. In particular, the present study focuses on the interface between
geocomposite drain in contact with geomembrane because the range of use this interface
is very widespread in geotechnical and environmental engineering and more specifically in

landfill barriers on slopes.

Geomembranes are polymeric continuum sheet materials manufactured uniformly from
a variety of polymer resins, to possess homogeneity in terms of physical and mechanical
properties as well as a uniform distribution of material characteristics throughout a large
lining sheet. The most common types of polymer resins are polyvinyl chloride (PVC),

chlorosulfonated polyethylene (CSPE), and polyethylene (PE).

PE membranes are manufactured as either smooth or textured sheets using a screw
extrusion process and classified by resin density as high density polyethylene (HDPE),
linear low density polyethylene (LLDPE), or very low density polyethylene (VLDPE)
(Koerner, 1998). The most common polymer used in geosynthetic landfill cover systems is
currently HDPE, and is the focus of the current experimental program. The manufacturing
process consists of solid resin pellets, and other additives such as antioxidants and process

stabilizers being blended in a hopper attached to a barrel system.
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Smooth geomembranes has been used for decades over a wide range of applications;
textured geomembranes are often chosen to allow for better compliance and interaction

between the synthetic materials or geosynthetic and soil.

In particular, the texturing techniques, processes, and finished textures can vary widely.
Manufacturing methods used to texture geomembranes include: co-extrusion,
impingement, lamination, and structuring. In this study two different kinds of textured
geomembranes are tested: a structured, GMBrw1 (with spikes) and a coextruded “sandy

paper like” (GMBru+) membranes.

The structuring process forces a hot flat die extruded geomembrane through two counter-
rotating rollers with patterned surfaces. The texture of the embossing rollers is sometimes
a box and point pattern, but can be of almost any geometry. An advantage of structuring is
the ability to create vastly different textures on the upper and lower geomembrane surfaces.
Improper cooling can result in residual stresses under the macrotextural features making

the membrane more susceptible to stress cracking in the presence of active surface agents.

The co-extrusion method uses one or two secondary extruders on the preferred or both
sides of a main extruder to deliver a molten resin with an added blowing agent, typically
nitrogen. Properly executed, co-extrusion texturing produces high bond strengths between
the geomembrane core and the textured surfaces consisting of variably sized macrotexture
with significant microtexturing due to the rapid expansion of the blowing agent (Hebeler et
al. 2005).

For the present research, three different kinds of geomembrane, representing in all the
tests the lower layer, are used (Figure 2.3.2): smooth (GMBs), structured (GMBrm+) and co-
extruded - “sandy paper like” (GMBgrwmH).

co-extruded (GMBgyy)

“structured (GMByy,,)
Figure 2.3.2. Geomembrane used in the experimental programme: i) smooth (GMBs); ii) textured
(GMBtun); iii) co-extruded - “sandy paper like” (GMBgruw).

smooth (GMBg)
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In particular, GMBs is a smooth geomembrane on both sides; GMBrw: and GMBgrw+ have

only one face (the surface tested) textured.

Geocomposite drains (GCD) consist in two or more geosynthetics solving different
functions such as separation, filtration and drainage. In a GCD two principal parts can be
distinguished:

¢ Internal drainage component;

o  External separation-filtration part.

In this investigation, two types of geocomposite drains, usually glued to the upper box,
are tested (Figure 2.3.3): GCDn and GCDw. The first one (GCDn) consists of a
thermobonding draining core - HDPE geonet (GNT) done by two sets of parallel overlaid
ribs integrally connected to have a rhomboidal shape enclosed by two nonwoven geotextiles

(GTX) on both sides, working as separation, filtration and protection layers.

In the GCDw the internal core is composed by a geomat (GMA) realized by thermobonded
extruded monofilaments with two filtering nonwoven geotextiles that may also be working
as separation or protecting layers. The draining three dimensional core will have a “W”

configuration as longitudinal parallel channels.

Figure 2.3.3. Geocomposite drains tested in the experimental programme: i) GCDy with geonet (GNT)
internal core; ij) GCDw with geomat (GMA) “W” configuration.

Furthermore, just for the specific interface between the GCDn and the smooth
geomembrane (GMBs), the influence of the different materials which constitute the
geocomposite layer (geonet and geotextile) is assessed by testing them separately in direct
contact with the geomembrane. Thereby, in the experimental program three different

interfaces are tested (Figure 2.3.4):

= geotextile (GTX) — geomembrane (GMBs);
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= geonet (GNT) — geomembrane (GMBs);

= geocomposite drain (GCDy) — geomembrane (GMBs).

In this last case the direct contact is between the geotextile and the geomembrane as in
the first one. However, the geonet support could influence the surface of the geotextile glued

to the geonet

upper layer

|) upp%rTfyer |||) upper layer

GCDy

lower layer
GMBg

lower layer
GMBsg

Figure 2.3.4. Interfaces tested to assess geocomposite drain GCDN - smooth geomembrane GMBS
interface performance: a) GTX - GMBS; b) GNT - GMBS; c) GCDN - GMBS.

lower layer
GMBsg

The physical properties of the materials are given in Table 2.3.1.

Table 2.3.1. Characteristics of tested geosynthetics.

Type of geosynthetic Material Thickness at 2 kPa Mass per Unit Area
(mm) (g/m?)
Geotextile Needlepunched and/or 1 130
(GTX) thermobonded nonwoven
Geonet Thermobonded rhomboidal
3.5 520
(GNT) shape (HDPE)
GTX (external filter
Geocomposite drain (ex ter)
+ 5.5 780
(GCDn) i
GNT (drainage core)
GTX (external filter
Geocomposite drain ( )
+ 6.2 600
(GCDw) i
GMA (drainage core)
Geomembrane Smooth
2 2000
(GMBs) (HDPE)
Geomembrane Structured 9 /
(GMBTmH) (HDPE)
Co-extruded
Geomembrane “sandy paper like” 2 /
|
(GMBRrwH) ypap
(HDPE)
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The experiments described in the current study were conducted on seven different
interfaces as indicated in Table 2.3.2, formed through various combinations of the

geosynthetics listed in Table 2.3.1.

All the geosynthetics material were provided by Officine Maccaferri S.p.a.

Table 2.3.2. Description of geosynthetic interfaces.

Interface Upper Lower

identification geosynthetic geosynthetic Notation
a e e oo
; o
. Geocogpgg:;a drain Ge(zn(;‘:/l";:;a"e GCDn - GMBs
g Geoco(r;wspgg:j;a drain Gicéml\:;z?)‘"e GCDy - GMBrw
. Geocc;n(;péosxc)a drain Gicéml\:;z?)‘"e GCDw - GMBrwn
] Geoco(r;wspgg:j;a drain Gi%m“f;?z?;"e GCDy - GMBgrun
g Geoco(n(; %ODS\::)e drain Gi%m“f;?z?;"e GCDy - GMBrwH
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3 TEST APPARATUS

3.1 INCLINED PLANE TEST

3.1.1 Introduction

In geotechnical applications such as geosynthetic liner systems on slopes of landfill sites
either at the cap cover, and on dams and riverbanks, an in-depth knowledge of the shear
strength behaviour of both soil-geosynthetic and geosynthetic—geosynthetic interfaces is
required. The correct assessment of the interface shear properties between the
geosynthetics and soils or between different types of geosynthetics becomes an important
issue considering the fact that interfaces with low in-plane shear resistance act as potential

failure planes.

As noticed in the previous chapter, the Inclined Plane test is the most appropriate tool
(Lalarakotoson et al., 1999; Izgin and Wasti, 1998; Wasti and Ozdiizglin, 2001; Palmeira et
al., 2002; Reyes Ramirez and Gourc, 2003; Pitanga et al., 2009) for the characterization of
the interaction between soil - geosynthetic and geosynthetic - geosynthetic interfaces at low

normal stress typically found in such applications.

A typical device, schematized in Figure 3.1.1, is composed of an upper box sliding along
an inclined support (a lower box or a plane). The test consists in studying the sliding
behaviour of the upper box while the inclination of the plane continuously increases. The
typical diagram reports the upper box displacement versus the plane inclination angle, B as

in Figure 3.1.2.
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(l) Displacement sensor

Upper geosynthetic
Lower geosynthetic

Weight of the box
Data acquisition system B (1)

Tilting system

(ii)

Displacement sensor

Tilting walls
Upper box

Data acquisition system

(iii)

Displacement sensor

Upper box

-~
\

Figure 3.1.1. Inclined plane device at different configurations of the test: a) geosynthetic —
geosynthetic interface; b) soil — geosynthetic interface; c) soil — soil interface (after Pitanga et al.,
2009; Reyes Ramirez and Gourc, 2003)
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Figure 3.1.2. Inclined Plane test typical diagrams: upper box displacement versus palne inclination
angle, .

Several works on inclined plane test (tilting table or ramp test) can be found in literature
(Briangon et al., 2002, 2011; Girard et al., 1990; Gourc et al., 1996; Izgin and Wasti, 1998;
Lalarakotoson et al., 1999; Ling et al., 2002; Lopes et al., 2001; Monteiro et al., 2013,
Palmeira, 2009; Palmeira et al., 2002; Pitanga et al., 2009, 2011; Reyes Ramirez and
Gourc, 2003). In these works, despite the test is based on simple geometrical and
mechanical concepts, variations between testing equipment can be found regarding
apparatus arrangement, testing methodology, results interpretation and experimental

conditions.

The first studies (Girard et al., 1990; Gourc et al.,, 1996; Izgin and Wasti, 1998;
Lalarakotoson et al., 1999; Reyes Ramirez and Gourc, 2003; Wasti and Ozdiizgiin, 2001)
on the inclined plane, mainly investigated the experimental condition of the test, the
possibility of testing for every type of interfaces, the selection of the direct shear or tilting
test in function of the application, the classification of these tests as index or performance

tests.

Subsequently, the attention of researchers was focused on the in-depth investigation of

the test by redefining:

v' the procedure (taking into account the influence of some parameters);

v' the interpretation of the results (considering the current kinematic conditions
during the entire test);

v' alternative approaches of testing in order to simulate additional conditions
(i.e. testing multiple layers during a single experiment, abrasion tests, creep tests)

existing in the field.
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3.1.2 Literature review

The use of the inclined plane test for the characterization of the interface interaction
between soil — geosynthetic and geosynthetic — geosynthetic interaction has been fully

demonstrated.

In literature, especially before the European standardization (EN ISO 12957-2, 2005), the
incline plane test was conducted with various testing methods and result interpretations. An
in-depth bibliographical analysis was carried out on the existing experimental procedures
and on the main findings about the interface shear strength assessment by means of the

incline plane apparatus.

Firstly, in order to validate the test, several investigations drew a parallel study between
the inclined plane and the shear box test results (Girard et al., 1990; Gourc et al., 1996;
Izgin and Wasti, 1998; Lalarakotoson et al., 1999; Reyes Ramirez and Gourc, 2003; Wasti
and Ozdizglin, 2001) conducted both on soil — geosynthetic and geosynthetic —

geosynthetic interfaces.

Girard et al. (1990) studied a failure occurred between lining system at Aubrac Dam
(France) along a PVC-needle-punched geotextile interface through the inclined plane
(Figure 3.1.3) and the direct shear tests. The authors reported an overestimation of the
direct shear test results compared with those obtained through the inclined plane and with
those determined by the back — analysis of the failure. Similar conclusions were drawn by
Giroud et al. (1990) using an inclined plane as well as direct shear tests on the rough
geomembrane - hard geonet and rough geomembrane - nonwoven geotextile interfaces.
The normal stresses applied in both devices are between 25 and 160 kPa in the direct shear
test and of 0.7 kPa in inclined plane tests. Test results were consistent for the hard geonet
- rough geomembrane interface while, for the rough geomembrane — nonwoven needle -
punched geotextile interface the results of these two methods of testing yielded quite

dissimilar results.
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. < 3 5,
Figure 3.1.3. One of the first inclined plane apparatus: Girard et al. (1990) laboratory tests.

Izgin and Wasti, (1998) compared inclined plane tests with direct shear tests equipped
with boxes of different dimensions (from 0.12 m? to 0.6 m?) under a normal stress level
ranging from 5 — to 50 kPa, with ¢' = 14 - 200kPa. The tests were carried out on soil (Ottawa
sand) — HDPE smooth and rough geomembrane interfaces considering the sliding angle
(i.e. the slope of the inclined board at which the box slides) as the main parameter of the
test. They concluded that the direct shear test overestimate the interface shear strength
angle, furthermore they noted higher discrepancy if the small size box dimensions are
considered. Wasti and Ozdiizgiin (2001) extended the work of Izgin and Wasti, (1998)
assessing the shear strength properties of geotextile-geomembrane interfaces at both
devices. They observed that the interface shear behaviour and the agreement between the
results of direct shear box and inclined plane tests depend on the type of interface. For
smooth geomembrane - geotextile interfaces a good agreement of test results was found.
Conversely, for rough geomembrane - geotextile interfaces, direct shear tests predicted
significantly higher interface shear strengths than those of inclined board tests as a result

of large adhesion intercept values in direct shear envelopes.

Gourc et al., (1996) performed a series of inclined plane and direct shear tests on several
types of geomaterials (soils and geosynthetics) under the European project for
standardization (CEN — Interlab). In their study, they evaluated the influence of some
experimental parameters (i.e. box dimensions, tilting walls, fixation of specimens, placing
and compaction of soil) and then they compared the results obtained testing: the standard
sand (EN206/196) — (HDPE and PVC) geomembranes, the sand (EN206/196) - non-woven
needle punched polyester and woven geotextiles and sand (EN206/196) —geogrids (with
thick and with flat ribs) interfaces at both devices. Interpreting the inclined plane test through

two kinds of interface shear strength angles (i.e. ¢o defined by the following conditions: the
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differential ratio du/dp greater than two for more than three datasets with u upper box
displacement and f inclination of the plane and ¢: corresponding to the angle of the slippage
without interruption up to the end of allowed displacement) and comparing them with direct
shear test results, it is concluded that both tests give consistent results (difference lower

than 10%) if the variation of normal stress level is taken into the account.

Similar conclusions were found by Lalarakotoson et al., (1999) investigating the shear
strength at the interface between dense (Dr = 0.85) and loose (Dr = 0.2) sand (EN206/196)
in contact with different geosynthetics (i.e. HDPE smooth and textured geomembranes, with
woven and non-woven geotextiles, and with geogrids). The shear strength is considered as
purely frictional with no cohesive component and the interpretation of test results is
conducted taking into account two main angles: ¢gp maximum shear strength angle
representing the maximum friction resistance obtained for a given o value (calculated during
slip applying static equilibrium); ¢¢- residual shear strength angle after slip for the same o
value. A completely different sliding behaviour is observed testing interfaces involving loose
and dense sand (Figure 3.1.4). Independently of the geosynthetic tested, the interfaces
involving the loose sand showed a stick-slip behaviour (Figure 3.1.4ii) while, a continuous
slip was observed when dense sand was tested (Figure 3.1.4i). These interface behaviours
(in particular the stick-slip) can be observed easier in the inclined plane than in the direct
shear box test because the different test kinematics.

L **f T 10 — - |
- Loose sand - Gt TGX (I) ; [ —— Dense sand - Gt TGX (“) i
40 F .... Loose sand - Gm TFR 1 8 T -««- Dense sand - Gm TFR _
30+ j 6+
L E | g i
20+ & 4+ 32 T |
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Figure 3.1.4. Typical behaviour obtained according to sand density: i) nonwoven geotextile and
smooth geomembrane in contact with loose sand; ii) nonwoven geotextile and smooth geomembrane
in contact with dense sand (after Lalarakotoson et al., 1999).

Reyes Ramirez and Gourc, (2003) performed some inclined plane and direct shear tests
on geosynthetic — geosynthetic interfaces (see Figure 3.1.5). The materials tested involved
a HDPE grid — type geospacer in contact with a non-woven geotextile and a PP and HDPE

smooth geomembranes respectively. Assuming the threshold angle ¢y (with ¢ value
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corresponding to tim/c’= tan ¢ for an upper box displacement equal to 10mm, 50mm and
100mm), as the critical angle determined with the inclined plane test, they found a drop in
the shear strength angle passing from the inclined plane to the direct shear test results.
They attributed the difference in test results to due to the increase in normal stress acting
on the interface; considering this difference, comparable results are obtained.
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Figure 3.1.5. Test results of woven geotextile —geospacer interface:i) Shear stress () against
displacement (5) for three different normal stresses (oo) through shear box (SB) test; ii) displacement
(6) against slope angle (p) for oo = 5.7 kPa at the inclined plane (IP) test; iii) attempt to compare IP and

SB tests on the same diagram (after Reyes Ramirez and Gourc, 2003).

After the validation of the inclined plane test, researchers focused the attention on
improving test method (Briangon et al., 2011, 2002; Gourc and Reyes Ramirez, 2004;
Pitanga et al., 2009), the assessment of test results (Briangon et al., 2002; Palmeira et al.,
2002) and the analysis of the influence of other factors (i.e. presence of reinforcement, dry
and wet conditions, creep, abrasion, temperature) in shear strength evaluation (Briangon et
al., 2002; Monteiro et al., 2013; Palmeira and Viana, 2003; Pitanga et al., 2011; Reyes
Ramirez and Gourc, 2003).

Briangon et al., (2002) used a large inclined plane apparatus (Figure 3.1.6) capable to
perform tests under dry and wet conditions to develop and apply three different testing
methods able to calculate the interface shear strength by (i) measuring the displacement of
the upper box as the plane is inclined (test described in the standards); (i) monitoring the
displacement of the upper box and of the tensions in the geosynthetics (fixed to the lower

box) in relation to the slope of the plane; (iii) the force required to hold back the upper box
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as the plane is inclined. The interfaces tested included soil — geotextiles (different types),
geotextile — geomembrane (HDPE smooth and rough) and soil —geomembrane. The results
obtained with such apparatus were validated by the authors in comparisons with results
from large field experiments. Furthermore, the great influence of seepage of the upper soll

on test results was highlighted.

ﬂ Motorized
winch

Figure 3.1.6. Large inclined plane appartus (after Briancon et al., 2011).

Palmeira et al., (2002) presented theoretical and experimental investigations on the use
of a large ramp test apparatus to study the interaction between soil and geosynthetics and
between different layers of geosynthetics. In this study, the soils tested were a fine and a
coarse sand and clayey soil while, several types of geosynthetics were used involving non-
woven and woven geotextiles, geogrids, geonets, and PVC and HDPE smooth and rough
geomembranes. The tests were carried out in a diverse manner with respect to those
presented in literature. In fact, the lower specimen, usually fastened to the plane, was just
laid on the ramp (preliminary tests to investigate the friction between the lower specimen
and the ramp were conducted) and connected to a load cells through the clamps. In order
to investigate the effect of multiple geosynthetic layers in contact with soil, different
geosynthetics were put on the lower specimen and through load cells, the tensile load
mobilized at each geosynthetics was measured. The upper box was in general filled with
soil, just in one configuration a geosynthetic was fastened under the box. The displacement
transducer monitored the upper box displacement and the test finished when the complete
slide of the box along the ramp is accomplished. Hence, the interface properties are
expressed in terms of tensile load of the geosynthetic and considering the upper box
displacement versus the plane inclination. The principal findings of this study are: (7) the
shear strength angles between geosynthetics occurred first along the weakest interface

usually represented by geosynthetic — geosynthetic contact; (2) in terms of displacement,
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tests with the fine sand yielded greater box displacements and geosynthetic forces at failure
(Figure 3.1.7 i and ii) than those observed in tests with the coarse sand (Figure 3.1.7 iii and
iv); (3) the presence of a geotextile layer between a geogrid and a geomembrane increased
the box displacements, but caused a reduction of the geomembrane tensile force of 30% in
comparison to the situation without the geotextile; (4) the sequence of slippage along
interfaces in tests with multiple geosynthetic layers influenced the magnitude and the

variation of tensile forces in the underlying geomembrane layer.
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Figure 3.1.7. Box displacement and tensile loads for tests with woven geotextile in contact with fine
sand (a) and (b); coarse sand (c) and (d) (after Palmeira et al., 2002)

Using the same large-scale inclined plane device, Palmeira and Viana, (2003) presented
an experimental investigation on the use of geogrids buried in cover soils of slopes. The
tests involved the use of geogrids with varying values of tensile stiffness and bearing
capacity (number of bearing members) installed at different elevations above the
geomembrane representing always the lower layer. The influence of the use of a geotextile
layer on the geomembrane on the behaviour of the system was also assessed. The results
show that the presence of a geogrid in the cover soil, and particularly of a geogrid with a
geotextile on the geomembrane, can significantly reduce the deformability of the cover soll

and the tensile forces mobilised in the geomembrane, as well as increase the inclination of
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the slope at failure. Furthermore, they found that the optimum elevation of the geogrid layer

above the geomembrane is of the order of one-third of the cover soil thickness.

Thanks to a reduction of the upper box dimensions with respect to those described by
the European Standard (EN ISO 12957-2, 2005), Gourc and Reyes Ramirez (2004) detailed
the upper box sliding behaviour and proposed a new interpretation of test results taking into
the account the dynamic conditions during the upper box slide (as described in §4.1.3).
They defined two different friction angles: ¢o and ¢qyn corresponding to the initialization fo
the sliding and to the sliding state respectively. Therefore, the static and the dynamic shear
strength angles were determined for interfaces involving dense and loose sand (Leucate)
in contact with smooth HDPE geomembrane, and HDPE geospacer in contact with smooth
HDPE geomembrane and with a non — woven geotextile respectively. For sand-
geomembrane results, they found (i) a decrease of ¢o decreasing sand density and (ii) a
dynamic friction angle, ¢qyn, lower than the static one. Furthermore, calculating the dynamic
friction angle ¢ayn, with two different approaches (B continuously increased and fixed at a
constant inclination) they found a stabilization of this value which remains almost constant.
This fact, demonstrated the “intrinsic” character of the dynamic friction angle for all the
interfaces considered. Pitanga et al., (2009) extended the study of Gourc and Reyes
Ramirez (2004) considering the interface behaviour between different geosynthetic
materials (comprising geotextile, reinforced geomat (geotextile + geomat), geomembrane)
and compacted soil (silty sand). The main findings of this study are: (i) the shear strength
angles tend to decrease significantly with normal stress ranging between 5.9 kPa and 10.4
kPa; (ii) the gradual and the sudden sliding can be compared, as a first approximation, with
the strain hardening and strain softening behaviour observed in direct shear tests; (iii) the
interfaces presenting gradual sliding exhibits ¢o < ¢ayn, While the sudden sliding corresponds
to do > dayn. Furthermore, the behaviour of compacted soil with geosynthetics, led to the
observation of failures throughout the cover soil instead of between interfaces. For the first
time, some tests were performed to characterize, the soil — soil interface (Figure 3.1.1)
showing that the shear zone enters in the layer of the soil support (upper box) and it is not

limited to the interface.

Recently, Monteiro et al., (2013), present the results of inclined plane and direct shear
tests conducted on different geomembrane products (PVC and smooth and textured HDPE)
in contact with a sandy soil prepared at various degrees of saturation. The results presented
show that the interface shear strength angle between soil and geomembranes was
insensitive to the variation of the soil degree of saturation. A progressive interface failure

mechanism was observed in the tests with PVC geomembrane due to the more extensible
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nature of this type of geomembrane. The largest values of interface shear strength angles
were obtained as expected with the textured HDPE geomembrane, whereas similar lower

values were obtained with the smooth PVC and HDPE geomembranes.

Figure 3.1.8.Soil-geosynthetic interface strength characterization on smooth and textured
geomembrane interfaces: i) inclined plane and ii) conventional direct shear test; soil - smooth PVC
geomembrane after inclined plane tests: (iii) degree of saturation of 5.5% and (iv) degree of saturation
of 66%; soil - texturized HDPE geomembrane after inclined plane tests: (iv) degree of saturation of
5.5% and (v) degree of saturation of 66% (modified from Monteiro et al., 2013).

Finally, the inclined plane test enables the acquisition of much more complete information
than the merely threshold shear strength angle. In light of this, the effect of creep (Reyes
Ramirez and Gourc, 2003), of the surfaces abrasion (Carbone et al., 2013; Pitanga et al.,
2011; Reyes Ramirez et al., 2002) and of temperature (discussed in § 5.1.7) on the

determination of shear strength angles can be assessed.
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3.1.3 Influence of boundary and test conditions

A review of the studies reported in literature highlighted the influence of some

experimental parameters in the determination of the interface shear strength such as:

upper and lower box dimensions,
spacing between upper box and lower specimen,

non-uniformity of normal stress distribution,

YV V V V

plane inclination rate.

The influence of each parameter is fully treated below.

3.1.3.1 Box dimensions

The interfaces tested at the inclined plane involve contacts between soil - geosynthetic,
geosynthetic - geosynthetic and soil — soil. Therefore, the dimensions of the boxes,
especially when testing interfaces involving the soil, should take into the account the need
for a contact surface ensuring a representative tested interface, the need to minimize edge
effects and the difficulties of placing a large volume of sail.

In literature, the interface area tested varies from 0.005 m? (Ling et al., 2002) to 2.304 m?

(Palmeira et al., 2002), depending on the work considered.

Izgin and Wasti, (1998) comparing interface shear strength values of smooth and rough
geomembranes in contact with soil obtained, testing specimens of different dimensions
(0.12 m?, 0.4 mm? and 0.6 mm?), that a minimum area of 0.4 mm? is required to have

representative specimens for similar materials.

According to the EN ISO 12957-2 (2005), for the upper box, the minimum dimensions are
Lu = 0.30 m (length along the displacement direction) and By = 0.30 m (width) while, for the
lower support they are L. = 0.40 m and B. = 0.325 m.

It is worth noting that, the upper box dimensions are coincident with those encountered
in large-scale direct shear devices and smaller dimensions of the upper box when testing
geosynthetic interfaces can be still representative (taking into the account the size of the

mesh for certain type of product as geogrids).
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3.1.3.1.1 Spacing between upper box and lower sample

To avoid friction between upper box (filled with soil) and the lower surface (geosynthetic
or compacted soil), a spacing (s) between the upper box and lower layer is necessary. The
European Standard (EN ISO 12957-2 (2005) suggests s = 5 mm, but some tests carried
out firstly by Gourc et al., (1996) and subsequently by Pitanga et al., (2009) varying the

spacing from 1 mm to 10 mm, showed that the ideal spacing was equal to 6.5 mm.

It should be pointed out that this parameter is not taken into account when testing
geosynthetic — geosynthetic interfaces. In fact, in particular it is linked to the size of the

grains in order to avoid the leakage of the soil at the interface.

3.1.3.2 Normal stress distribution

In literature, inclined plane tests were performed at different normal stress levels ranging
between 1.1kPa (Girard et al., 1990) to 50kPa (Izgin and Wasti, 1998) even if it is typically

carried out at 5kPa.

As in other types of tests, the dimensions of the box used to confine the soil in inclined
plane tests influences the normal stress distribution on the interface being tested. In
particular, the effective normal stress acting on the interface, decreases (¢’ = ¢’g'cos B) as
the inclination B increases (Girard et al., 1990; Gourc et al., 1996; Palmeira et al., 2002).
Thus, the level of non-uniformity of the normal stress distribution along the interface is
directly proportional to the tilting angle and the height of the box centre-mass, and inversely
proportional to the box length. Its influence on test results was found to be relevant if
progressive failure takes place as typical when testing dense soils on extensible

geosynthetic layers (Palmeira et al., 2002).

Therefore, in order to limit the uneven shear stress along the interface tested, Palmeira
et al., (2002) suggested large box dimensions while Gourc et al. (1996) adopted the use of
inclined walls of the upper box especially when testing soil-geosynthetic interfaces. Thus,
the front and rear sides of the upper box are kept parallel and their inclination is fixed in
order to be close to the vertical during the sliding phase. To determine the walls inclination,
preliminary tests are required. In particular, they indicate that, for the tests with resulting
angles between 20° and 35°, the walls should be fixed to 27° while, for angles higher than

35°, the walls can be put to 40°.

Palmeira et al., (2002) performing numerical analyses of inclined plane tests using the

computer code PLAXIS and considering different lengths (0.5, 2, and 10 m) of a soil box
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with varying thickness and different plane inclinations validated both solutions. In fact, the
results obtained by the numerical analyses (Figure 3.1.9) showed that, assuming a
trapezoidal normal stress distribution, the difference between maximum and minimum
normal stress values increases considerably as the length of the upper box is reduced,
while, adopting inclined walls as suggested by Gourc et al. (1996), a very uniform stress
distribution is obtained.
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Figure 3.1.9. Normal stress distribution along the interface at 15° (i) and 25°(ii) of plane inclinations
(after Palmeira et al., 2002).

3.1.3.3 Plane inclination rate

In general, during the test, the plane inclination is increased at a constant rate ranging,
depending on the work considered, from 0.2°/min to 390°/min. The influence of the plane
inclination rate, dp/dt, was investigated in literature by lzgin and Wasti, (1998) performing
tests at rising speeds of 1, 1.65 and 6.5°/sec and found no significant effect of speed on
test results. Further researches conducted by Reyes-Ramirez et al., (2002) for a range of
rates between 0.58°/min to 3.08°/min demonstrated that the plane inclination speed has no

significant effect on test results.

The European Standard EN ISO 12957-2 (2005) establishes that, during the test, the

plane inclination, B, must be increased at a constant low rate dp/dt = 3.0 £ 0.5°/min.
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3.2 SHAKING TABLE TEST

3.2.1 Introduction

The response of a landfill to seismic forces is closely linked to both the slope stability and
the interface shear strength between the liner and the soil. The interface shear strength
between geosynthetics under dynamic loads has been the subject of recent concern due to

the increased emphasis on the design of landfills against possible seismic disturbance.

The conventional Newmark seismic deformation analyses have been used extensively
for seismic design of geosynthetic liners and covers for landfills and other waste
containment systems (Matasovic. et al., 1998). Such analysis, fully described in § 4.2.2, is
based on the study of a rigid block sliding on a plane; when the table is excited by a
horizontal motion, inertia forces are transferred to the upper box by means of the mobilized
shear strength at the interface. Experimental evidence on the accuracy of conventional
Newmark analyses applied to geosynthetic interfaces is noted in literature performing both
geotechnical centrifuge testing (Hushmand and Martin 1990) and shaking table tests
(Kavazanjian et al. 1991; Yegian and Lahlaf 1992; Yegian and Harb, 1995; Yegian et al.,
1995a, 1995b) under a variety of experimental conditions.

The use of geosynthetics in landfill, built in seismic regions, should be considered from
two points of view: the base isolation action performed by these discontinuities (Yegian et
al., 1995a) and the occurrence of non-predicted slip movements in localised areas of the
landfill (Carrubba et al., 2001). These two implications are due to the limited acceleration
that these discontinuities can transmit to the overhanging materials. Once this limited

acceleration is achieved, relative displacements will occur.

The cyclic tests are performed with direct or torsional cyclic shear devices, while the

dynamic tests are usually carried out by large or small scale shaking table apparatus.

In particular, shaking table test permits to study the behaviour of the interfaces under
dynamic/seismic loadings conditions. It is possible to have two typical configurations of the
apparatus allowing the analysis of geosynthetic-soil (Figure 3.2.1 i) or geosynthetic-
geosynthetic (Figure 3.2.1 i) interfaces. In the case of soil-geosynthetic interface, the
geosynthetic is fixed to the surface and the soil is placed inside the box; in geosynthetic-
geosynthetic configuration, one geosynthetic is attached to the table surface and the other

is fastened to a solid block placed on top of the table.
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Figure 3.2.1. Schematic diagram of the shaking table setup: (i) geosynthetic-soil interfaces, (ii)
geosynthetic-geosynthetic interfaces (Yegian et al., 1995a)

3.2.2 Literature review

A review of previous studies on shaking table tests performed on geosynthetic —

geosynthetic or geosynthetic — soil interfaces is presented herein.

The first studies conducted by Kavazanjian et al. (1991) report a slight decrease in
interface shear strength with increasing frequency for sinusoidal loading between 1 and 5
Hz for several geosynthetic/geosynthetic interfaces. Conversely, Yegian and Lahlaf (1992)
evaluating the dynamic response of geosynthetic interfaces under harmonic excitations,
found an increase of these value with respect to the static ones. The main finding of this
study is that a limiting shear force, hence acceleration, can be transmitted at the interface
(i.,e. from a geomembrane to a geotextile in this case). Beyond this limit, relative
displacements will occur along the geosynthetic interface. Therefore, in both investigations,
response analyses indicate that relative displacement at an interface during an earthquake
can have a “base isolation” effect. The use of geosynthetics as base isolators, leads to a
reduction of the peak intensity of motions above the interface and shifts the predominant

period of the response of the overlying mass.

Yegian et al., (1995a) presented shaking table test results to evaluate the dynamic
response of smooth HDPE geomembrane — nonwoven needle-punched geotextile and
smooth HDPE geomembrane - soil (Ottawa sand) interfaces excited by harmonic and
earthquake excitations. For both interfaces, the materials were placed on a shaking table
and the accelerations and displacements (slip) of the lead block weights (12.4 kPa) and of

the table were recorded. From the steady state harmonic excitations they found that the
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sand - geomembrane interface is able to transmit more shear stress between the two
components than the geotextile - geomembrane interface, where smaller slip is observed
(Figure 3.2.2).
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Figure 3.2.2. Block and table accelerations versus time performing shaking table tests: i) smooth
HDPE geomembrane — nonwoven needle-punched geotextile interface; ii) smooth HDPE
geomembrane - soil (Ottawa sand) interface (after Yegian et al., 1995a).

Subsequently, the dynamic response of the sand - geomembrane interface submitted to
earthquake - type excitations was carried out. In the case of earthquake excitations, the
response is more complex than for steady state harmonic excitations and it was observed
that the yield acceleration was not constant and was difficult to define. This observation is
important to bear in mind when deformation analyses for a landfill is performed using
methodologies that typically consider a constant yield acceleration associated with a slip
surface. Finally, Yegian et al., (1995b) studied the smooth HDPE geomembrane —
nonwoven needle punched geotextile also under earthquake excitation and found that the
presence of a geosynthetic interface, which has a weaker shear strength properties than
that of the surrounding soil or landfill materials, causes absorption of energy through slip

acting as base isolator as described by Kavazanjian et al. (1991) and Yegian and Lahlaf
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(1992). They also observed that the maximum slip deformation (i.e. the transitory
deformation during the relative movement) can be important as the permanent slip if the

integrity of a geosynthetic is concermned.

Yegian and Harb, (1995) investigated the dynamic response of geosynthetic interfaces
commonly used in municipal solid waste landfill using a shaking table facility, where
geosynthetic interfaces placed horizontally and on inclined surface were tested to simulate
bottom and cover barriers. Studying the behaviour of the inclined interfaces is more complex
than a horizontal one. The main concern was in defining a single parameter of the yield

acceleration and relating this value with that measured in a horizontal interface.

De and Zimmie, (1998) estimated the dynamic frictional properties using cyclic direct
shear tests, shaking table tests conducted at a normal g-level of 1g as well as at high levels,
and on a 100g-ton geotechnical centrifuge. The tests involved eight different interface
formed through various combinations of three geosynthetics: geotextile, smooth
geomembrane and geonet. First, the different interfaces were tested by monotonic and
cyclic (frequency of 0.25 Hz) direct shear tests. Under monotonic loading, shear stress
versus displacement curves was almost linear, up to a maximum point (peak). Past this
point, the curves dropped, even though some showed a residual stress larger than the peak
value. Under cyclic loading, the final shear stresses can be either larger or smaller than the
initial value depending on the nature of the interface; moreover, the difference between

initial and terminal values is a function of the normal stress applied (Figure 3.2.3).
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Figure 3.2.3. Variation of the peak friction angle with the number of cycles from cyclic direct shear
tests: i) a geotextile over a smooth geomembrane; iij) a smooth geomembrane over a geonet;iii) a
geotextile over a geonet (after De and Zimmie, 1998).

The second part of this study addressed shaking table tests, which allow the

determination of the dynamic friction angle and therefore, the shear force. Small as well as
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large values of acceleration were used for the table excitation. Test results demonstrated
that the dynamic behaviour of most interfaces could be complicated by the dependence on
the normal stress and on the frequency of excitation. It could decrease or increase

depending on the interfaces tested (Figure 3.2.4).
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Figure 3.2.4. Block versus table accelerations from shaking table tests: i) a geotextile over a smooth
geomembrane; ii) a smooth geomembrane over a geonet (after De and Zimmie, 1998).

Finally, an interesting finding was that the geonet transverse and longitudinal interfaces
exhibit the same behaviour indicating that orientation is not a factor in the shear strength at

interface.

Yegian and Kadakal, (1998) utilized a shaking table to investigate the frictional interface
properties of a smooth HDPE geomembrane and nonwoven geotextile interface. Two test
configurations were used, one for cyclic load tests, and the other for shaking table tests.
Cyclic load tests were performed to investigate the effect of displacement rates. The
difference between friction coefficients at displacement rates of 13 and 64 mm/s indicated
that the friction coefficient increases with the sliding velocity. Shaking table tests were used
to simulate the dynamic loads induced in the smooth HDPE geomembrane-nonwoven
geotextile interface during earthquakes. Tests were run with harmonic base excitations as

well as using earthquake-type base excitation resulting in comparable friction coefficients.

Carrubba et al., (2001) proposed a numerical model for predicting the dynamic frictional
properties of non-woven geotextile — geonet interface. The model was validated by shaking
table test results. Experimental results, plotted in Figure 3.2.5, have confirmed that for a

non-woven geotextile-geonet interface dynamic friction is independent from vertical contact
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stress; therefore, the Coulomb friction criterion may be adopted also in numerical
simulations. However, they concluded that more improvements were necessary in the
numerical interface model to describe the little growth of friction during slippage. The
authors attributed this latter effect, noticed in the experimental data, to visco-plastic
properties of the contact.
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Figure 3.2.5. Shaking table test performed on a geotextile-geonet interface under a contact force
N=0.338 kN. Block acceleration and displacement with respect to the at rest position (after Carrubba et
al., 2001).

Kim (2003) carried out an experimental study of geosynthetic interfaces on a shaking
table (fixed block setup) to investigate the relationship between dynamic friction resistance
and shear displacement rate of geosynthetic interfaces. The subsequent multiple rate tests
showed that geotextile-involved interfaces continue to degrade as displacement increase
until they reach an apparent steady-state (or residual strength). Under dry condition, the
shear strengths of geotextile-involved interface were observed to increase almost linearly
as the displacement rate increases in logarithm scale. However, once submerged with
water, the shear strength appeared to be no longer dependent on the displacement rate.
This phenomenon appeared to relate to lubrication effect of water trapped inside the
interface. Finally, Kim (2003) reported that shear strength parameters are generally not
sensitive to the magnitude of normal stress within the range of normal stresses tested (from
7.0 kPa to 63.3 kPa).

Park et al., (2004) tested smooth geomembrane, non-woven geotextile, and two kinds of
geocomposite clay liner at the shaking table under dry and wet conditions. During the
experimental program, also the influence of normal stress and the frequency of excitation

were investigated. While the normal stress and the frequency appeared to have no
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significant effect on the dynamic interface friction angle, the dynamic interface friction angle,
in wet condition, was 1° - 2° lower than that in the dry condition except that for geosynthetic
clay liner (GCL) in contact with the smooth geomembrane interface. The authors attributed
these variations to the water existing in the interface or to the intruded bentonite from GCL

into the interface.

Kotake et al., (2011) performed shaking table tests in order to assess the dynamic
behaviour of smooth HDPE geomembrane in contact with non-woven geotextile and gravel
— non-woven geotextile interfaces. The table was excited by a sinusoidal excitation varying
the frequency and the acceleration. The dynamic friction coefficient of geosynthetic
interfaces was given from the critical acceleration corresponding to the beginning of the
block motion. The comparison between the dynamic and the static friction coefficients,
obtained in the latter case performing inclined plane tests, provides a satisfactory
agreement between the results. Furthermore, the authors noticed that, in the case of gravel
— geotextile interface, the first slide occurred at the peak friction and the residual one was

mobilized afterward.

3.3 INCLINED PLANE AND SHAKING TABLE DEVICE ADOPTED IN
THIS STUDY

A typical inclined plane device is composed of an upper box sliding along an inclined
support (a lower box or a plane). During the test, the upper box displacement is monitored
and the plane inclination, B, is increased at a constant low rate dp/dt = 3.0 £ 0.5°/min (EN
ISO 12957-2, 2005). The vertical stress o, typically lower than 10 kPa, is applied to the
upper box and it is maintained constant during the test; consequently, normal stress
(ovo-cosp) decreases as the inclination B increases. When testing a geosynthetic-
geosynthetic interface the upper and the lower specimens are fastened to the respective
supports. According to the EN ISO 12957-2 (2005), for the upper box the minimum
dimensions are Ly = 0.30 m (length along the displacement direction) and By = 0.30 m

(width) while, for the lower support, they are L = 0.40 m and BL = 0.325 m.

The devices used in this research, at LTHE (University of Grenoble) and ICEA
Department (University of Padova) laboratories, maintain some common characteristics of

the standard experimental conditions (EN ISO 12957-2), such as a sliding upper box, a
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plane with inclination increasing at constant rate and vertical stress maintained constant

during the test.

The inclined plane available at the LTHE laboratory (Figure 3.3.1) has the following
dimensions: Ly = 0.18 m and By= 0.70 m, for the upper box, and L. = 1.30 m, BL = 0.80 m
for the lower support (Gourc and Reyes Ramirez, 2004). In the current configuration of this
apparatus, the system is fitted according to the recent advances of the research (Carbone
et al., 2012). The device is equipped with a displacement sensor that allows measurement
of the box displacement, u, while the plane continuously tilts. Furthermore, a force sensor
fixed to the plane framework and linked to the upper box by means of a cable, allows

monitoring the tensile force, F, after the full box sliding (cable completely stretched).

Inclination_
T ——
sensor

. Displacement
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Force uft) «

sensor
Mobile plates
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Figure 3.3.1. Inclined Plane of LTHE laboratory: a) photo, b) set up schematization

During the experiment, the parameters recorded by the different sensor displayed in
Figure 3.3.2 are:

Time (milliseconds);
Plane angle inclination (°);
Upper box acceleration (g);

Upper box displacement (mm);

YV V. V V V

Force required to restrain the upper box (N).
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Figure 3.3.2. Sensors utilized in the LTHE inclined plane device.

The shaking table is a device permitting a dynamic approach for the interface shear
strength characterization (Figure 3.3.3). The table oscillates back and forth along the
horizontal direction; moreover the facility available at the geotechnical laboratory of the
ICEA Department (Pavanello and Carrubba, 2012) was designed to simulate static and
seismic loading conditions also on slope. For this purpose, an additional reclining support
was developed and applied to the horizontal table with the aim of carrying out sliding tests
on the inclined support under static and dynamic loading conditions. In order to study
geosynthetic - geosynthetic interfaces, one specimen is anchored to the upper box and the
other one is fixed to the table. The dimensions of the upper box are Ly = 0.35 m, along the
displacement direction, and By = 0.20 m in width. The inclined plane, fixed to the shacking
table, has length L. = 1.10 m and width B = 0.24 m and carries two lateral rails to ensure
one-dimensional displacement of the box without introducing additional friction forces. By
staking steel plates inside the box, it is possible to apply a vertical stress up to a maximum

value of 6,0 = 12 kPa.

The table motion is provided by an oleo-dynamic actuator with a maximum stroke of 0.25
m (peak to peak). The table motion is controlled by a servo-valve with time stepping 103 s
and it is monitored by a high precision dynamic displacement transducer. The box

movement is monitored by an accelerometer and by a displacement transducer.
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horizontal shaking table .
oleo-dynamic actuator “)

Figure 3.3.3. Shaking Table of ICEA laboratory: a) photo, b) arrangement.
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4 TEST PROCEDURES AND
INTERPRETATION

41 INTERFACE SHEAR STRENGTH EVALUATION THROUGH THE
INCLINED PLANE TEST (STATIC LOADING)

4.1.1 Introduction

Due to the various characteristics of inclined plane equipment available in literature,

differences in performing the test and interpreting the results were observed.

Some studies considered the interface shear strength angle as the angle corresponding
to the inclination of the plane at which the box slides (Girard et al., 1990; Izgin and Wasti,
1998; Wasti and Ozdiizgiin, 2001). Gourc et al., (1996) and Lalarakotoson et al., (1999),
differentiated the interface shear strength angle corresponding to the beginning of the slide
with respect to that at failure (i.e. when the upper box arrives at the end of the plane). Finally,
in some researches (Briangon et al., 2002; Palmeira and Viana, 2003; Palmeira et al., 2002)
the interface shear strength properties, were assessed in terms of tensile load exerted on

the geosynthetics and of the upper box displacement versus the plane inclination.

In this context, the European Standard (EN ISO 12957-2, 2005) tried to homogenise the
procedure and the result interpretation describing the method and the shear strength angle
determination. Advances in the interpretation of test results, highlight that the evaluation of
the interface friction according to EN ISO 12957-2, here defined as “Standard Procedure”,
can lead to a misleading value because this method does not consider the actual kinematic
conditions existing during the test. Furthermore, as noted by Carbone et al., 2013a, 2013b,

the Standard Procedure, restrict the interface behaviour to a merely threshold value.
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Two other procedures were suggested by Gourc and Reyes Ramirez (2004) and
Briangon et al. (2011), here called “Displacement Procedure” and “Force Procedure”
respectively. The “Displacement Procedure” focuses the attention on the analysis of the box
motion during the sliding. According to this method, two interface friction angles are
determined: the first corresponding to the beginning of the slide and the second during the
sliding approximating the motion as uniformly accelerated. The main limit of this method is

to assess the upper box acceleration, especially when is very low to be calculated.

The “Force Procedure”, tried to overcome experimental problems encountered in the
Displacement Procedure only considering the upper box static conditions instead of the
dynamic one. In this case the characteristic friction angle is calculated measuring the force
required to restrain the upper box maintained stationary along the plane, while it

continuously tilts.

Both procedures were proposed as an alternative to the Standard Procedure.
Consequently, different studies (Briangon et al., 2011; Gourc and Reyes Ramirez, 2004;
Pitanga et al., 2011, 2009) comparing the friction angles determined according to the
different procedures, are available in literature. As outlined by Carbone et al., (2013a,
2013b) and fully demonstrated in the present research work, these angles cannot be
compared as they belong to different kinematic conditions. In fact, these values are
complementary and provide information about the interface behaviour under static, pseudo-

static and dynamic conditions.

In this research, after a presentation of the European Standard procedure, a
comprehensive methodology feasible, easy to perform and able to fully characterize the
evolution of the friction angle during the entire duration of the test, is proposed and
discussed. Hence, the so called “Unified Inclined Plane Procedure (UIPP)” is validated and

applied to different geosynthetic interfaces.

4.1.2 The Standard Procedure (EUROPEAN STANDARD EN ISO 12957-
2. 2005)

The European Standard is nowadays the unique standard that rules the inclined plane
test. The EN ISO 12957-2 proposes an interpretation of the test here called “Standard
Procedure”. According to this standard, the interface friction angle is evaluated at the plane
inclination, Bso, corresponding to a conventional displacement of 50 mm of the upper box.

The conventional upper box displacement, u = 50 mm, was chosen because, test results
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obtained testing the same interfaces at different European laboratories (experimental
program: CEN-Interlab), showed that the determination of Bso = ¢stan from the displacement

— inclination curve gave satisfying results in terms of repeatability (Gourc et al., 1996).

The relative friction angle, ¢stan, is calculated considering a static equilibrium along the

plane direction:

W .sinBg —N-tan ¢, =0 4.1-1

W .cos B5 =N 4.1-2

where N is the reactive force balancing the normal component of the weight, W, of the

upper box.

N 'tan¢stand

W -sinf,

W -cosfs,

w

Figure 4.1.1. Balance of forces in the “Standard Procedure”.

The value of ¢stan, is Obtained combining Equations 4.1-1 and 4.1-2 to yield the following:
tan ¢4 = tan By 4.1-3

Since the standard interface friction angle, ¢stan, is evaluated during the upper box sliding,

the static interpretation is not fully correct and the friction angle could be overestimated in

many cases (Briangon et al., 2011; Carbone et al., 2012; Gourc and Reyes Ramirez, 2004;
Pitanga et al., 2009).
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4.1.3 Unified Inclined Plane Procedure (UIPP)

The Unified Procedure, here presented, allows assessing the frictional properties of

different interfaces at various kinematic conditions. Comparing with the standard box, a

cable with a tensile force sensor fixed to the frame is added. In this way, the force required

to stabilize the upper box can be assessed. The new test consists of three following steps
(Figure 4.1.2):

Force
Sensor

Cable

Step 1. The plane starts to tilt and the box keeps still, the cable of the force sensor
is loose and the interface shear strength is not completely mobilized until the box
starts to slide. At the beginning of the motion, the static interface friction angle ¢o,
corresponding to the beginning of the motion can be determined at the end of this
step.

Step 2. The upper box slides along the plane. During the sliding the cable is still

loose (U < uim) and the dynamic shear strength angle, d)'dpyn, can be evaluated

according to the type of motion. For comparison, the standard friction angle, ¢stand,
can be also determined when the box reaches the displacement of 50 mm.

Step 3. The upper box moves until the cable is completely stretched (for u = ujim).
In this step the retaining force F(B), necessary to hold back the box, is continuously
measured meanwhile the plane increases the tilting angle B. At this stage the

friction angle ¢im is evaluated.

0 <y ¢=¢I§;’n = Gjim,

) Force Displacement E
Displacement Sensor __—Sensor orce Sensor
Sensor Sensor .

S

Z Cable
S

i\\\\\\\\\\\\\\\\\

Step 1: Static phase Step 2; Sliding phase Step 3; Static phase at large displacement

Figure 4.1.2. Unified Inclined Plane Procedure (UIPP): Steps of the test.
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4.1.3.1 Interface shear strength parameters assessed at every step of the Unified
Inclined Plane Procedure (UIPP)

As soon as the box begins to move (end of Step 1), the static friction angle, ¢, is

evaluated by the equilibrium equation:
tan ¢, = tan B, 4.1-4
being Bo the plane inclination at which the sliding starts.

During Step 2, the sliding motion of the upper box can be described by the following

dynamic equilibrium:

mg- sinp(t) - mg- cosp(t)- tandy, (t) =m- @y, (t) 4.1-5

where m is the mass of the upper box, B is the plane inclination angle, avox is the box
acceleration and g the gravity acceleration. Starting from Equation 4.1-5, the dynamic

friction angle can be calculated:

1 apy (t)
cosf(t) g

tangg, (t)=tanp(t) -

The general relationship of Equation 4.1-6 takes different forms depending on the type of
box motion. As found by Gourc and Reyes Ramirez, (2004), the interface shear strength
mobilization during the slide can occur according to three main mechanisms: sudden
sliding, jerky and gradual sliding (Figure 4.1.3).

Furthermore, this research work introduced the box acceleration, awox, as the principal
feature to characterize them. Depending on the acceleration of the box, two end-members

can be considered:

o Sudden sliding: the upper box slides abruptly with an approximately constant
acceleration (@pox = @const >0);
o Gradual sliding: the upper box slides with an approximately zero acceleration

(avox = 0) and, consequently, the velocity is almost constant.
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Figure 4.1.3. Different mechanisms of sliding observed in the inclined plane test: i) sudden sliding; ii)
jerky sliding and iii) gradual sliding (adopted from Gourc and Reyes Ramirez, 2004).

Figure 4.1.4 summarizes the principal features of both sliding. Note that, as the plane
inclination increases linearly with the time (p = at + b), the x axis of Figure 4.1.4 can be

plotted versus the time as well as in the plane inclination £.

A sudden s"d'('g sudden sliding
- 0

é Apox > 0 E
= c
[] ~ Vpox increases linearly with time
E 2

©
3 9
a 5 gradual sliding
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abox =0
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Figure 4.1.4. Kinematic characteristics in gradual and sudden sliding.

In the sudden sliding, the d)'dF;n can be obtained approximating the motion as uniformly

accelerated. The upper box acceleration can be directly measured by an accelerometer or
deduced from the progressive displacements monitored in the time. In this case, when the
motion becomes uniformly accelerated, the displacement history versus time can be fitted
by a parabola and the constant acceleration aconst is obtained through a double derivation.
If the motion is fast enough, the variation of the inclination § during the dynamic phase can
be considered negligible, so that B may be assumed as constant ( = 8s) during the motion.
In this case, the Equation 4.1-6 can be rewritten as proposed by Gourc and Reyes Ramirez,
(2004) in the “Displacement Procedure”:

1 a
tandg,, =tanB, — 5 , —gonst 4.1-7
cosp, g
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where Bs is the current inclination of the plane. Since in this case the motion is fast
enough, Bs value is generally equal to o, and the dynamic friction angle d)'dpyn is lower than

the static one (Equation 4.1-4), being tan g, = tan ¢,

On the other hand, some interfaces display a motion with very slow velocity so that
cannot be considered constant and the acceleration cannot be appreciated. This limitation
is encountered in those interfaces showing a gradual type of sliding (Briancon et al., 2011).

Thus, as in this case the acceleration is close to zero, Equation 4.1-6 can be written as:

tan¢l, ()= tanp(t) 4.1-8

dyn

where d)'dpyn is not a unique value because j is changing continuously. It is worth noting

that, being the upper box acceleration equal to zero, this angle would properly be defined

as kinetic friction angle.

For this reason, since the interpretation may be sometimes difficult, an alteration of Step
2 is suggested. In this supplementary experimental approach, the plane is fixed at different
inclinations, greater than o and the box is released to move along the plane (Figure 4.1.5).
This allows the analysis of the box motion under the hypothesis of B constant, irrespective
of the time. In this case, the dynamic friction angle can be calculated according to Equation
4.1-7 if the uniformly accelerated movement is established (i.e. usually when  >>Bo) or
according to Equation 4.1-8 with B(t) = Brxeq if the uniform motion is evaluated (i.e. typically

when f is only slightly higher than o).

A .
O =y Bgonst >0, if B >> By

=0 if B is close to 3,

v

Variant to Step 2

Figure 4.1.5. Schematization of the Variant to Step 2.

After the complete sliding of the upper box along the plane, until u = uim, when the box is
stationary, Step 3 starts. At this stage, following the “Force Procedure” (Briangon et al.,

2011), the force required to restrain the upper box is measured by means of the sensor
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linked to the cable, meanwhile the plane continues to tilt. In this phase, being the rotation
of the plane very slow (dp/dt = 3.0°/min), inertial forces are negligible and the mobilized

friction angle ¢ can be obtained from the equilibrium equation:

tan ¢(t) = tan (t) - %@2}0) 4.1-9

where W is the weight of the upper box and F is the tensile load of the cable. Despite the
increase of the tilting angle B, a stabilization of the friction angle is observed (Briangon et

al., 2011): the force F(t) increases with B(t) in such a way that tan ¢ does not vary further.

After stabilization the constant value of the friction angle is indicated as ¢im.

It is worth noting that preliminary tests were carried out in order to assess the effect of
the limit displacement value, uim, on the friction angle. In the study reported by Carbone et
al., (2012) that extends the previous work of Briancon et al., (2011), it could be noticed that,
even varying the limit displacement uim between 30 cm and 90 cm, the limit friction angle

dim results do not change.
Furthermore, it should emphasize that the main advantages of applying the UIPP are:

v the possibility to investigate, during a single test, the transition of the interface shear
strength from static - dynamic — pseudo-static conditions

v' the assessment of the static friction mobilized at little deformations, ¢o, or at very
large displacement, ¢im, that is particularly relevant since geosynthetic interfaces
generally show strain softening behaviour (as reported in §1.4.1),

v the study of the own mode of failure of the interface (i.e. the test is not displacements
controlled).

v' This latter point is important as the proper characterization of the sliding behaviour
not only permits the determination of the dynamic friction angle but also allows
identifying the failure mode and consequently the mechanical characterization of the
interface (i.e. if the interface displays a strain-softening rather than a hardening

behaviour).
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4.2 INTERFACE SHEAR STRENGTH EVALUATION USING THE
SHAKING TABLE (DYNAMIC LOADING)

4.2.1 Introduction

The dynamic shear strength is investigated by the shaking table device of the ICEA

laboratory in the vibrating configuration at zero inclination p of the table.

The test permits to investigate the interface response to harmonic and earthquake-type

excitations.

The most common approach to interpret the test is the conventional Newmark seismic
deformation analysis. The formal conventional Newmark seismic deformation analysis

described below (§ 4.2.2), involves the following five simplifying assumptions:

1. the potential failure mass is rigid (noncompliant);

2.the dynamic response of the failure mass is not influenced by (coupled with) the
permanent displacement (slip) that occurs along the failure surface;

3. permanent displacement accumulates in only one direction (the downslope direction);

4.the vertical component of the ground motion does not influence the calculated
permanent displacement;

5. the yield acceleration of the potential failure mass is constant.

A study conducted by Matasovic. et al., (1998), indicates that the assumptions of
decoupled seismic response and displacement and of a noncompliant failure mass are of
relatively minor significance for assessing the deformation potential of geosynthetic covers
for solid waste landfills and other facilities, resulting in overprediction of the permanent
displacement by at most a factor of 2. Furthermore, the effects of two-way sliding and of the
vertical component of the earthquake ground motions are, for most practical purposes,
negligible for geosynthetic cover systems. On the other hand, the effect of degradation of
the yield acceleration from an initial peak value to an ultimate residual value may be an
important factor impacting the accuracy of conventional Newmark analyses which use a

constant yield acceleration.

In this context, a test procedure able to fully characterize the dynamic friction angle and
its degradation during the entire test is presented and discussed. In the study, harmonic
excitations are applied to the table and the effect of the dynamic parameters on the interface

shear strength, such as: acceleration, frequency and duration of loading are evaluated.
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4.2.2 Theory

The most common approach to seismic deformation analysis is the rigid block sliding on a
plane approach described by Newmark (1965). In such an analysis, schematically illustrated
in Figure 4.2.1 it is assumed that a rigid box of weight W = mg, where m is the mass of the
block and g is the acceleration due to gravity, is resting on a horizontal plane. When the
table is excited by a horizontal acceleration, a seismic inertia force, Ti,, is induced in the

box. At any time t, the forces at the box-table interface are:

W +N=0 4.2-1
T (t) = m-ay,, (t) 4.2-2
Teriction (t) =N- H(t) =mg- H(t) 4.2-3

where N is the interface normal force, Ti, is the box inertia force and Tricion is the shear
strength of the interface expressed using the Mohr-Coulomb failure criterion with p(t)

representing the friction angle coefficient of the box-table interface.

By force equilibrium, the interface shear force is equal to the box inertia force and the
interface normal force is equal to the weight of the box. The magnitude of Ti, is limited by

the shear strength of the interface, Triction.

If the table acceleration, awwie (t), does not exceed the critical acceleration of the box (aciit),

the box oscillates in synchronism with the table [apox (t) = atavie (1)]:
T (t) = m-ay,, (t) 4.2-4

Ticen( Y =G 1Y) =i 425

with & interface friction not completely mobilized.
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Figure 4.2.1. Freebody diagram of the shaking table test: i) no relative displacement between the
box and table; ii) during the relative displacement between the box and table.

When the box acceleration apox (t) reaches acit, the shearing resistance of the interface is
fully mobilized and the box begins to slide with respect to the table. In the case of horizontal
plane, the dynamic equilibrium allows to evaluate the dynamic friction coefficient according

to the following expression:

T =m-ag 4.2-6
_ ST
friction _ng'tan¢dw 4.2-7
ST _ Qg
tandy,, = ;”‘ 4.2-8

where aqit is the maximum acceleration sustainable by the box before the relative sliding

displacement; exceeding this value no more acceleration can be transferred to the box. T;

and TfT'iction are the box inertia force and the shear strength of the interface when the relative

movement starts.
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Because it represents the threshold above which relative movement (yielding) between
the block and plane occurs, acit is usually called in literature as “yield acceleration” and the

ratio acit /g is usually known as seismic coefficient k, as reported in §1.3.2.

As illustrated in Figure 4.2.2, the classical Newmark procedure may be implemented by
numerical integration of the acceleration and velocity time histories of the block. First, the
velocity time history of the relative movement between the box and the table is calculated
by integration of the acceleration time history of the table modified by the yield acceleration
of the block, with relative block movement (sliding) beginning each time the yield
acceleration is exceeded in the out-of-slope direction and continuing until zero velocity is
calculated for the sliding block. The cumulative relative displacement of the sliding block is
then calculated by integrating the relative velocity time history, as shown in Figure 4.2.2.
Since relative displacement of the block only occurs between the time the earthquake
acceleration exceeds the yield acceleration in the out-of-slope direction and the time when
the relative velocity drops to zero, quiet intervals exist during which there are no increments
in the relative block displacement. The value of relative displacement at the end of the base
plane excitation is commonly called the (calculated) permanent seismic displacement or

(calculated) seismic deformation.
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Figure 4.2.2. Classical Newmark analysis integration scheme (after Matasovic. et al., 1998)
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4.2.3 Shaking table test procedure under harmonic excitations

In the experimental program the table is forced by a sinusoidal signal. In order to avoid
an abrupt start of the table motion, the acceleration of the table at any time t, atuie (t), was

increased gradually up until the maximum acceleration amplitude called amax was reached.

The sinusoidal signal can be expressed as follows:

o
Atable (t) = a8 ° Sln(2nft) {1 —-e fo 4.2-9

where amax represents the maximum amplitude of the table acceleration, t the time in

oy

seconds, f is the frequency (Hz) and the term {1—e fo ] determines the Table

Acceleration Rate (TAR) as shown in Figure 4.2.3.

In particular, regarding the TAR, & is the increase factor, fo is the reference frequency (1
Hz) and the term (f/fo) allows reaching the maximum acceleration amax for the same number
of cycles also by modifying the frequency. This means that, even changing the frequency
of vibration, the interface is subjected to a given value of the table acceleration, for the same
number of cycle of the table.

0.45

0.3 1

d
il
/

alg

-0.3 A

045 g e e e e

Figure 4.2.3. A typical sinusoidal “standard signal” for dynamic loading (f = 1.5 Hz, amax = 0.4g, £ = 0.15
s).

88



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

Following this approach, the test can be divided into three main phases (Figure 4.2.4):

e Phase 1 (Initial phase): the table acceleration increases and the upper box and
the table move in synchronization, apox(t) = atavie(t);

o Phase 2 (Transitory phase): atwbie(t) continues to increase following the selected
TAR but at a given time, it exceeds the shearing resistance of the interface
[atabie(t) > abox(t) = aciit (t)] determining the start of the relative movement between
the box and the table;

o Phase 3 (Steady-state phase): the table acceleration reaches the steady state

value (amax) while the box continues to slide along the table.

Initial phase Transitory phase Steady-state phase
0.45

Phase 1 Phase 2 Phase 3

0.3 4

v”vW

alg

-0.15 - table

-0.3 4

I ‘ Aabielt) > Apox(t) = Acnu(t) ‘ Aapie(t) = Amax>Apoxlt) = acilt) ‘
0 4 8 12 16 20
time (s)

-0.45

Figure 4.2.4. Main phases of the shaking table test procedure under harmonic excitation.

It must be pointed out that if the table acceleration awbie attains acit during the steady-

state phase (Phase 3), Phase 2 does not occur.

The characteristic parameter during the transitory phase (Phase 2) is the TAR while
Phase 3 is characterized by the amplitude of the table acceleration, amax generally

determined through preliminary tests.

Furthermore, the parameter Ng, referring to the number of cycles accomplished by the
box during the sliding, was introduced in order to study the evolution of the dynamic friction

coefficient, tand)‘Z‘yTn, during Phases 2 and 3. Taking into account that the first cycle (N4 = 1)

corresponds to the first relative movement of the box with respect to the table (apox(t) = acrit)
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the dynamic friction coefficient tand)‘Z’yTn is evaluated during the entire test by considering Ng

=10, 25, 50 and 100 cycles.

In this investigation, except for some specific sets of tests, the interfaces were subjected
to a sinusoidal signal, here called “standard signal”. The standard signal is characterized
by:

e TAR with an increase factor & , equal to 0.15 s™,
e maximum acceleration amax fixed at 0.4g (preliminary test to determine amax are
required),

o frequency ranging between 1.5 Hz <f <6 Hz.

For each frequency, the applied vertical stress, oy, varies in the range between 5 kPa
and 12 kPa.

Other complementary tests were carried out in order to verify the possible influence of
the TAR (Phase 1 and 2). For this reason, a series of tests where the table was forced by
sinusoidal signals characterized by different TARs (here called “faster” where & = 0.3 s™

and “slower” with £ = 0.05 s, with respect to the “standard” one) was performed.

The effect of the amplitude of the table acceleration, amax, (Phase 3) on the interface
response was also studied by performing tests at a fixed frequency (3Hz), maintaining the

same TAR, and varying amax in the range between 0.34g up to 0.60g.

4.3 SET OF AVAILABLE DIFFERENT FRICTION ANGLES

Summarizing, the following symbolism are selected to indicate the friction angles

obtained through the inclined plane and the shaking table tests:

v ¢,: maximum mobilized static interface friction angle (Inclined Plane - Step1 -

Equation 4.1-4);
. interface friction angle as defined by EN ISO 12957-2 (2005) (Inclined

¢stan d*
Plane - Step2 — Equation 4.1-3);

v d)'dF;n: dynamic interface friction angle (Inclined Plane - Step2 - Equations 4.1-7

and 4.1-8);

v ¢, - static friction angle after the interface shearing (Inclined Plane - Step3 —

Equation 4.1-9).
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v ¢§yTn: dynamic friction angle evaluated with the shaking table test (Equation

4.2-8).
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5 TEST RESULTS AND DISCUSSION

5.1 INCLINED PLANE TEST RESULTS

A wide experimental program was conducted at the Inclined Plane, in particular focusing
the attention on the interface shear strength characterization of geocomposite drains layer

overlying geomembranes.
The experimental program was carried out with the following aims:

o Development and validation of the Unified Incline Plane Procedure (UIPP);

e Interpretation of the interface shear strength with the current kinematic
conditions;

¢ Analysis of the parameters influencing the interface shear strength (as
described § 1.4.2).

Table 5.1.1 summarizes the parameters analysed in every test series specifying for each

case the experimental conditions.

92



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

Table 5.1.1. Schematization of the parameter analysed in the experimental program at the Inclined
Plane device (Geosynthetics presented in § 2.3.1).

Parameter analysed | Inclined Plane Interface tested Vertical stress Temperature
device
GSYup/GSYbown ovo(kPa) (°C)
Repeatability LTHE a. GTX - GMBs 5 10,20 and 30
b. GNT - GMBs 5 10,20 and 30
c. GCDy - GMBs 5 10,20 and 30
d. GCDn - GMBun 5 20
e. GCDw - GMB1wH 5 20
f. GCDy - GMBgruH 5 20
g. GCDw - GMBRrmH 5 20
Reproducibilityand | -0 4 1cEA| & GTX - GMBs 5 20
size effect
Upper box velocity ICEA a. GTX - GMBs 0.08 20
0.8 20
5 20
12 20
GNT - GMBs 5 20
GCDy - GMBs 5 20
Normal stress ICEA a. GTX - GMBs 0.08 20
0.8 20
5 20
12 20
Mechanical damage | LTHE and ICEA a. GTX - GMBs 5 20
LTHE b. GNT - GMBs 5 20
(wear test)
LTHE c. GCDy - GMBs 5 20
LTHE d. GCDn - GMBuh 5 20
LTHE e. GCDw - GMBmwH 5 20
LTHE f. GCDn - GMBruH 5 20
LTHE g. GCDw - GMBrwmH 5 20
Temperature LTHE a. GTX - GMBs 5 10,20 and 30
b. GNT - GMBs 5 10,20 and 30
C. GCDy - GMBs 5 10,20 and 30

5.1.1 Description and interpretation of a typical test

A total of more than 100 inclined plane tests involving geocomposite drains in contact
with smooth and textured geomembranes were carried out. Each pair of geosynthetics is

designated by a letter (see Table 5.1.1).

As discussed in §4.1.3.1, the failure mechanism can be mainly classified following to two
basic behaviours: sudden sliding and gradual sliding (Figure 4.1.3 and Figure 4.1.4).

Therefore, the mechanical characterization of the interface properties is different

depending on the mode of sliding (see § 4.1.3.1).
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For this reason the analysis of inclined plane test results will be divided, in the following

section, into two main categories:

o Interfaces displaying gradual sliding behaviour;

e Interfaces displaying sudden sliding behaviour.

In the first case, the interfaces involved are a, b and ¢ while, in the second case, the

behaviours of interfaces d, e, fand g are presented (Table 2.3.2).

It should be pointed out that all the tests presented in this section, except for §5.1.6 were
the mechanical damage on wear specimens is treated, are performed on virgin specimens,

along the machine direction under a vertical stress ow equal to 5 kPa.

5.1.1.1 Analysis in the case of gradual sliding
5.1.1.1.1 Typical diagrams
Unified Inclined Plane Procedure

The Unified Inclined Plane Procedure (UIPP) was applied to the GTX — GMBs, GNT —
GMBs and GCDn — GMBs interfaces (Figure 5.1.1). The typical diagrams of inclined plane
test results are shown in Figure 5.1.2 in terms of the upper displacement (u) versus plane
inclination angle () on the left side for Steps 1 and 2 and in terms of force versus the plane
inclination angle (B) on the right side for the Step 3 (as described § 4.1.3.1). The
corresponding evolution of the mobilized friction angle ¢ was also inserted on the diagrams

during Step3.
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a) upper layer b) upper layer C) upper layer

/

GTX GNT

GCD,

lower layer lower layer lower layer
GMBg GMBg GMBg

Figure 5.1.1.Upper and lower layers of interfaces involving the geotextile (GTX), the geonet (GNT)
and the geocomposite drain (GCDy) in contact with the smooth geomembrane GMBs: a) GTX - GMBS;
b) GNT - GMBs; c) GCDy - GMBs.

Whatever the different shape of the curves, for the three interfaces tested, the box motion
can be mainly classified as a gradual sliding type (Step 2). The motion is characterized by
a very low and almost constant velocity (Figure 5.1.2 a4, by and c4), while the plane is
continuously tilting.

During the test, the interface friction angles can be determined as follows. At the beginning
of the motion, for an initial upper box displacement of 1mm the static interface friction ¢o
(Step 1) is conventionally determined. Afterwards the gradual sliding takes place (Step 2)

resulting in a very low upper box velocity (anox = 0). The dynamic (or kinematic) friction angle
(ﬂf;,,, is given by Equation (4.1-8) and is continuously increasing since it varies with the
inclination of the plane. In these tests, uniformly accelerated motion is not occurring until u
= Ujim (600 mm). Only a lower bound for (ﬂf;nis get from these tests reported in Table 5.1.2.

Furthermore, during Step 2, in order to compare test results, also the “Standard Procedure”
is carried out and, for an upper box displacement of 50 mm, the standard interface friction
angle (dstand) is determined according to Equation 4.1-3. At the end of the sliding (Step 3)
the cable is totally stretched (u = uim), here for a displacement uim equal to 600 mm. The
tensile force in the cable equilibrates the box and, as previously discussed (§ 4.1.3.1), the
mobilized shear strength (Equation 4.1-9) attains a constant value corresponding to the limit

interface friction angle ¢im (Figure 5.1.2 a2, b2 and cz).
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Figure 5.1.2. Typical results of the Inclined Plane tests performed at LTHE laboratory following the
Unified Procedure (oo = 5 kPa; T = 20°C) displaying upper box displacement versus plane inclination
(Step 1 and 2 on the left side) and mobilized tensile force in the cable and friction angle versus plane

inclination (Step 3 on the right side): a1) and az) GTX - GMBs interface; bs) and b;) GNT — GMBs

interface; c¢1) and cz) GCDy— GMB:s interface.
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Variant to Step 2

As noticed in Figure 5.1.2, the movement of the upper box is very slow and the box
acceleration is difficult to assess during the sliding (Step 2). The Variant to Step 2 is applied
in order to estimate the dynamic friction angle. Following this approach, the plane is fixed
at a certain inclination ( >> o) and the upper box is kept stationary at the beginning of the
plane. Then, the upper box is left free to slide: since the plane inclination is significantly
higher than B¢, a uniformly accelerated motion (the velocity increases linearly in the time
and the acceleration reaches a constant value) of the upper box during the sliding is
obtained. Thus, in these conditions, the upper box acceleration can be directly measured

by the accelerometer and/or calculated by double derivation of the box displacement (see
§ 4.1.3.1) and the dynamic interface friction angle, (ﬁf;l, is computed following Equation

(4.1-7).

It is worth noting that, in the test series where the Variant to Step 2 was applied, different
inclinations of the plane were used with  varying between 18° and 25°. A higher value of

uim = 800 mm is obtained, thanks to the cable which is missing in this configuration.

Figure 5.1.3 shows, for the three interfaces investigated, the displacement, the velocity
and the acceleration of the upper box during an Inclined Plane test applying the Variant to
Step 2 of the UIPP with = 20° which is higher than B, for every interface.

The results of the tests plotted in Figure 5.1.2 (described in § 5.1.1.1.1) and Figure 5.1.3,
are summarized in Table 5.1.2. It can be checked that an approximately constant

acceleration of the upper box is observed in every case a, b, and c.
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Figure 5.1.3. Inclined Plane test at fixed inclinations of the plane (Variant to Step 2 of UIPP). Test
results obtained at LTHE laboratory for B = 20°, at T = 20°C and under o, = 5 kPa: displacement,
velocity and acceleration of the upper box versus the time. a) GTX - GMBs interface; b) GNT — GMBs
interface; GCD — GMBs interface.
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Table 5.1.2. Interface friction angles of GTX - GMBs; GNT - GMBs and GCDy - GMBs interfaces
calculated during the different Steps of the UIPP (T = 20°C; ovw = 5 kPa).

Step 1 Step 2 Variant to Step 2 Step 3
¢0 ¢stand g; n (Ijl; n a@box ¢Iim
Interface tested
lower bound (abox=const)

) ) ) ) (m/s?) )
a GTX - GMBs 14.4 15.5 15.7-15.9 17.6 0.24 11.6
b GNT - GMBs 13.3 14.8 15.8-15.9 16.0 0.53 13.1
c GCDn - GMBs 13.6 13.7 14.1-14.2 16.3 0.36 12.6

P
dyn

*

(abox = const) values are determined applying the variant to Step 2 of the UIPP for a plane

inclination B = 20° and the lower bound are provided during Step 2 ¢(l,f,,, (V box = const).

5.1.1.1.2 Basic interpretation

Test results indicate that the interface shear strength strictly depends on the current

kinematic conditions, a static equilibrium is considered in the evaluation of ¢o, dstand and diim

. . e . . . . IP
while a dynamic equilibrium is taken into account when assessing d)dyn.

Starting the discussion from the static condition, shear strength may be identified as ¢o
or dim, for the cases in which displacement has previously occurred or not. In particular, the

limit interface friction angle ¢im, represents the mobilized shear strength after sliding.

Test results (Table 5.1.2) show a loss in shear strength passing from ¢o and ¢im values
that can be mainly attributed to the additional shear displacement at which the materials

were previously subjected.

The dynamic friction angles, d)'dpyn, depend on the type of motion. In the three cases,

during the Step 2, the box slides at low velocity (Figure 5.1.2): the maximum average
velocity was determined for GCDn — GMBs interface and equal to 3.4 mm/s. Since it can
also be considered as constant, the box acceleration is very low (the maximum box

acceleration computed, apoxccon - ames = 0.0064 mm/s?) and negligible. In this case, only a
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lower bound of for the dynamic interface friction angle can be defined. The d)'dpyn values

obtained with the Variant to Step 2, resulted higher than the static ones confirming what

already found by Gourc and Reyes Ramirez (2004) in the interfaces showing a gradual
sliding motion. It's worth noting that the value of d)'dpyn is also compatible with the value of

the lower bound.

5.1.1.1.3 Influence of the kind of interface

This specific test series was also dedicated to study the influence of the geosynthetics
which form the geocomposite drain in its interface performance. For this purpose the
geotextile (GTX), the geonet (GNT) and the geocomposite drain (GCDn) were separately
tested in direct contact with the smooth geomembrane (GMBs). Firstly, it could be noticed
that, despite the great difference in the upper layer surface structural pattern (i.e. the
geotextile is porous and fibrous material consisting of irregularly oriented long filaments
varying in terms of spatial distribution, curvature, orientation, size, and mass density while
the geonet is composed of sets of parallel ribs overlaid and integrally connected having a
rhomboidal shape), for all the tested interfaces a common failure mechanism (gradual
sliding) is observed. This suggests that, the shear resistance response developed at the
interface can be mainly attributed to geomembrane surface properties (for the smoothness
in the present case).

Figure 5.1.4 displays the comparative behaviour of the three interfaces during the inclined
plane tests. This figure is illustrative of the significant differences of behaviour between
interfaces and justifies the use of several parameters of friction to attempt to distinguish the

interfaces. The comparison between the different test results indicates that:

o the interface friction angles ¢o, ¢im and d)'dpyn of the GTX — GMBs interface with
respect to those of the geotextile with its support geonet (GCDn - GMBs interface)

are influenced by the geonet which decreases drastically ¢o and d)'dpyn and increases

the dim.

o the contact between GNT — GMBs is in general quite different than GTX — GMBs
interface with a variation that depends on the nature of the surfaces and on the
resulting possible damage effect at large displacements. In fact, GNT — GMBs
seems to be less resistant in terms of initial sliding with ¢o.ent-ames < $o,GTx-GMBSs.

Increasing the displacement, the GNT — GMBs interface shows a shear strength

100



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

increase resulting in a limit interface friction angle higher than that found for GTX —

GMBs interface (¢im,oNT-GMBs < Plim, GTX-GMBS)-
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Figure 5.1.4.Comparative behaviour (gradual sliding) for different interfaces applying the Unified
Procedure (v = 5 kPa) to GTX — GMBs, GNT — GMBs and GCDy — GMBs interfaces: i) upper box
displacement versus plane inclination; iij) mobilized force and friction angle versus plane inclination.

5.1.1.2 Analysis in the case of sudden sliding

5.1.1.21 Typical diagrams

A total of four interfaces (d, e, fand g listed in Table 2.3.2), involving geocomposite drains
(GCDn and GCDw) in contact with GMBrw+ and GMBrv1 geomembranes are tested with
the Inclined Plane available at LTHE laboratory applying the UIPP even if, it is worth noting
that the direct contact is between the nonwoven geotextile forming the geocomposite drains

and the geomembrane (Figure 5.1.5).
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upper layer
GCDy,

lower layer |Oévl\7;3|ayer 25
GMBgyy A RMH S

Figure 5.1.5. Upper and lower layers of interfaces involving geocomposite drains (GCDy and GCDy)
in contact with GMBrux and GMBrux geomembranes: d) GCDy - GMBru; €) GCDw - GMBryy; f) GCDy -
GMBRruH; g) GCDw . GMBgrun interfaces.

Figure 5.1.6 and Figure 5.1.7 display the typical plot of inclined plane test results during
the different steps. Note that, in this test series, uim is equal to 900 mm. In order to compare
test results during the sliding (Step 2), also the “Standard Procedure” is carried out and, for
an upper box displacement of 50 mm, the standard interface friction angle (¢stand) is

determined according to Equation 4.1-3.

For the four interfaces tested, the box motion can be mainly classified as sudden sliding:
the upper box slides with very high velocity along the plane and the motion can be
approximated as uniformly accelerated (Figure 5.1.6 d», e2 and Figure 5.1.7 f, g2). It's easy
to understand that this condition is more hazardous in field conditions because once the

driving forces exceed the friction-resistant forces a brutal failure occurs at the interface.
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Figure 5.1.6.Typical plot of the Inclined Plane test results applying the Unified Procedure (c,0 = 5 kPa; T = 20°C) to GCDy - GMBtuyn and GCDy - GMBrun interfaces:
ds) and eq) upper box displacement versus plane inclination; d;) and e;) enlarged view of the uniformly accelerated motion during Step 2; d3) and e3) mobilized
force and friction angle versus plane inclination in Step3.
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5.1.1.2.2 Basic interpretation

Applying the UIPP, the interface friction angles are determined as follows. During Step 1
for an upper box displacement equal to 1mm, ¢o is determined according to Equation
(4.1-4). During Step 2 the upper box slides along the plane. At the beginning of the uniformly
accelerated motion, the slide is fast enough so that the variation of the inclination  during

the dynamic phase can be considered negligible. This implies that f may be assumed as
constant (B =s) and the dynamic friction angle (ﬁf;l can be computed applying Equation

(4.1-7) for apox = aconst (linear variation of velocity, Figure 5.1.6 and Figure 5.1.7). The limit
interface friction angle ¢im is evaluated during Step 3 of the UIPP. At this regard, an
important aspect highlighted during the test procedure, is that the evaluation of the limit
interface friction angle ¢im at Step 3 of the UIPP may be complicated for interfaces involving
textured and roughened geomembranes. In fact, since the motion can start at very high
inclinations, it is difficult to reach the stabilization of the mobilized friction during Step 3 as
described by the UIPP. This limit is mainly attributed to the capability of the device that can
reach 47°, as maximum plane inclination. Therefore, in order to overcome this restriction
and to estimate the limit interface friction angle, a specific approach was used: at the end
of the slide, when the cable is still loose, the plane inclination is decreased enough, in such

a way that the test can subsequently restart as usual.

Even if the interface response can be mainly classified as “sudden sliding” some results
differ from what previously observed in the literature for the interfaces showing the same
behaviour. The main findings presented in literature in the case of sudden sliding interfaces

are:

e ¢o> dim (Briangon et al. 2011);

o o> g, (Gourc and Reyes Ramirez, 2004).

As it could be noticed from test results summarized in Table 5.1.3, the general trend
follows what previously reported in literature. However, in the case of GCDw - GMBrwH
interface, the limit interface friction angle is higher that the static one (¢o < ¢im), while, for

GCDn - GMBtvH, GCDw - GMBrwu a the static friction angle is smaller than the dynamic one
(do < d)'dpyn )- The divergences obtained in the results mainly depend on the use of the textured

geomembranes causing an alteration of the surface of the non-woven geotextile.
Considering that no punching effect by the geomembrane spikes was observed since tests

are performed at low normal stress, as found by Hebeler et al. (2005) in these cases, the
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interaction between the geotextile filaments and the geomembrane surfaces consists

mostly of individual filaments being engaged by the geomembrane texture (Figure 5.1.8).

o

GEOMEMBRANE

GEOMEMBRANE

Figure 5.1.8. Sketch of interaction mechanisms between nonwoven geotextiles and textured
geomembranes at different normal stresses (adapted from Hebeler et al. 2005).

As a consequence of the “hoop and look” contribution, the upper box cannot slide
continuously along the plane (Figure 5.1.6 d4, d> and e1, ez; Figure 5.1.7 f4, f and g1, g2).
Therefore, the behaviour can be divided in two main phases. In the first phase, for a
displacement u = 1 mm, ¢o corresponds to the mobilization of non-woven fibers. After tensile
failure of the geotextile filaments, a second motion starts ( = s) where the sudden sliding

takes place.

Furthermore, the standard interface friction angle ¢stana (Table 5.1.3) systematically

overestimates the interface friction angle with respect to both ¢o and ¢iim.
With the foregoing bases:

e (o could be not relevant following the conventional test interpretation;
e since Bs > Po (in the interfaces d, fand g) consequently also d)'dpyn > (o;

o (stand, Systematically overestimates the interface friction angle with respect to the

static ones.

To summarize the behaviour of interfaces with textured geomembranes can be
equivalent to a stick-slip behaviour with the failure of the fibers or of the bonds between
fibers. Stick — slip subcategory (Figure 4.1.3 ii) induces a new value of the plane inclination,
corresponding to the beginning of the sudden sliding, to be considered as outlined in Figure
5.1.6 and Figure 5.1.7.
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Table 5.1.3. Interface friction angles of the geocomposite drains in contact with the textured
geomembranes at 20°C under a vertical stress of 5 kPa.

Step 1 Step 2 Step 3
Interface tested o Pstand (’,f,n Bs Abox iim
)] )] )] )] (m/s?) )]
d GCDn - GMB1mH 25.9 34.0 27.9 34.0 1.19 21.3
e GCDw - GMBtmH 28.5 28.6 25.8 28.5 0.53 28.3
f GCDn - GMBRrmH 38.2 41.2 35.9 41.2 1.1 28.9
g GCDw - GMBRrmH 334 40.6 39.0 41.2 0.49 37.7

The analysis of test results schematized in Table 5.1.3, leads to the following

considerations.

Starting the discussion from the static and the limit interface friction angles, a reduction
in shear strength passing from ¢o to ¢im can be noted. The loss in shear strength may be
attributed to the pulling out, the reorientation and the breakage of the geotextile filaments

from the matrix causing continuous changes in the contact area.

The dynamic friction angles were calculated during Step 2 of the UIPP and resulted in
two cases higher than ¢o. Until now, in the interfaces studied in literature (Briangon et al.,
2011; Gourc and Reyes Ramirez, 2004; Pitanga et al., 2009) the upper box slides

continuously until the end of the plane so that, considering Bs = Bo, the dynamic friction
angle (ﬁf;l resulted lower than the static one (Equation 4.1-4). Conversely, in the interfaces

d, fand g, due to the “seating response” of the interface, the start of the upper box motion

does not always correspond to the beginning of the uniformly accelerated movement: f3s is

higher than o and, consequently, also the dynamic friction angle (ﬁf;l can result higher than

the static angle ¢o. It is worth noting that this result is not related to the type of motion

(sudden or gradual) but to the nature of the geomembrane surfaces.

5.1.1.2.3 Influence of the kind of interface

In this section, being the interfaces d, e, f and g a combination of two kinds of
geocomposite drain with two different types of textured geomembranes, a first insight into

the behavioural differences resulting on the use of these products is provided.
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Figure 5.1.9 reports Inclined Plane test results involving the two geocomposite drains

(GCDn and GCDw) in contact with the different textured geomembranes (structured -
GMBwmn and co-extruded - GMBrur)
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Figure 5.1.9. Comparative behaviour of the two geocomposite drains (GCDy and GCDyw) in contact
with the different textured geomembranes (structured - GMBryu and co-extruded - GMBgrur) applying
the Unified Procedure (ov0 = 5 kPa; T = 20°C): i) upper box displacement versus plane inclination; ii)

mobilized force and friction angle versus plane inclination.

Comparing the test results it can be pointed out that:

do values obtained when the “sandy paper like” (co-extruded) geomembrane
GMBrw+ is used, are higher than those determined in interfaces involving the
structured geomembrane GMBrun (do,cmerRMH > Go,cameTMH). ThiS can be mainly
related to the fact that at low normal stresses, the “hook and loop” contribution
(see Figure 5.1.6 and Figure 5.1.7) is more marked in the co-extruded
geomembrane interfaces than in the structured ones. Moreover, the damage of
the upper layers in terms of loose geotextile filaments, is higher for GCDy than
GCDw. In fact, the contact points between the geonet and the geotextile in GCDn
are lower and more fragile with respect to those obtained between the geomat
and the geotextile in GCDw as it could be noticed after visual inspection of the
tested specimens (Figure 5.1.10);

in co-extruded geomembrane interfaces (fand g) the limit friction angles, ¢im, are
higher than in the interfaces involving structured geomembranes (d and e)
(diim,emerMH > diim,emeTMH); the values obtained utilizing the GCDy are, generally

lower than ¢o while if GCDw is used, ¢im and ¢o values are very close;
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. . IP .
» the same considerations can be drawn for ¢4, values for the interfaces analysed.

Figure 5.1.10. Images of geotextile specimens of GCDy and GCDy, representing the upper layer,
after shearing: d) GCDy in contact with the GMBruy; €) GCDw in contact with the GMBryn; f) GCDy in
contact with the GMBgrur; g) GCDw in contact with the GMBgry.

5.1.1.3 Influence of the nature of the surfaces

Research studies (Dove, 1996, Lee, 1998) into the behaviour of interfaces have shown
that the roughness of the geomembrane is one of the main factors in the development of
interface strength.

In order to deepen this aspect, the behaviour of the geocomposite drain (GCDn) in contact
with the smooth (GMBs), the structured (GMBtwy) and the co-extruded (GMBrwH)
geomembranes are analysed in this section (interfaces ¢, d and flisted in Table 2.3.2).

Figure 5.1.11 shows the behaviour of GCDn when tested with the different

geomembranes.

109



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

i) i)
—O— GCD,, - GMB, E
~@— GCDy - GMByy Ea

~@- GCD, - GMB,, et |

700

wso || 1 GCD,GMB,
[| - GCD,-GMB,,,
600 1 @~ GCDy-GMBgyy

550 +

500 é
450 é
400 é
350 é

300 £

mobilized friction ¢ (°)

250 +

200 £

upper box displacement u (mm)

Interface tested

150 +

100 £ GCDy - GMBs 126

d

50 + f GCDy - GMBrun 289

8

6

GCDw - GMBrms 213 T4
12

0

10 15 20 25 30 35 40 45 15 20 25 30 35
plane inclination angle B (°) plane inclination angle B (°)

Figure 5.1.11. Comparative behaviour of the geocomposite drain (GCDy) in contact with the smooth
(GMBs), the structured (GMBryy) and the co-extruded (GMBrun) geomembranes applying the Unified
Procedure (oo = 5 kPa; T = 20°C): i) upper box displacement versus plane inclination; ij) mobilized
force and friction angle versus plane inclination.

From test results represented in Figure 5.1.11, it could be noticed that the interfaces d
and f (interfaces involving textured geomembranes) are characterized by friction angles
significantly higher than those obtained in the interface involving the smooth geomembrane.
This is in agreement with other studies on geomembrane-geotextile interface (Frost and
Lee, 2001) and on a geomembrane-soil interface as well (Dove et al., 1997). In particular,
they reported that the peak and residual interface strengths increased approximately 300%
and 200%, respectively by the use of textured geomembranes instead of smooth

geomembranes.

Similar results are obtained with the Inclined Plane for the static and the limit interface
friction angles that increase approximately 180% and 130% respectively passing from the
smooth to the co-extruded geomembrane. Among the different parameters usually
influencing test results, the increase in interface shear strength, may be also attributed to
the engagement of the “loop” structure by the “hook” material occurring in systems where

textured geomembranes are in contact with the geotextiles.

Regarding the static friction angles ¢o and ¢im, @ similar trend consisting in a decrease of
interface shear strength passing from the static to the limit interface friction can be
observed. However, the limit shear strength loss is substantially greater with a textured

geomembrane.
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In the case of GCDn — GMBs interface, visual inspection of the specimens after testing
seems to indicate that the shear strength loss may be primarily due to polishing of the

interface as also found by Akpinar (1997).

Therefore, when the contact is between the geocomposite drain and the textured
geomembranes, the reductions in interface shear strength passing from ¢o to ¢im may be
attributed to the pulling out, the breakage and the reorientation of the geotextile filaments
from the matrix causing continuous changes in the contact area. Consequently, in these
cases the interface shear strength is a function of the tensile and pull-out strength of the
geotextile filaments. A similar result in terms of peak and residual interface strength (Figure
5.1.12), testing textured HDPE geomembranes in contact with nonwoven geotextiles, was
found by Frost and Lee, (2001) using large direct shear box and by Stark et al. (1996)

performing torsional ring shear tests.
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Figure 5.1.12. Loss in shear strength for smooth and textured geomembrane — non-woven
geotextile interfaces passing from peak to residual value: i) and ii) peak and residual failure envelope

carrying out direct shear tests (after Frost and Lee, 2001); iii) peak and residual failure envelope
carrying out torsional ring shear test (after Stark et al. 1996).
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The nature of the surfaces in contact also affected the mechanism of sliding (gradual or

sudden) and, consequently, the dynamic friction angle.

Concluding, the selection of textured geomembrane results in an increase of the interface
friction angles. This leads to an increase of shearing stresses in geomembrane and, since

the sudden sliding is observed, once the failure limit is reached, a brutal rupture takes place.

5.1.1.4 Inclined Plane test general conclusions

The Inclined Plane test is suitable for the assessment of friction in case of low normal
stresses as it is the case of landfill cap covers. However, in spite the handiness in

performing the test, its interpretation can be rather difficult.
The Inclined Plane results lead to the principal general conclusions.

» The interface shear strength is very sensitive to the existing kinematic conditions.

» The interface shear strength cannot be characterised by a single parameter, as
proposed by the European Standard EN ISO 12957-2 (2005) depending on the
existing kinematic conditions of the interface during the test. Furthermore, since the
standard friction angle refers to a conventional displacement of 50 mm, it may
correspond to various kinematic conditions, depending on the behaviour of the
tested interface, not known a priori. In particular, in the case of sudden sliding, this
approach in general overestimates the interface friction angle because a static
approach is applied in dynamic conditions.

» The approach proposed and applied in this study tries to overcome the limitations
of the “Standard Procedure”. In fact, thanks to the Unified Inclined Plane Procedure
(UIPP) it is possible to evaluate, during a single test, different friction angles varying

according to the current kinematic conditions (¢o, o, and ¢im). In particular, the

evolution of the interface shear strength in static - dynamic — pseudo-static at large
deformations conditions can be investigated during the same test.

» The UIPP seems to be a suitable method even if, in some cases, its application can
be difficult and some modifications must be performed. For the interfaces a, b and
¢ (involving smooth geomembrane) the dynamic friction angle is difficult to
determine during Step 2 (i.e. the upper box acceleration is very low) while, in the
case of interfaces d, e, fand g (involving textured geomembranes) some difficulties
were encountered in carrying out Step 3. However, in this latter case, the difficulties

are related to the capabilities of the device. In fact, as the interfaces are
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characterized by very high values, the stabilization of ¢, during Step 3, is not easy
to reach following the method described in the UIPP.

» The sliding mode is the first parameter that must be taken into account in the
analysis of the interface response: following the mode of failure the considerations
about interface friction angles behaviour can be different.

» The Inclined Plane test allows determining the behaviour of the interface in various
conditions. The resulting properties obtained, have direct implications on the design
of structure involving composite systems; thus, the very useful information about the
evolution of the interface shear strength under different conditions, can help

designers in the stability analysis of cover liners on slopes.

5.1.2 Repeatability

The interface shear strength can exhibit significant variability in test results overall at low
effective normal stresses (Dellinger et al. 2013). Knowledge of variability is fundamental for
evaluation of characteristic values for use in design as well as inputs for reliability analyses
(Sia and Dixon, 2007). The variability of test results may be attributed to the testing method
(i.e. the procedure used, measurement and procedural errors, statistical error and model
uncertainty) as well as to the material properties (i.e. physical properties, local variations

within the sheets and between rolls).

5.1.2.1 Methodology and materials

A repeatability testing program is conducted to investigate the variability that can be
expected by using single operator, equipment, procedure, and materials from single source.
The repeatability testing programme consisted of inclined plane tests carried out along the
machine direction of the products, at an initial vertical stress o, = 5 kPa and in dry
conditions. The results presented refer to virgin specimens, corresponding to specimens
which have experienced no previous displacement, for ¢o evaluation, or only corresponding

to uiim, for ¢im determination.

The experimental program was conducted on the seven interfaces listed in Table 2.3.2.
The investigation of results variability is a key issue, in particular for interfaces involving
textured geomembranes (d, e, fand g) as underlined by different studies (Dove and Frost
1996, Stark et al. 1996 and Frost and Lee 2001), seeing that the variability of the interface
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could be higher than for smooth geomembranes, specifically for the co-extruded “sandy

paper like” geomembrane in contact with non-woven thermo-bounded geotextile.

Two main factors should be taken into account when studying the variability of the

different interfaces:

e homogeneity of the surface and,

e contact between two geosynthetics.

For the interfaces a, b and c, the repeatability was also studied at different temperature
conditions (T = 10°C, 20°C and 30°C).

In agreement with the EN ISO 12957-2, at least three different specimens for each
interface are tested. Therefore, test results are summarized in Table 5.1.4 and Table 5.1.5
in terms of the average value instead of individual values or the minimum value.
Furthermore, also the scatter (coefficient of variation) indicating the dispersion of the results

with respect to the mean value, is reported.

5.1.2.2 Results and discussion

Table 5.1.4 and Table 5.1.5 summarize test results of the experimental program carried
out on the seven interfaces. In particular, in Table 5.1.4 are schematized test results
involving interfaces with the smooth geomembrane while Table 5.1.5 deals with interfaces
involving textured geomembranes. As highlighted by the results, this is a crucial aspect
towards the repeatability. In fact, it could be noticed that the use of smooth geomembrane
as lower layer (Table 5.1.4) provides a maximum scatter of 1.7°, which is smaller than that
found when textured geomembranes are used (Table 5.1.5). In the latter case, the scatter
can reach even 4°. In fact, as the roughness of textured geomembranes is a three-
dimensional object, the variability in the interface shear strength is related not only to the
height of the asperities but also to their distribution along the surface (Dellinger et al., 2013)

that can vary in the specimens used in the different tests even belonging to the same roll.

Therefore, the analysis of repeatability will be divided into two sections in order to take

into account the surface properties of the geomembranes used.
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Table 5.1.4. Variability in test results. Interface friction angles and coefficient of friction of GTX — GMBs; GNT - GMBs and GCD*-GMBs interfaces at 10°C, 20°C and

32°C under a vertical stress of 5 kPa.

GTX - GMBs GNT - GMBs GCD - GMBs
T do Plim ¢£ , do Plim ¢£ . do Plim ¢£ .
_______ o ;... 1.6 .60 1.0 .60 1 6 1 6 1 06
(°C) tando tandim tandg,, tando tan dim tandg,, tando tan dim tandg,,
16.7%0.6 17.1%0.1 17.5%0.1 15.0¢1.4 16.5%0.6 17.3%0.4 16.3%£0.1 13.6%0.5 15.0%0.5
P [ a00m001 | 030050001 | 00180001 | 02662002 | 02062001 | 081140007 | 029260001 | 024260008 | 02680006
14.0%1.0 11.7%0.2 17.3%0.8 13.5%1.0 13.1%0.4 16.9%0.4 14.0%1.1 12.6%0.5 16.5%0.6
D osu000 | 02070005 | 09115001 | 02406000 | 025320007 | 030420007 | 024080010 | 022840000 | 029660010
15.5%1.5 13.74£0.1 18.0%0.6 15.5%1.0 16.2+0.6 17.7%0.6 15.7¥1.7 14.7%0.6 17.7%0.5
P [ oarme00s | 0oasm0001 | 0sas001 | 02774002 | 0200001 | 03196001 | 02812005 | 02708001 | 001960006
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Table 5.1.5. Variability in test results. Interface friction angles and coefficient of friction of the geocomposite drains in contact with the textured geomembranes at
20°C under a vertical stress of 5 kPa

GCDn - GMBrwH GCDw - GMBRruH GCDn\ - GMBtwH GCDw - GMBrwH
do Plim g; . do Plim :,f, . do Plim :,f, . do Plim :,f, .
) ) ) ) ) ) ) ) ) ) ) )
tando tandim tan ¢4, tando tandim tan ¢ gyn tando tandim tan ¢ gyn tando tandim tan ¢ gyn
34.7¢3.5 30.7+1.8 34.64 34.1+2.1 36.3+1.3 39.93.1 28.7+2.9 21.3%1.5 27.1+1.9 26.4+2.0 | 27.4%1.4 | 25.2+0.6
0.692+0.06 | 0.593+0.03 | 0.690+0.07 | 0.677+0.04 | 0.734+0.02 | 0.836%0.05 | 0.547+0.05 | 0.390+0.03 | 0.512+0.03 |0.496+0.03 | 0.496+0.02 | 0.470+0.01
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5.1.2.21 Repeatability of geosynthetic interface friction angles involving

smooth geomembrane

In the following section a detailed discussion about test results involving smooth

geomembrane as lower layer (Table 5.1.4) is presented.

The variability analysis of test results should take into account a variability due to the
material properties and also the typical variability of the different interface friction angles

determined (static, limit and dynamic).

Considering the interface friction angles, test results (Table 5.1.4) show that the value of

the friction angle ¢o, in general, displays a greater dispersion (higher coefficient of variability)
than those found for the limit (¢im) and the dynamic (d)'dpyn) ones. It is believed that many

random factors such as initial adhesion, temperature, contact stress and elapsed time

before sliding can affect the static friction increasing the dispersion of its values.

The maximum scatter found in GTX — GMBs interface regarding ¢o is £1.5° (£0.03 in
terms of friction coefficient). For GNT — GMBs and GCDy — GMBs interfaces the maximum
coefficient of variability is £1.4° (x0.02 in terms of friction coefficient) and £1.7° (£0.03 in

terms of friction coefficient) respectively.

The limit interface friction ¢im, represents the friction after shearing. For the virgin
interfaces (reminding that in this case, the upper layer is already subjected to a
displacement during the sliding), the scatter related to ¢im is no more than £0.6° (£0.01 in
terms of friction coefficient) for the three interfaces investigated. It could be noticed that, for
interfaces involving smooth geomembranes, the scatter associated to ¢im is in general

smaller than the scatter related to ¢o.

Regarding the dynamic friction angle (d)'dpyn) it should be borne in mind that as the

interfaces showed a gradual sliding motion, the dynamic friction angles are obtained at fixed

inclinations of the plane with § >> B, (Variant to Step 2) as suggested in the case of gradual
sliding behaviour (see § 4.1.3). The mean value of d)'dpyn is higher than ¢o according to the

failure behaviour of the gradual sliding type. Looking at the repeatability, it could be noticed
that the dynamic interface friction angles does not vary significantly for the virgin specimen
(i.e. values obtained for specimen tested for the first time), being its variation no more than

10.8° corresponding to a variation of about or £0.01 in terms of friction coefficient.
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For comparison, Gilbert et al. (1995) and Allen and Gilbert (2002) carrying out direct shear
tests, found a coefficient of variations in the friction coefficient for interfaces between a
nonwoven geotextile and a smooth geomembrane typically less than 0.05. Sia and Dixon,
(2007) conducted a variability study of the peak and large displacement interface shear
strength evaluated with the direct shear test of three different interfaces: non-woven needle-
punched geotextile against coarse grained soil (NWGT-coarse), textured high polyethylene
geomembrane against non-woven needlepunched geotextile (TGM-NWGT) and textured
high polyethylene geomembrane against fine grained soil (TGM-fines). They observed that
interface shear strengths between two geosynthetics display less variability compared to
interfaces involving soils. For the NWGT-coarse interface, the variability computed for peak
and large displacement interface shear strengths is in the range of 4—7%. For the TGM-
NWGT interface, variability for peak interface shear strength is about 5% and about 4—8%
for large displacement interface shear strengths. For the TGM-fines interface, peak
interface shear strengths demonstrate as maximum a variability of about 13% (for a normal
stress less than 10 kPa). Concluding, in the perspective of the engineering allowance, the
results may be considered repeatable, for all the GTX — GMBs, GNT — GMBs and GCDn —
GMBs interfaces.

5.1.2.2.2 Repeatability testing programme of interfaces involving textured

geomembranes

The texturing process of geomembrane surfaces can be locally erratic within a sheet as
well as between rolls (i.e. for spikes the problem is linked to the size of the specimen
compared to the distance between spikes). With the foregoing bases, the height and density
of asperities, as well as their shapes, can vary. Thus, repeatability analysis of the interfaces
involving textured geomembranes is more complex. Furthermore, another important aspect
that must be taken into account in the interpretation of test results is that textured
geomembranes are in direct contact with geotextiles forming the geocomposite drain so
that the “hook and loop effect” (Figure 5.1.13) leads to an increase of the variability of test

results.
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Figure 5.1.13. Geotextile filaments hooked to the structured geomembrane (GCDy — GMBs interface)
during the Inclined Plane test (LTHE laboratory).

In fact, the typical coefficients of variability found for these interfaces are significantly

higher (until 4° or 0.07 in terms of friction coefficient) with respect to the previous ones.

Contrary to what previously stated about repeatability of test results involving smooth

geomembrane interfaces, it is more difficult to draw a typical trend of the results according

to the different friction angles (¢o; ¢im and d)'dF;n ). This may be attributed to the fact that

during the same test, along the entire specimen, as geotextile fibers are caught on
geomembrane asperities, the direct contact can be not only between the geotextile and the

geomembrane but also between the geonet and the geomembrane (Figure 5.1.14).

PN

traces of geomembrane
texture (GMBgyn)

Figure 5.1.14. Detail of the upper layer (GCDy) in contact with the “sandy paper like” geomembrane
(GMB-Rruy) after shearing (LTHE laboratory).

Studying these local variations in test results is very important to establish the proper

number of tests required to characterize the interface shear strength. In this regard,
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Dellinger et al., (2013) recommended a minimum of five to ten tests to assess the average

interface shear strength for these interfaces.

5.1.2.3 Conclusions

Repeatability for laboratory test results are presented and analysed. The variability of
results in geosynthetic interfaces can vary depending on the surface properties of the
materials in contact. For this reason, a separate analysis of test results was conducted
distinguishing the interfaces involving the smooth geomembrane and the interface involving

textured geomembranes.

In the former category, the variability computed for the three interfaces (GTX - GMBs,
GNT - GMBs and GCDy - GMBs) regarding the three interface friction angles (¢o, ¢im and

'dF;n) is in the range of 0.7 - 9% for normal stresses equal to 5kPa.

Much more complex is repeatability analysis of interfaces involving textured
geomembranes. In this case, the coefficients of variability are in the range of approximately

3 - 11% for the same level of normal stress.

5.1.3 Reproducibility

A special testing program was conducted in order to investigate the reproducibility of test
results. Reproducibility here refers to the possibility to obtain comparable friction values by
working with different devices under the same laboratory conditions. For this purpose, the
Inclined Plane devices available at LTHE and ICEA laboratories were used even if the two
device present different characteristics (Table 5.1.6). Furthermore, thanks to the different
specimen dimensions used in both devices (the LTHE device requires specimens of area
about 1.5 times greater than the ICEA one) also the influence of the size effects was

investigated.
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Table 5.1.6. Characteristics of the Inclined Plane devices available at LTHE and ICEA laboratories.

Inclined Plane Dimensions Fixation upper Limit upper box | Vertical stress
device support displacement application
(Uiim)
LTHE LOWER LAYER: Upper layer glued 0.9m Metal plates

to wood support
L. =1.3m; B.=0.8m

UPPER LAYER:

Ly =0.18m; By= 0.7m

ICEA LOWER LAYER: Upper layer 0.6m Metal plates
anchored to steel
L. =1.1m; B.=0.24m support

UPPER LAYER:

Ly = 0.35m; By= 0.2m

5.1.3.1 Methodology and materials

To assess the reproducibility and the size effects different inclined plane tests were
carried out at LTHE and ICEA laboratories on GTX-GMBs, interface which gives the best
repeatability, along the machine direction of the products, at a vertical stress o = 5 kPa

and at a temperature T = 20°C.

The friction angles were evaluated with the two devices and results were compared. Both
virgin and wear specimens were used; the latter category refers to specimens subjected to

multiple sliding (at least three) of the upper box along the plane.

Test results regarding virgin specimens are reported in terms of the mean value
(calculated as the average of all the values obtained) while, a range of values is reported

for the wear specimens because the results depend on the level of damage.

5.1.3.2 Results, discussion and conclusions

Table 5.1.7 displays friction angles of GTX — GMBs interface obtained at LTHE and ICEA
laboratories. It should be pointed out that some slight differences in the test results may
arise from the operative conditions of the different devices: for example the techniques for
fixing the interface layers (continuous gluing or discontinuous anchoring) or the stiffness

and planarity of the support even made of different materials (wood, steel).
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Referring to the reproducibility, the results of the tests carried out on virgin specimens
with both different devices, show for ¢o @ maximum scatter of about +0.8° (£5.7% respect
to the mean value or £0.001 in terms of friction coefficient). For ¢im the analogous scatter is
of about £0.5° (+4.3% respect to the mean value or £0.009 in terms of friction coefficient).

A greater difference of about £1.1° (x4.3% respect to the mean value or £0.01 in terms of
friction coefficient) was found for the dynamic friction angles. As d)'dF;n values are calculated

during the sliding phase, one of the possible causes of the difference may be attributed to

the different length of the plane.

A more delicate issue is matching test results of wear specimens being them dependent
on the damaging induced by the multiple sliding. In spite of the different level of damaging
(the maximum available displacement, umax, is 0.9 m in LTHE apparatus, while it is equal to
0.7 m in DICEA device), even in the wear specimens the data regarding the friction angles

can be considered reproducible (Table 5.1.7), being a maximum range of variation of 0.2°

for ¢o, 1.3° for ¢im and 1°for d)'dpyn.

Finally, a comparison between the results obtained by both devices allowed analysing
the effect of the specimen size. Changing the specimen dimensions, in addition to other
devices differences, no appreciable difference in shear strength is observed. Therefore, the
results do not exhibit significant scale effect due to the specimen dimensions involved in
these experiments as it could be expected testing fabric-continua interfaces as in the case

of geotextile and geomembrane products.

Table 5.1.7. Friction angles of GTX — GMBs interface obtained at the LTHE and ICEA laboratories
applying the UIPP (T = 20°C and oo = 5 kPa).

LTHE ICEA
o o IP o o IP
%, () bim () dyn () %, () bim () dyn ()
Virgin 14.041.0 11.740.2 17.3:0.8 13.9413 12,2403 16.5:0.3
Soonmns 041, 740. 340, 941 240. 540.
Wear
Soocimans | 1234135 | 1044110 | 1675178 | 127:133 | 9.4:107 | 154:163

*4, e values are determined applying the variant to Step 2 of the UIPP
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5.1.4 Influence of the mean relative velocity

The Inclined Plane test results showed that the interface friction strictly depends on the
kinematic conditions (Table 5.1.2 and Table 5.1.3). The Inclined Plane is a suitable device
to simulate several kinematic configurations. In this context, in order to assess this specific
aspect, the influence of the relative velocity, v, here defined as the upper box average

velocity during the slide, was taken into account for interfaces a, b and ¢ (Table 2.3.2).
Depending on the type of motion, the velocity is assessed as follows:
e  for uniform motion:

_ du 5.1-1
dt

o for uniformly accelerated motion:

dv =a dt 5.1-2

const

with aconst cOnstant upper box acceleration, u, upper box displacement and t, the time.

A special set of tests was especially dedicated to give an insight on the evolution of the
dynamic (or kinetic) interface behaviour with velocity and the following approach was used.
The Variant to Step 2, with the plane maintained at fixed inclinations, was carried out on
both LTHE and ICEA laboratory at a room temperature (T = 20°C) and under a vertical
stress, ow = 5 kPa. Unlike to test series presented in Figure 5.1.3 - § 5.1.1.1.1, the plane
inclinations was varied in a larger range (12.6° < < 25° with B > ) in order to study the
interface response under a wide set of velocity. These interfaces were selected because,
showing a gradual sliding behaviour (§ 5.1.1.1), the velocity can easier be studied from “low
— medium” (v = 1-10 cm/s) to “high” (v = 20 — 120 cm/s) range of velocity.

Figure 5.1.15 displays the variation of the dynamic friction behaviour with the mean
relative velocity. Each dot on the diagrams represents the result of a single test at a fixed

plane inclination, v increasing with the inclination f.

Test results can be grouped into two main parts according to the range of velocity. At low
— medium velocity, a uniform motion of the upper box is generally observed; in these cases
the velocity, almost constant (zero acceleration — uniform motion), is calculated according

to Equation 5.1-1during the steady-state motion of the box and the friction angle,

IP
dyn

fixed)

(vbox = const), is evaluated by using Equation 4.1-8 (noting that p does not vary being
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At high velocities, the upper box slides with a uniformly accelerated motion and the

relative velocity varies linearly in the time (Equation 5.1-2). Thus, the dynamic friction angle,

IP

dyn (abox = const), computed by Equation 4.1-7, is referred to the average value of the

box velocity, v, calculated in the range of time where the acceleration reaches a constant

value.

The results plotted in Figure 5.1.15 are also summarized in Table 5.1.8.

Table 5.1.8. Influence of the mean relative velocity, v, on the dynamic interface friction angles.

Interface Upper box B0 (Vpox = cONSL) Upper box #!P (apox = const)
tested velocity velocity
(cm/s) ) (cm/s) )
GTX - GMBs 1-10 15.0%0.9 20-120 17.3%0.8
GNT - GMBs 1-10 16.3%0.5 20-120 16.9%0.4
GCDn - GMBs 1-10 14.0%0.5 20-120 15.9%0.6
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Figure 5.1.15. Influence of the mean relative velocity, v, on the dynamic interface friction angles
obatined for uniform (vyox = const) and uniformly accelerated motions (apox = const) using ICEA and
LTHE inclined plane devices.
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The general trend highlighted in all the tests is characterized by an increase in the
dynamic friction angle with the increase in the mean relative velocity. In particular, at low
velocities, when the motion can be approximated as uniform, the dynamic friction angle
increases following a non-linear relationship. Once the uniformly accelerated motion is

established, an upper bound of the dynamic friction angle can be defined: here

'dF;n(aboxzconst) does not increase anymore and almost constant values can be

calculated even increasing the mean relative velocity.

It is believed that the uniform motion established at the interface may represent the
transition between the static and the dynamic phase. This transitory - phase appears clearly
in interfaces showing gradual sliding behaviour (during the entire Step 2), while is very short

for interfaces displaying a sudden sliding behaviour.

In order to clearly demonstrate this behaviour, Figure 5.1.16 reports inclined plane test
results of GTX — GMBs interface obtained at ICEA laboratory (also included in Figure 5.1.16)

in the case of vertical stress, o1, equal to 5 kPa.

In the first part, the results of the inclined plane tests when the angle B is close to Bo is
reported while in the second inclined plane tests in which the plane inclination is remarkably

higher than B, are plotted.
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Figure 5.1.16. Dynamic friction angle versus sliding velocity provided by the ICEA inclined plane
(ovo = 5kPa) of GTX - GMBs interface.

When the plane inclination remains beneath the upper bound value corresponding in this

case to an angle of about 16.2°, the sliding reaches the condition of uniform motion,
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because the driving force can be approximately balanced by the friction force. When the
plane inclination exceeds the value of 16.2°, the motion is accelerated, because the friction

force is no longer able to fully equilibrate the driving force.

Concluding, as shown by Figure 5.1.16, an increase of the dynamic friction with the
velocity can be observed. However, this increase of the dynamic shear strength with the
velocity is not unlimited and reaches an upper bound value at high velocities. At this stage
the dynamic friction angle is stabilized with respect to the relative velocity so that a constant
value can be found for any high velocity. Then, to confirm what stated above, some dynamic
interface friction angles of GTX — GMBs interface obtained applying the variant to Step 2

with plane inclinations 3 >> Bo (high relative velocity) are displayed in Table 5.1.9.

Table 5.1.9. Dynamic interface friction angles of GTX — GMBs interface obtained applying the variant to
Step 2 of the UIPP with plane inclinations B >> By (6w = 5 kPa; T = 20°C; ICEA laboratory).

P
dyn ﬁ Vbox Abox
Interface tested
(°) (°) (cmis) (m/s?)
16.7 18.5 31.8 0.31
a. GTX - GMBs 16.3 20.0 22.0 0.72
16.1 25.0 35.0 1.63

5.1.5 Influence of the normal stress

Interface behaviour can be influenced also by normal stress; the GTX — GMBs interface
was tested under different vertical stress (0.08 kPa; 0.8 kPa; 5 kPa and 12 kPa) to capture

variations on friction as function of this parameter.

Figure 5.1.17a reports sliding test results at various normal stresses in terms of a
mobilized friction coefficient towards sliding velocity, limited to the range of the medium-low
velocities. The interface friction decreases with the increase of the vertical stress. Under the

same normal stress, by increasing the velocity the friction angle increases of about 3° - 4°

(corresponding to a difference of 0.05 — 0.06 in terms of tand)'dpyn). Figure 5.1.17b is a

127



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

zoomed view of Figure 5.1.17ain the field of velocities lower than 1 cm/s where the intercept

values of dynamic friction coefficient at zero velocity (1an 4®_, ) is compared to the static

ones (tan ¢,andtan ¢,, )- It was found that the intercept values tand)'vP:O matches tan ¢,

values. Consequently, tan ¢, matches the limit value of tand)'dpyn at v = 0, reminding that,

for definition, ¢im corresponds to the static friction angle after shearing. On the other hand,

tan ¢, iS systematically higher.
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Figure 5.1.17. a) Dynamic friction coefficient versus the sliding velocity for the tests showing
uniform motion (ICEA laboratory) of GTX - GMBs interface; b) Zoomed view of the low relative velocity
range of values.
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Moreover, it should be noticed that the dynamic friction trends are similar in shape for all

the normal stress levels. By normalizing respect to tan ¢,, (with taﬂb'&f tan ¢, as

demonstrated in Figure 5.1.17) and fitting all the data (Figure 5.1.18), a relation independent
of the normal stress can be obtained:

P
tan¢dyn _ |:1+a(1_e_5v‘/ )] 5.1-3
tan ¢;,,

in which the velocity v is expressed in cm/s and the constants were fixed by regression,
thus obtaining a = 0.36, 6 = 0.31 and y = 0.75 for the GTX — GMBs interface.
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Figure 5.1.18. Normalized dynamic friction coefficient versus sliding velocity (GTX - GMBs interface
- ICEA laboratory).

As previously stated, also tan ¢,,, varies in an inverse proportion with the normal stress

(Figure 5.1.19) so that the following relationship can be deduced:

tan ¢, = tan ¢m 6 o0 — n(1 —e v ) 514

In which tan(bnmgvoi) is the value at zero normal stress and oy is the vertical stress
expressed in kPa. The constants tan(himgvoﬂ), n and ¢ were evaluated by regression, thus

obtaining tand)'vpzo‘c,voz0 = 0.2595, n= 0.05 and = 0.4 for the GTX — GMBs interface. As
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shown by Equation 5.1-4, a marked non-linearity arises at low stress and the limit friction

angle may vary of about 3° (or 20% in terms of tan ¢, ). By exceeding a vertical stress of
about 8 kPa, tan ¢, approaches an almost constant value (Figure 5.1.19). For comparison,

in Figure 5.1.19 also the trend of tan ¢, is displayed.

It's worth noting that this trend could be specific to this pair of geosynthetics. For the
present interface GTX — GMBs no interpenetration of the structures of the two geosynthetics
increasing with the normal stress is expected, unlike other structures.
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Figure 5.1.19. Variation of the limit interface coefficient of friction with vertical load (GTX - GMBs
interface - ICEA laboratory).

Wasti and Ozdlizgiin, (2001) comparing inclined plane test with direct shear test results,
found a similar trend (Figure 5.1.20), taking into the account that the friction angle obtained
from inclined plane tests is the angle of inclination at which sliding occurs applying a static
equilibrium analysis.
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Figure 5.1.20. Effect of normal stress level on the test results: non-woven geotextile — smooth
geomembrane (after Wasti and Ozdlizgiin, 2001).

The interface shear strength can be expressed as a function of the effective normal stress
by a Mohr — Coulomb criterion:

T=0,, tan ¢’ 5.1-5

It is assumed that when sliding occurs at an interface, the shear stress has overcome a

frictional resistance c'vo -tan¢ which is dependent on the normal stress acting on the

interface. Furthermore, as already demonstrated (Lalarakotoson et al., 1999); Wasti and
Ozdiizgliin, 2001) the inclined plane results of geosynthetic interfaces have a small

adhesion that can be neglected, assuming the behaviour as purely frictional.

As studied in literature, for soils, the failure envelope may be curved especially for dense
granular soil under low effective normal stresses. Even in the case of geosynthetic
interfaces, a slight curvature of the failure envelope can be observed. However, a straight
line approximation can still be taken over the effective vertical stress range of interest and
the interface shear strength parameters determined for that range (Jones and Dixon,
(1998); Wasti and Ozdiizgiin, (2001)).

In order to investigate the behaviour at low normal stress, failure envelopes of the “static”
and “limit” friction coefficient are displayed in Figure 5.1.21. The resulting failures envelopes
(Equation 5.1-5) were obtained as the best fitting to the data points of oo and t where the

vertical stresses oo (varying from 0.08 to 12 kPa) and ¢ is ¢o for the “static” and ¢im for the

“limit” failure envelope.
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Figure 5.1.21. Comparison between static failure envelopes on GTX-GMBs interface.

As it could be notice in Figure 5.1.21, a moderate curvature (non-linear envelope) may
be observed on both static and limit failure envelopes especially for the range of normal
stresses (0.08-5kPa) with a diminishing rise in the amount of increase in the limit shear
strength as the normal stress increases. The non-linearity of failure envelopes reduces at
higher normal stresses (5-12 kPa). Furthermore, the loss of interface shear strength with
displacement can be quantified by considering the ratio of limit to static friction angle, D,

where:

D= % 5.1-6
tan ¢,

The resulting D varies from 0.95 for ¢ equal to 0.08 kPa to 0.82 for oy equal to 5 kPa.

A similar trend was found by Wasti and Ozdlizgin, (2001) testing nonwoven needle-
punched geotextiles in contact with HDPE and PVC smooth and rough geomembranes on
the inclined plane with ¢ ranging from 5 to 50kPa (Figure 5.1.22 j) taking into account that
the interface friction angle was calculated during the upper box sliding applying the static
equilibrium. Also, Jones and Dixon (1998) testing a smooth geomembrane in direct contact
with a non-woven needle punched geotextile with a large direct shear tests (Figure 5.1.22
i) under higher normal stress level 25, 50 and 100 kPa. In this case, a reduction passing

from the peak to the residual shear strength is observed.
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Figure 5.1.22. Shear stress vs normal stress non-woven geotextile - geomembrane: i) inclined plane
tests (after Wasti and Ozdiizgiin, 2001); ii) direct shear tests (after Jones and Dixon, 1998).

5.1.6 Influence of mechanical damage (wear effect)

It is well known that geosynthetics may degrade and damage. The first is mainly related

to ageing of the polymer while the second is a consequence of managing (Giroud, 2012).

The processes of damage of geosynthetic surfaces during the installation of the product
under construction and during the other stages of the constructive process can enhance

the degree of surface wear of interfaces constituted by such polymeric materials (Pitanga
etal., 2013).

Wear is related to interactions between surfaces and more specifically the removal and
deformation of material on a surface as a result of mechanical action of the opposite surface.
The need for relative motion between two surfaces and initial mechanical contact between
asperities is an important distinction between mechanical wear compared to other
processes with similar outcomes. In geosynthetics, the wear effect is better known as
abrasion that is defined as the wearing away of a part of the material due to rubbing against
another surface (Shukla and Yin, 2006).

Geosynthetic interfaces are sensitive to the surface wear process (Pitanga et al., 2013;
Hebeler et al., 2005). This sensitivity has consequences in friction properties, and it may
increase or decrease their stability under the conditions of service. The damaging effect
due to the relative tangential displacement can increase or decrease the interface friction,

depending of the pair of associated geosynthetics. Additional factors such as the relative
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position among the elements of the interface and the structure of these elements also
interfere with the mechanism of wear resistance. In the field, conditions of deployment of
the geosynthetic lining systems on slopes, initial wrinkles, and individual conditions of
tensile mobilization of the geosynthetics might induce large relative displacements at the
interfaces. For these large displacements the alteration of the geosynthetic surface by
abrasion can also significantly modify the limit friction angle. The previous knowledge of this
sensitivity is, therefore, an important issue of design, which must be considered by the
manufacturers of geosynthetics, by the project designers and by the executors of civil works
that involve the application of these polymeric materials. Such knowledge can provide a
quantitative basis useful for the development of products, for the choice of most appropriate
geosynthetic interfaces to the surface wear predicted in work (Pitanga et al., 2013) and also

for the care to handle during the laying of geosynthetics in the field.

In addition to the material hardness conveyed by the polymeric constitution, other factors
governing the mechanism of interface wear are: the surface roughness (smooth or rough
surface), the nature of contact material (natural or synthetic), the level of the effective normal
stress acting on the interface (Dove, 1996; Dove et al., 1997; Lee et al., 1998; Frost and

Lee, 2001) and the possible influence of aggressive chemical agents (i.e. leakage).

In this context, the goal of this experimental study was to characterize the wear resistance

of the geosynthetic interfaces listed in Table 2.3.2.

In order to simulate the effect of wear under conditions similar to operational conditions,
repeated inclined plane tests were conducted at the same experimental conditions, under
normal stress equal to 5 kPa in dry conditions. The tests were repeated N times on the
same specimens, causing a progressive rubbing of the surfaces at contact as schematized
in Figure 5.1.23, for a total cumulative displacement of the upper box uy, at least of 3.6 m

(2.7m for interfaces d, e, fand g).

It's worth noting that the kinematic process is not symmetrical for the two geosynthetics,
relative shear displacement is far higher for the upper geosynthetic (Figure 5.1.23). The
lower specimen is only subjected to a relative displacement u. corresponding to N times the
length of the upper box (Lu = 180 mm). Thus, the result of the test is more characteristic of

the upper geosynthetic than the lower one.
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Upper
Geosynthetic

upper geosynthetic subjected to sliding displacement uy Lower

lower geosynthetic subjected to sliding displacement u;

Figure 5.1.23. Schematization of the kinematic processes of the upper and the lower geosynthetics.

5.1.6.1 Wear tests on interfaces involving smooth geomembrane

Figure 5.1.24 displays the sliding behaviour of the GTX -GMBs, GNT — GMBs and GCDy
— GMBs interfaces tested the first time (virgin specimen) and after large displacements
(multiple slides). In particular, the wear effect is studied after four and six successive
passages of the upper box along the plane. It should be pointed out that in every test, the
upper box maximum displacement is equal to uim = 0.6 m for a total cumulative

displacement of 3.6 m (for the 6" retest).

Table 5.1.10 summarizes, in terms of ¢o and ¢im, test results plotted in Figure 5.1.24. for
comparison also the variation of the dynamic friction angles is displayed. From Table 5.1.10,

itis possible to observe that, generally, , . is less sensitive to this parameter (i.e. the range

of variation due to the wear effect is similar to the range of repeatability of the tests). For

this reason the analysis presented herein is addressed only to ¢o and ¢im behaviour.

By analysing test results it could be noticed that, as soon as the number of sliding
increases, a progressive modification of both ¢o and ¢im, is observed in all the interfaces
tested. In particular, for GTX - GMBs interface both ¢o and ¢im tend to reduce. Conversely,
the GNT — GMBs behaviour shows an increase of interface strength with shearing. Finally,
the GCDn — GMBs interface response displays an increase in ¢o and a decrease in ¢im
values at large displacements. The loss in shear strength noticed in GTX — GMBs interface
seems to be related to the smoothing of the surfaces in contact as the number of sliding

increases and has a more marked effect on ¢im which can decrease up to 3° (0.05 in terms
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of tangent value). Conversely, visual inspection of specimens after testing highlights that
rubbing between GNT — GMBs at large displacements roughens surfaces increasing the
interface friction of about 3° (0.05 in terms of tangent value) for both ¢o and ¢im. Finally, the
behaviour of GCDn — GMBs shows an increase of ¢o and a decrease in ¢im values displaying
a more marked effect of the support (GNT) in the static friction rather than in the limit one
which trend follows the GTX — GMBs behaviour.

Considering test results of Table 5.1.10, a damage index (DI) is calculated for both

coefficient of friction tan ¢,andtan ¢,, as follows:

tan d)virgin —tan d)re—tested)

DI = ( .100 5.1-7
tan ¢

virgin

In terms of DI the maximum variation of the friction coefficient calculated as difference
between results obtained for virgin materials and for the interface tested at 3.6m (6™ retest)

is about 22.1% regarding tan ¢, for GNT — GMBs interface and 25.9% involving tan ¢, for
GCDn - GMBs interface.

Let notice that DI for ¢o and ¢im are not systematically of the same sign.
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Table 5.1.10. Effect of wear on interface friction angles of GTX - GMBs; GNT - GMBs and GCDy - GMBs evaluated for virgin and retested specimens (four and six
upper box sliding) (T = 20°C; oo = 5 kPa, LTHE laboratory).

Interface Number .Upper box ®0 Dy 4, .Upper box Gim Dl an 4 | B (v,,, =const) s oeonst ) i (@pox = cONS) an o, omeonst )
tested of test | displacement displacement
m (Ol | om0 €) (%) €)

virgin 0.001 14.4 0.6 11.6 15.9 17.6

GTX -GMBs | 4" retest 1.8 134 | +151 24 11.0 +12.3 15.1 +13.2 17.4 +4.5
6t retest 3.0 12.3 3.6 10.2 13.8 16.8
virgin 0.001 13.3 0.6 13.1 15.9 17.2

GNT - GMBs | 4™ retest 1.8 14.2 | +221 24 15.7 +29.0 17.0 +4.4 16.8 +6.9
6" retest 3.0 16.1 3.6 16.8 16.6 16.0
virgin 0.001 13.6 0.6 12.6 14.2 16.30

GCDn - GMBs | 41 retest 1.8 15.4 | ¥19.3 2.4 11.9 | 259 15.6 2.1 16.20 2.4
6" retest 3.0 16.1 3.6 9.4 15.3 15.90
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Figure 5.1.24. Wear effect on GTX- GMBs , GNT — GMBs , GCDy — GMBs interfaces simulated by
retesting materials (multiple sliding of the upper box) at the inclined plane (T = 20°, 6,9 = 5 kPa — LTHE
laboratory): as), b1) and c1) Step 1 and Step 2 of the UIPP; a;), b;) and c;) Step 3 of the UIPP.
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5.1.6.2 Wear tests on interfaces involving textured geomembranes

Figure 5.1.24 displays the sliding behaviour of the GCDn — GMBrw+ , GCDw — GMBrwn
GCDn — GMBgrm+ and GCDw — GMBRrwH interfaces tested the first time (virgin specimen) and
after large displacements (multiple slides). In this case, since for these interfaces the
surface damage is relevant, it was possible to repeat the test only three times on the same
interface. Therefore, wear effect was studied for specimen retested two (2™ retest) and
three times (3™ retest) for a maximum cumulative displacement of 2.7 m (0.9 m for a single
test).

Test results plotted in Figure 5.1.25 are schematized in Table 5.1.11 in terms of ¢o and

¢':yn. It is worth noting that, due to the difficulties encountered in performing Step 3, the

influence of the mechanical damage on ¢im values was not investigated.

Table 5.1.11. Effect of wear on interface friction angles of GCDy - GMBryn, GCDy - GMBryx, GCDy -
GMBrun and GCDw . GMBRrun evaluated for virgin and retested specimens (four and six upper box
sliding) (T = 20°C; ovo = 5 kPa, LTHE laboratory).

IP
$o Dlango P n Dltang,,
Interface tested | Number of test
(°) (%) (°) (%)
virgin 25.9 27.9
GCDn - GMB1mH
2" retest 25.8 +11.3 / +19.4
3t retest 23.6 23.1
virgin 28.5 25.8
GCDw - GMBtwH 2M retest 25.4 +14.9 33.2 +43.8
3t retest 24.8 34.8
virgin 38.2 35.9
GCDn - GMBRrwmH 2M retest 32.8 +24.8 38.6 +13.0
3t retest 30.6 32.2
virgin 33.4 39.0
GCDw - GMBRrwH 2M retest 31.7 +8.1 39.0 +0.7
3t retest 31.2 39.2
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Figure 5.1.25. Wear effect simulated by retesting materials (multiple sliding of the upper box) at the
inclined plane (T = 20°, 60 = 5 kPa — LTHE laboratory): d) Step 1 and 2 of UIPP of GCDy — GMBrun
interface; e) Step 1 and 2 of UIPP of GCDw — GMBru4 interface; f;) Step 1 and 2 of UIPP of GCDy —
GMBgrun interface; f;) zoomed view of Step1 for GCDy — GMBrun interface; g1) Step 1 and 2 of UIPP of
GCDw - GMBrun interface; g;) enlargement view of Step1 for GCDw — GMBgrun interface.
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As it could be noticed by Figure 5.1.26, the texture of the geomembrane can cause a
significant alteration of the surface of the upper layer after the multiple passages along the

plane. As a consequence, also the interface friction angles change. In particular a reduction

in ¢o is observed for all the interfaces tested while (I)':yn trend varies depending on the

interface considered.

upper layer e before ‘ i ‘ £ 3rd retest
pper lay . : j | v
GCDy ; ' testlg . J ; o

sliding idi
e,

sliding
direction

Figure 5.1.26. Damage of the surface in contact: GCDy after testing in contact with GMBryy. i) before
sliding; ii) after the first passage of the upper box; iii) after three sliding of the upper box (T = 20°, oo =
5 kPa — LTHE laboratory).

lower layer A ( lower layer v : lower layer
GMBry aa e GMBry : GMBryy

The damage index (Dl) is calculated according to (Equation 5.1-7) for both coefficient of

friction tan¢, and tan(I)LF;n giving, as maximum variation, 24.8% for ¢o and 43.8% regarding

¢IP

dyn ”

5.1.6.3 Conclusion

Geosynthetic interfaces are sensitive to the surface wear process. This sensitivity has
consequences in friction properties, and it may increase or decrease their stability under
the conditions of service typical to which when subjected in works. The damaging effect due
to the relative tangential displacement can increase or decrease the interface friction,

depending on the pair of associated geosynthetics. In addition, the particular type of
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geomembrane component of a geosynthetic interface plays an important role in the

response of this interface to the surface wear process.

Both systems (interfaces involving smooth and textured geomembranes) show
modifications of interface shear strength upon retesting, indicating that wear can occur in

the operational stress range.

In particular, the modification of both ¢o and ¢im (Figure 5.1.24) in the interfaces a, b and
¢ seems to be related, through visual inspection of the specimens, to the smoothing and
polishing of the surfaces in contact as the number of sliding increases and it has a more

marked effect on ¢im Which can change up to 3.7° (DI = 29%).

Test results of interfaces involving textured geomembranes (d, e, fand g) show that the
wear effect can be relevant and seems to be related to the alteration caused by the

macrotextural features of the geomembrane on the upper layer.

In the field, large displacements at interface can occur as a consequence of particular
conditions of deployment on slopes, initial wrinkles and/or individual conditions of tensile
mobilization of the geosynthetics. For these large displacements, which are not considered
in the standard interpretation, the alteration of the geosynthetic surface by abrasion can

also significantly modify the limit friction angle.

In the case of geosynthetic systems design on slope, the alteration may cause (i) a
possible failure of the system if friction of geosynthetic interfaces decreases or (ii) a tensile
failure of the geomembrane in case of an increase of shearing stresses mobilized on

geomembrane if friction properties of geosynthetic interfaces increase.

The previous knowledge of this sensitivity is, therefore, an important issue of design,
which must be considered by the manufacturers of geosynthetics, by the project designers
and by the executors of civil works that involve the application of these polymeric materials.
Such knowledge can provide a quantitative basis useful for the development of products
and for the choice of most appropriate geosynthetic interfaces according to the surface wear

predicted in work.

5.1.7 Influence of temperature

The physical and mechanical properties of geosynthetic materials are strongly

temperature dependent (Akpinar and Benson, 2005; Karademir and Frost, 2013).
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The performance of geosynthetic layered systems with temperature during their service
life in terms of interface shear behaviour and strength properties is of major importance for
certain geotechnical applications where geosynthetics are subjected to temperature

variations.

In landfill liner systems, for example, the change in temperature conditions can be mainly
attributed to the seasonal temperature variations (involving overall the covers) during the
temporary conditions of the construction phase as well as the heat transfer due to the
exothermic reactions occurring in the waste body during its degradation. Consequently, the
range of monitored temperatures at the bottom of the landfill is usually higher than that
found in the final covers. Table 5.1.12 summarizes some available data about temperature
in landfill liners (Karademir, 2011).

Table 5.1.12. Summary of temperature measurements in landfills (adopted from Karademir, 2011).

Authors Temperature Measurement Landfill Site Notes
monitored (°C) Location
Oweis et al. As high as 55 °C At the bottom of Northern New Municipal Solid
(1990) refuse in the base Jersey, USA Waste Landfill
Collins (1993) Between 30 °C to In refuse from top Germany
to the base
40 °C
Bleiker et al. Highest at 59 °C Above the base of Toronto, Canada Measurements at
(1995) refuse the bottom of
boreholes drilled to
the base
Yoshida et al. As high as 50 °C In landfill base Tokyo, Japan
(1997)
Barone et al. Between 10 °C to At the base Toronto, Canada Municipal Solid
(2000) Waste Landfill
37 °C
Koerner and From 18 °C to 40 In bottom liner Eastern
Koerner (2006) Pennsylvania,
°C USA
Montgomery and | Between 7 °C and In final cover Southern
Parsons (1990) Wisconsin, USA
27 °C
Corser and As high as 43 °C In final cover Southern Measurements in a
Cranston (1991) California, USA test section
simulating a final
cover
Khire et al. (1997) | From 1 °Cto 30 °C In final cover Central
Washington State,
USA
Koerner and Between 0 °C and In final cover Philadelphia,
Koerner (2006) 30 °C Pennsylvania,
USA
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Although composite geosynthetic interfaces are routinely exposed to different
temperature conditions, tests to determine interface strengths are normally conducted in
the laboratory at about 20°C. Very little information is published in the literature to date on

the influence of temperatures on interface shear behaviour and strength characteristics.

The available data indicate that increasing the temperature generally results in an
increase in the coefficient of friction (Akpinar and Benson, 2005; Karademir and Frost,
2013). Pasqualini et al. (1993) found an increase in the interface shear strength between a
smooth LDPE geomembrane and nonwoven needle-punched geotextiles passing from
26°C to 30°C. Akpinar and Benson (2005) performed shear tests on two geomembrane-
geotextile interfaces (smooth geomembrane-nonwoven geotextile and textured
geomembrane-nonwoven geotextile) increasing the temperature from 0°C to 33°C at
normal stresses between 7.5 and 49.5 kPa. They found that the interface friction angle
increased with increasing temperature (Figure 5.1.27), even if the change in the interface

friction angle was small (approximately about 2-3°C) in the range of temperatures used.
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Figure 5.1.27. Friction angles corresponding to peak and post peak conditions as a function of
temperature for GMT-GTX and GMS-GTX interfaces (after Akpinar and Benson, 2005).
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Karademir and Frost (2013) investigated the interface behaviour of smooth
geomembranes (HDPE and PVC) in contact with a nonwoven needle-punched geotextile
(PP) under three different temperatures (21, 35 and 50°C) at a normal stress level of 100
kPa. The study confirmed that, increasing the temperature, the interface shear strength
increases (Figure 5.1.28). Furthermore, they performed complementary tests to assess the
temperature effect on the single components in terms of tensile strength for the geotextile
and hardness for the geomembranes. Test results showed that the tensile stiffness of the
geotextile filaments and the geomembrane surface hardness are both reduced increasing
the temperature, leading to the conclusion that the frictional shear capacity of interfaces
between polymeric materials is not just influenced by the effect of temperature on the
individual materials but overall by the effect of temperature on the combination of materials.
In addition, in the case with contact of geomembranes, it seems that the geomembrane

flexibility is the most important factor influencing the interface response (Karademir and
Frost, 2013).
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Figure 5.1.28. Smooth HDPE geomembrane- nonwoven needle-punched geotextile interface: i)
shear stress — horizontal displacement; ii) coefficient of friction-temperature (Karademir and Frost,
2013).

Few studies investigating the temperature effect on the interface friction by using the
Inclined Plane test are presented in literature. Nevertheless, the Inclined Plane test allows
studying the variation of interface friction changing temperature conditions for all the

applications involving low normal stresses such as landfill covers.
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5.1.7.1 Temperature effects on polymeric materials

Before assessing the influence of temperature on the geosynthetic interface shear
strength, some fundamental notions about the temperature effect on polymers are briefly

presented.

Polymer fibers may consist of both semi-crystalline (aligned molecular chains) and
amorphous (disordered atomic-scale structure) regions. Failure can be due to the fracture
of the chemical bonds or, more often, to a slippage and separation between the polymer
chains when exceeding the intermolecular forces. Therefore, the chemical bonds, the
intermolecular force, the sensitiveness to creep under tensile loads and the temperature
conditions have a significant effect on the strength response of polymer fibers (Moraci,
2011).

The parameter of particular interest in synthetic polymer manufacturing are the glass
transition temperature (Tg), and melting temperatures (Tm) at which amorphous polymers
undergo a transition from a glassy state to rubbery state and from rubbery state to melting
state, respectively. Below their glass transition temperature, amorphous polymers are
usually hard and brittle because of the low mobility of their molecules. Increasing the
temperature induces molecular motion resulting in the typical rubber-elastic properties. The
melting state has a temperature range above the temperature range of the glassy state and

is characterized by greater mobility (visco-plastic behaviour) (Moraci, 2011).

Some polymers such as high-density polyethylene (HDPE), polyvinylchloride (PVC), or
polypropylene (PP), commonly used as a base material to manufacture geosynthetics, have
different glass transition temperatures (Tg) and melting temperatures (Tm) that are

summarized in Table 5.1.13.

Table 5.1.13. Physical properties of some polymeric materials commonly used in manufacturing
geosynthetics (after Moraci, 2011).

Polymer Density Tg, Tm, Td,
(kg/m?3) Glass Transition Melting Decomposition
Temperature Temperature Temperature (°C)
(°C) (°C)
P°'y8§2‘)"e"e 915-960 -80 110-135 105-120
Polyvinylchloride ) )
(PVC) 1380-1550 80 185 150-160
P°'yp([,°|f)y'e"e 900-910 -10 160-165 380-400
Polyamide
(PA) 1140 50-60 250 220-235
Polyester
(PET) 1380 80 265 230-240
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5.1.7.2 Materials and methodology

Among all the parameters that can influence the interface strength behaviour, also the

temperature, as an introductory study, was investigated in this work.

A preliminary laboratory testing program at the Inclined Plane was undertaken over a
range of temperature (10°C — 32°C), in dry conditions, under a normal stress equal to 5kPa,
to capture variations in shear strength response as a function of ambient temperature. The
interfaces tested are a nonwoven geotextile (GTX), a HDPE rhomboidal geonet (GNT) and
a geocomposite drain (GCDy) in direct contact with a smooth HDPE geomembrane (GMBs)
(interfaces a, b and c). In all cases, the geosynthetic materials and the testing equipment
were allowed to equilibrate at the testing temperature for at least 24 h before the beginning
of the test. At least three replicate tests with virgin materials in the machine direction were

conducted for each test condition.

It is worth noting that, this experimental program is only intended to highlight the influence
of the testing temperature in the shear strength measurements in the short term. In fact,
other temperature-dependent parameters affecting the geosynthetics long term behaviour,

such as creep, are not considered in this study.

It's reasonable to point out that the conditions of tests are not totally rigorous, since the

temperature is the global laboratory temperature.

5.1.7.3 Results and discussion

The Unified Inclined Plane Procedure (UIPP) was applied to interfaces a, b and c (Table
2.3.2) under a normal stress equal to 5kPa at 10°C, 20°C and 32°C. The static and the limit
interface friction angles where determined during Step 1 and Step 3 while the dynamic
friction values were found applying the Variant to Step 2 as suggested for the gradual sliding

behaviours.

It is worth noting that the change of the interface friction angle over the entire range of
test temperatures from 10°C up to 32°C only applies to the particular geosynthetic

combinations utilized in this study.

In Table 5.1.14 are displayed the mean values of the interface friction angles and the
range of variation in measurement data for each temperature condition. The mean interface
friction angles are also schematized in the typical plot of the Inclined Plane test in Figure

5.1.29. Furthermore, in order to better appreciate the friction trend with changing
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temperature, the static, the limit and the dynamic interface shear strength in terms of the

mean friction angles are presented in Figure 5.1.30.

Table 5.1.14. Interface friction angles at different temperatures applying the UIPP at the Inclined plane
test (ovo = 5kPa).

GTX - GMBs GNT - GMBs GCDn - GMBs
T bo Plim ¢'P bo Plim ¢'P bo Plim ¢'P

dyn dyn dyn

(°C) () () () ) ) ) ) ) )

10 16.7+0.6 17.1+0.1 17.5+0.1 15.0+1.4 16.5+0.6 17.3x0.4 16.3+0.1 13.6+0.5 15.0+£0.5

20 14.0¢1.0 | 11.7¢0.2 | 17.320.8 | 13.5¢1.0 | 13.1+t04 | 16.9+t0.4 | 14.0+1.1 12.6+0.5 | 16.5+0.6

32 15.5£1.5 13.7+0.1 18.0+0.6 15.5+¢1.0 16.2+0.6 17.7+0.6 15.7¢1.7 14.7+0.6 17.7+0.5

The behaviour, common to all the interfaces, indicates that a modification of the interface
shear strength with the temperature occurs. It is noted that the static and the limit coefficient
of friction (Figure 5.1.30a and b) are more sensitive to this parameter than the dynamic one
(Figure 5.1.30c) which value does not vary significantly. In Figure 5.1.30a and b, for all the
interfaces investigated two parts can be recognized. In the first part of the graph, passing
from 10°C to 20°C, the coefficient of friction decreases while, ranging from 20°C to 32°C,
as the temperature increases an increase in the coefficient of friction is observed. Test
results regarding ¢o and ¢im at elevated temperatures (20°C + 30°C) are consistent with the
observations found in literature. In particular, Karademir and Frost, (2013) performing direct
shear tests at 100 kPa in the same temperature range, attributed this behaviour to an
increase of the contact area between the counterfaces. In fact, at elevated temperatures a
quick dispersion of the concentrated stresses over the interface contact area after the
application of load occurs, leading to a more uniform stress distribution over the entire
contact surface at the interface during shear displacement. It is also possible that the

stiffness decreasing, wrinkles are occurring during the shearing process.

An increase in ambient temperature results in softening of the polymer and a reduction
in stiffness allowing a greater flow of the polymeric material under a load application and a
greater interaction between the materials (Karademir and Frost, 2013). Conversely, the
trend observed between 10°C and 20°C is not in line with the other studies carried out in
the same range of temperatures. For example, Akpinar and Benson, (2005) in the
aforementioned study, found lower friction values at 0°C and 10°C with respect to the ones
obtained at 21°C and 31°C (Figure 5.1.27).
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Further, since a common behaviour for the three interfaces can be recognized (Figure
5.1.30), it seems that the major impact in the interface response of the three couple of
geosynthetics investigated, may be attributed to the geomembrane properties (i.e. flexibility)
as already found by Karademir and Frost, (2013) studying the behaviour between a
nonwoven geotextile in direct contact with the HDPE and PVC geomembranes. However,

these results should be confirmed by additional tests.
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Figure 5.1.29. Inclined Plane test results applying the UIPP at o0 = 5kPa: (a) GTX-GMB:s interface;
(b) GNT-GMB:s interface; (c) GCDy-GMBs interface (LTHE laboratory).
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Figure 5.1.30. Static, limit and dynamic interface strength response in terms of coefficient of friction
in function of the laboratory temperature for GTX-GMBs (a), GNT-GMBs (b) and GCDy-GMBs (c)
interfaces at oo = 5kPa (Inclined Plane test — LTHE laboratory).

5.1.7.4 Summary and conclusions

The mechanical properties of geosynthetic layer systems do not remain constant within

the range of temperatures found in typical civil engineering applications. The results

presented here were intended to provide insight into the interface shear strength response

that may change (i.e. increase or decrease) at different ambient temperature conditions
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compared to those determined in conventional laboratory tests conducted at standard room

temperatures of 20°C.

The preliminary experimental program confirmed that the temperature can affect the
interface shear response. These results must be complemented by other further tests; the
observed trends of the friction angles, are specific to the particular geosynthetics used in

this study and the results cannot be generalized to other ones.

Therefore, in light of this experimental program, it is suggested to always specify the

temperature at which the friction values are obtained.
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5.2 SHAKING TABLE TESTS RESULTS

In the present study in order to assess the seismic risk with respect to the sliding failure
along the liners, the dynamic behaviour of geosynthetic interfaces was investigated using a
shaking table device. A series of fundamental experiments, involving the same interfaces
tested at the Inclined Plane, was conducted at the ICEA Shaking Table by applying the

sinusoidal horizontal motions as input excitation, as described §4.2.3.
The testing program was carried out with the following aims:

o Development and validation of a procedure able to interpret all the phases of the
test.

o Assessment and interpretation of the interface shear strength with the current
kinematic conditions.

o Analysis of the parameters influencing test results (as described § 1.4.2).

Dynamic tests were performed on the three different interfaces involving the smooth
geomembrane (a, b and clisted in Table 2.3.2) since they are characterized by lower friction

angles with respect to the interfaces involving textured geomembranes.

It should be pointed out that these interfaces have shown a “gradual sliding” behaviour in
the inclined plane tests (§5.1.1.1). In order to investigate the possible behavioural
differences for interfaces displaying a “sudden sliding” mode of failure, a forth interface (d
of Table 2.3.2) involving textured geomembrane in contact with the geocomposite drain was

also tested.

Table 5.2.1 summarizes the parameters analysed in every test series specifying for each

case the experimental conditions.
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Table 5.2.1. Schematization of the parameter analysed in the experimental program at the Shaking
Table device.

Interface tested | amax f Sinusoidal | Vertical stress
Parameter analysed o
GSYur/GSYpown | (9) (Hz) excitation cvo(kPa)
Standard
TAR a. GTX-GMBs | 0.40 15 Lower 5
Faster
a. GTX-GMBs | 040 | 1.5;3;6 Standard 5;12
Frequency
" b. GNT-GMBs | 040 | 1.5;3;6 Standard 5;12
(
c. GCDn-GMBs | 040 | 1.5;3;6 Standard 5;12
a. GTX-GMBs | 040 | 1.5;3;6 Standard 5;12
Normal stress
b. GNT-GMBs | 040 | 1.5;3;6 Standard 5;12
(o)
c. GCDn-GMBs | 040 | 1.5;3;6 Standard 5;12
a. GTX - GMBs 0.34 3 Standard 5
Amplitude
0.40 3 Standard 5
(amax)
0.60 3 Standard 5
a. GTX-GMBs | 0.34 3 Standard 5;12
Mean relative velocity, v 0.40 | 1.5;3;6 Standard 5;12
0.60 3 Standard 5;12
b. GNT-GMBs | 040 | 1.5;3;6 Standard 5
c. GCDn-GMBs | 040 | 1.5;3;6 Standard 5
a. GTX-GMBs | 040 | 1.5;3;6 Standard 5;12
Mechanical damage
b. GNT-GMBs | 040 | 1.5;3;6 Standard 5;12
(number of cycles Nd)
c. GCDn-GMBs | 040 | 1.5;3;6 Standard 5;12
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5.2.1 Description and interpretation of a typical test
5.2.1.1 Typical diagrams

In Figure 5.2.1 is shown a typical diagram plotting the table and the box accelerations
versus the time for GTX — GMBs, GNT — GMBs and GCDn — GMBs interfaces during a
shaking table test under a sinusoidal base acceleration at a frequency f = 1.5Hz. In this
case the “standard signal”, as described in §4.2.3, was used and the maximum amplitude
of the base (amax) was determined on the basis of results from monotonic (inclined plane)
and preliminary shaking table tests in order to mobilize the peak shear resistance for the

three interfaces tested.

The applied loading allows the observation of the relative box sliding before reaching the
maximum amplitude of the table acceleration (amax) so that the three main phases can be
identified (Figure 5.2.1). At the beginning of the test (initial Phase 1), the box and the table
have an identical motion [avex(t) = ataie(t) < @amax] and no relative displacement occurs [atapie(t)
< acit]. Once the upper box begins to slide (when awbie(t) > acit) Phase 2 starts with a table
acceleration amplitude not yet stabilized. Finally, when the amplitude of table acceleration
reaches the maximum acceleration amax Phase 3 takes place. It should be noted that, during
Phase 2, the critical acceleration and consequently the dynamic coefficient of friction

(Equation 4.2-8), in general, are not stabilized.
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Figure 5.2.1. Evolution of the table and the box accelerations during a shaking table test
(“standard” table solicitation, f = 1.5 Hz and o0 = 5 kPa): a) GTX - GMBs interface; b) GNT — GMBs
interface; c) GCDy — GMBs interface.
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The typical diagram of shaking table tests plots the results in terms of the box and table
peak accelerations (Figure 5.2.2). The vertical axis shows the recorded box peak

acceleration that is transmitted through the interfaces.

For the three interfaces, the results demonstrate that, for a table peak acceleration less
than a certain level, the box and the table have the same acceleration ( awox follows the
bisector) (Figure 5.2.2 a1, by and c¢1), and no sliding along the interface is observed. Beyond
this value, the box acceleration [avox (t) = acit (t)] is less than that of the table and a slip
occurs. The magnitude of acceleration at which the acceleration of the box fails to increase
at the same rate as the acceleration of the table is characterized by a break in the plot

(Figure 5.2.2 az, b, and cz) and provides the dynamic friction angle (Equation 4.2-8).

The plots in Figure 5.2.2 show that, prior to slippage, there does not appear to be any
dependence on frequency in the frictional behaviour. On the other hand, after the sliding
start, a slight variation of the acit with the frequency can be observed. Similar result was
also found by Yegian et al.(1995) testing nonwoven needle-punched geotextile in contact
with smooth geomembrane (Figure 5.2.3 i), by Park et al., (2004) testing interfaces formed
by the combination of three different kinds of geosynthetics, i.e. geotextile, smooth
geomembrane and geosynthetic clay liner (Figure 5.2.3 ii) and also by De and Zimmie,
(1998) testing nonwoven needle-punched geotextiie and geonet (put in different
orientations of the strands with respect to the direction of the shear displacement) in contact
with smooth geomembrane (Figure 5.2.3 iii and iv).
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Figure 5.2.2. Box peak acceleration versus table peak acceleration (“standard” table solicitation, f =
1.5, 3 and 6Hz and o = 5 kPa): GTX - GMBs interface during the entire test a;); zoom on Phases 2 and
3 ay); GNT - GMB:s interface during the entire test by), zoom on Phases 2and 3 b;); GCDy — GMBs

interface during the entire test c1), zoom on Phases 2and 3 c3).
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Figure 5.2.3. Box peak acceleration versus table peak acceleration: i) HDPE geomembrane —
nonwoven needle-punched geotextile interface (after Yegian et al.1995); ii) geocomposite clay liner —
s,ppth HDPE geomembrane (after Park et al., 2004); iii) and iv) HDPE geomembrane — nonwoven
needle-punched geotextile interface (after De and Zimmie, 1998).

5.2.1.1 Basic interpretation

During the same test, the critical acceleration acit is not constant. In this study, let Ng be
the number of cycles from the beginning of relative sliding of the box, in these tests during
Phase 2, the evolution of the dynamic friction angle with the number of cycles is considered

(Figure 5.2.4).

158



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

alg

0.42

04 1

038 |

0.28

0.26

Phase 2

f=1.5Hz, 0,0 = 5 kPa ‘

- atable
B 3 61X-GMBs

B Agi,6NT- GMBSs

U @gi,GeoN - GMBs

024 +— |
0 25

50 75 100
number of cycles (N,)

Figure 5.2.4. Typical trend of table and box critical acceleration with the number of cycles of GTX —
GMBs, GNT — GMBs and GCDy — GMB:s interfaces during Phases 2 and 3 of shaking table tests
(“standard” table solicitation, f = 1.5, 3 and 6Hz and o0 = 5 kPa).

The typical behaviour observed is characterized by the transitory Phase 2 (for Ng
generally ranging from 1 to 20) with a subsequent Phase 3 where the critical acceleration
as well as the dynamic friction coefficient (Equation 4.2-8) attain, usually, a relatively steady-
state value.

Table 5.2.2 summarizes shaking table test results determined during Phases 2 and 3 of
the test applying the “standard” signal at different frequencies. Test results indicate that, for
all the interfaces tested:

®  acit, Nd=1 Values corresponding to the beginning of the sliding does not differ
significantly when testing the same interface at various frequencies (the maximum
scatter between the different values is of about 1.4° and is of the same order of the
repeatability of the results);

o the interface friction increases from its value corresponding to the beginning

of the incipient sliding (acrit, Na=1 < Acrit, Nd=100)-
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Table 5.2.2. Interface friction angles of GTX - GMBs; GNT - GMBs and GCDy - GMBs interfaces
calculated during the different phases of the shaking table test (f = 1.5, 3and 6 Hz; T = 20°C; 6o = 5

kPa).
ovo= 5 kPa Number f=1.5Hz f=3Hz f=6Hz
of cylces

nterfaco testod tan g5, | 4 | tanel | 45 | tane, | o

(Na) )] )] )
a GTX - GMBs 1 0.275 15.4 0.294 16.4 0.272 15.2
10 0.330 18.3 0.311 17.3 0.314 17.4
25 0.340 18.8 0.328 18.2 0.318 17.6
50 0.337 18.6 0.330 18.3 0.317 17.6
75 0.331 18.3 0.328 18.1 0.316 17.5
100 0.328 18.2 0.325 18.0 0.315 17.5
b GNT - GMBs 1 0.295 16.4 0.303 16.9 0.294 16.0
10 0.321 17.8 0.308 17.5 0.335 18.3
25 0.338 18.7 0.331 18.3 0.346 18.8
50 0.350 19.3 0.338 18.7 0.348 18.9
75 0.364 20.0 0.340 18.8 0.353 19.2
100 0.364 20.0 0.345 19.0 0.358 19.5
c GCDn - GMBs 1 0.303 16.9 0.278 15.5 0.290 16.2
10 0.320 17.8 0.297 16.5 0.298 16.8
25 0.319 17.7 0.311 17.3 0.302 16.8
50 0.315 17.5 0.309 17.2 0.302 16.7
75 0.312 17.3 0.308 17.1 0.298 16.6
100 0.310 17.2 0.306 17.0 0.299 16.7

5.2.1.2 Influence of the table acceleration rate (TAR)

The sinusoidal signal sent to the table (Equation 4.2-9) adopted in this study as described

in § 4.2.3, lets a transitory phase (Phase 2) occur. In general, when performing shaking
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table tests, the amplitude of vibration is usually increased using a dynamic signal analyzer
until a fixed value is reached (Yegian et al. 1995, De and Zimmie, 1998, Lo Grasso et al.,
2005, Kotake et al., 2011, Zimmie et al. 1994). Therefore, althought the transitory phase is
observed, its effect has rarely been addressed in the technical literature.

In this study, in order to further investigate the possible influence of this Phase 2 on the
results, a series of tests where the table was forced by sinusoidal signals with “faster” and
“slower” table acceleration rate TAR with respect to the “standard” one, was carried out on
GTX - GMBs interface (Figure 5.2.5).
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Figure 5.2.5. Influence of the Transitory phase on the dynamic shear strength of GTX - GMBs
interface (“faster” and “slower” TARs, f = 1.5 Hz and o = 5 kPa).

In Figure 5.2.5, it can be noticed that:

¢ the beginning of the relative motion starts for acit, ng=1 Values very close to each
other (being equal to 0.283g and 0.286g for the slower and the faster case
respectively). This fact seems to suggest that the interface response is not
influenced by the acceleration history sent to the table during Phase 1;

o during Phase 2, the interface response changes depending on the signal shape

[i.e. aciteTx-omes(slower TAR) < acitcrx-omes(faster TAR)];
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o as the TAR increases (faster increase), the steady-state condition is attained
more quickly and consequently, also the interface response, in terms of aci,
follows the analogous trend;

o exceeding Ny = 25, even if Phase 3 is not reached in the case of the slower TAR,
the interface response is no more affected by the shape of the TAR providing

similar results.

5.2.2 Influence of frequency

In the determination of the dynamic friction the frequency can play an appreciable role.
Several tests are carried out with the same “standard” signal (§4.2.3), the same constant
vertical stresses o = 5 kPa and 12 kPa and different frequencies f for the table solicitations
on the interfaces a, b and c (Table 2.3.2).

The experimental results reported in Table 5.2.2 and in Table 5.2.3, are summarized for
the three interfaces in terms of the maximum table acceleration and the critical box

acceleration (Figure 5.2.6 a1, as; Figure 5.2.7 b4, bs; Figure 5.2.8 ¢4, ¢3) and in terms of
dynamic friction angles ¢§yTn (Figure 5.2.6 ay, as; Figure 5.2.7 by, bs; Figure 5.2.8 ¢z, c4)

versus the number of cycles at different frequencies (1.5, 3 and 6 Hz).

Focusing on the effect of the frequency of vibration, for the three interfaces it could be

noticed that:

®  acit, Nd=1 Values corresponding to the beginning of the sliding does not differ
significantly when testing the same interface at various frequencies;
e considering the interface response during Phase 3, slight differences in test

results can be noticed that, anyway, remain in the order of the results repeatability.

In general, the results obtained for either interfaces do not appear to indicate a marked
dependence of the dynamic friction angle on the frequency of vibration. A similar results
were found in literature (Yegian et al.1995, Park et al., 2004, De and Zimmie, 1998) carrying
out researches with analogous experimental conditions (geosynthetics interfaces, values of

frequency, maximum acceleration and normal stress) as it could be noticed in Figure 5.2.3.

In Figure 5.2.6, Figure 5.2.7 and Figure 5.2.8, it could be also appreciated the behavioural
differences of the three interfaces tested. In particular, the dynamic friction angle of GTX —
GMBs and GCDn — GMBs interfaces (Figure 5.2.6 and Figure 5.2.8), stabilizes starting from

Ng = 25 (Phase 3) and also a tendency to decrease with the increase of the number of
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cycles (Ng) can be observed. Completely different is the trend followed by GNT — GMBs
interface. In this case, it is quite difficult to identify a stabilization of the dynamic friction
angle that continues to increase with the number of cycles. It is believed that, this result is
probably related to the different nature of the surfaces in contact. In fact, further tests,
reported in the following section § 5.2.6, show that the stabilization of the dynamic friction
angle for GNT — GMBS interface is achieved for Ng > 100.
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Figure 5.2.6. Influence of frequency and of the number of cycles on the dynamic shear strength of
GTX - GMB:s interface (“standard” TAR , amax=0.4g, Phases 2 and 3): a;) and a;) a/g and ¢§yTn values at

ow =5 kPa; as) and a4) a/g and ¢§yTn values at 6o = 12 kPa.
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Figure 5.2.8. Influence of frequency and of the number of cycles on the dynamic shear strength of
GCDy — GMBs interface (“standard” TAR , amax=0.4g, Phases 2 and 3): ¢1) and c¢;) a/g and d)‘Z’yTn values

at oo =5 kPa; c3) and c4) a/g and d)‘Z’yTn values at 6o = 12 kPa.

5.2.3 Influence of the normal stress

The role of the vertical stress is investigated by comparing test results carried out with
increasing weighting plate from 5 to 12 kPa. For this purpose the results shown in Figure
5.2.6, and Figure 5.2.8 are compared in Table 5.2.3 for the two compression values. As in

the case of the inclined plane tests, it is noted that the dynamic shear strength under
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sinusoidal loading is decreasing when the normal stress is increasing to the acting normal
stress even if, in the range considered, only a slight difference between the values can be

noted (as for example in the case of GCDn — GMBs interface, Figure 5.2.9 c», cs).

It is worth noting that, the trend observed refers to the particular geosynthetic interfaces

tested under a small normal stress range.
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Figure 5.2.9. Influence of normal stress on dynamic friction angle (“standard” TAR and amax=0.4 g): (a)
GTX - GMBs, (b) GNT — GMBs, (c) GCDy — GMBs interfaces.
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Table 5.2.3. Comparison of the dynamic interface friction angles of GTX - GMBs; GNT - GMBs and
GCDy - GMBs interfaces at o9 = 5 and 12 kPa (f = 1.5, 3 and 6 Hz; T = 20°C).

Interface tested Number of Dynamic friction angle
les (N ST o
cyctes (Na dayn ()
f=1.5Hz f=3Hz f=6Hz
5kPa | 12kPa | 5kPa | 12kPa | 5kPa | 12 kPa
1 15.4 15.6 16.4 15.6 15.2 15.6
a GTX - GMBs
100 18.2 17.9 18.0 17.6 17.5 17.0
1 16.4 15.8 16.9 14.1 16.0 16.2
b GNT - GMBs
100 20.0 19.4 19.0 19.0 19.5 18.1
1 16.9 15.2 15.5 16.5 16.2 15.9
c GCDn - GMBs
100 17.2 16.5 17.0 17.1 16.7 16.8

In literature, Park et al., (2004) studied the effect of the normal stress carrying out shaking
table tests at 1.6, 3.6 and 6.8 kPa on interfaces formed by the combination of three different
kinds of geosynthetics (i.e. geotextile, smooth geomembrane and geosynthetic clay liner),
found that, for a given frequency of excitation (2 Hz and 5 Hz) the dynamic friction angle
was constant varying normal stress (Figure 5.2.10)
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Figure 5.2.10. Effect of normal stress on the dynamic friction angle for geotextile — smooth
geomembrane interface (after Park et al. 2004).
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5.2.4 Influence of the amplitude

Finally, the effect of the maximum amplitude acceleration of the table motion (amax) is
investigated. For this purpose, the GTX — GMBs interface was tested under different values
of the maximum accelerations (amax = 0.34g, 0.40g and 0.60g) at a given frequency equal
to 3Hz. Figure 5.2.11 shows the interface response in terms of dynamic friction coefficient
versus the number of cycles changing the maximum acceleration values (value reached
during Phase 3). These tests indicate that as amax (i.e. passing from 0.34 to 0.609)
increases, acit, Na=1 does not vary significantly while, increasing the number of cycles Ng,

during Phase 3, a reduction in acit values can be observed.
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Figure 5.2.11. Influence of the maximum table acceleration on dynamic friction coefficient
(“standard” TAR, f= 3 Hz and o9 = 5 kPa, GTX — GMBs interface).

5.2.5 Influence of the mean relative velocity

For dynamic loads, the shear strength response is affected by inertial and viscous effects
(Carrubba and Massimino, 1998). In this context, as done for inclined plane test results, the
influence of the relative velocity was investigated. Regarding the shaking table results it is
important to differentiate the load velocity that is the velocity of solicitation (i.e. velocity of
the table) and the relative velocity intended here as the upper box velocity during the relative

motion. Test results presented in this section only refer to the second definition.
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The relative velocity in the time is obtained by integrating the difference between the table
and the box accelerations. Furthermore, considering the number of cycles, Nq, from the
beginning of relative sliding of the box, the relative velocity can be plotted versus Ny as

shown in Figure 5.2.12.
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Figure 5.2.12. Relative velocity in shaking table tests. Results of GTX — GMBs interface subjected to
“standard signal” solicitation at frequency, f = 1.5 Hz and o0 = 5 kPa: i) evolution of the table and the
box accelerations; ii) evolution of the relative velocity with the time.

It should be pointed out that the results plotted in Figure 5.2.12, refer to GTX — GMBs
interface at a frequency of solicitation equal to 1.5 Hz. The results displayed in Figure
5.2.12, represent a typical plot of the relative velocity with respect to the time; in addition
this series of test provides the higher values of the relative velocity when the sinusoidal
standard signal (Figure 4.2.3 § 4.2.3) is applied. In general it could be noticed that a rapid
increase of the relative velocity is registered at the beginning of the motion (corresponding
in these tests to Phase 2); afterwards, the relative velocity increases linearly and at slowly
rate until the end of the test (Phase 3). As shown in Figure 5.2.1 - Table 5.2.2, the critical
acceleration behaves in a similar manner increasing during the transitory Phase 2 until the

steady condition (Phase 3) is reached.
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Considering the mean value of the relative velocity, v, defined as the half of the maximum
value of the relative velocity reached in a single cycle (Figure 5.2.12 ii) the results during a
single test, can be plotted as in Figure 5.2.13. The data plotted in Figure 5.2.13 are reported
in Table 5.2.2 (f = 1.5 Hz).

In fact, the dependence of the dynamic friction on the mean relative velocity can be
detected on both Phases 2 and 3. It is believed that the critical acceleration (also the
corresponding dynamic friction) gradually increases in the transitional Phase 2 because
also the velocity of the relative displacement gradually increases at every cycle according

to the corresponding TAR.
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Figure 5.2.13. Evolution of the dynamic friction angle with respect to the mean relative velocity
during a single test for GTX - GMBs; GTN — GMBs and GCDy — GMBs interfaces (“standard signal”
solicitation, frequency, f = 1.5 Hz and oo = 5 kPa)

Furthermore, being the relative velocity dependent on the table acceleration, the
evolution of the dynamic friction angle with different sinusoidal table inputs can be
evaluated.

In Figure 5.2.14, for GTX — GMBs interface, the dynamic friction coefficients obtained at
the steady-state Phase 3 of different test series (described in §5.2.2 and §5.2.4) are plotted
upon the corresponding mean relative velocity that increases at very slow constant rate (i.e.
it can be considered almost constant during this phase). It could be inferred that, especially
for this interface, as in the case of the Inclined Plane, the dynamic friction coefficient

increases with the mean relative velocity.
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Figure 5.2.14. Evolution of the dynamic friction angle with respect to the mean relative velocity
during a single test for GTX — GMBs interface (“standard signal” solicitation, frequency, f= 1.5 Hz and
ovw = 5 kPa)

Even if, as already stated in §5.2.2, the influence of frequency is negligible, for this
interface a specific trend common to all the test performed, can be observed. In fact, as it
could be noticed in Figure 5.2.14, at a given maximum acceleration, the dynamic coefficient

of friction increases as frequency decreases, being the relative velocity inversely

proportional to the frequency. Thus, as shown in Figure 5.2.6, for amax = 0.49, tanq)gyTn atf=

6 Hz is lower than tand)gyTn at f = 3 Hz for amax equal to 0.4g, which is lower than that at f =

1.5 Hz.

Conversely, for a given frequency, the increase of the maximum table acceleration
induces an increase in the relative velocity and the dynamic coefficient of friction. For
example, for a frequency of 3 Hz, the dynamic coefficient of friction at amax = 0.34g is lower
than that at amax = 0.4g, with the latter being lower than the dynamic coefficient of friction at
amax = 0.6g (Figure 5.2.11).

5.2.6 Influence of the mechanical damage (wear effect due to the

number of cycles)

In the classical paper by Newmark (1965), it was recognized that the assumption of
constant shear strength on the block/plane interface, and therefore the implicit assumption

of constant yield acceleration, might not always be appropriate (Matasovic. et al., 1998).
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During the steady-state phase (Phase 3) the upper box continues to slide back and forth
along the table and a modification of the dynamic friction coefficient can occur. In order to
investigate this aspect repeated test series (three tests on the same interface) and tests
where the number of cycles Ny was increased from 100 to 300 were performed on the
interfaces a, b and c¢ (Table 2.3.2). These two approaches allowed investigating the

modification of the dynamic friction angle corresponding to the beginning of the relative

ST

sliding, ¢, (N 4=1), and after stabilization, o

dyn(N ¢>50) respectively. Test results are

summarized in Table 5.2.4.

Furthermore, Figure 5.2.15 shows the trend of the dynamic friction angle with the increase
of the number of cycles when the table is solicited by the “standard” excitation at the

frequency equal to 1.5 Hz.

Test results indicate that, as soon as the number of cycles increases, the dynamic friction
changes. This behaviour can be attributed to the repeated relative sliding of the box that
could modify the surfaces in contact. As a consequence, a possible alteration of the
dynamic friction due to wear of the surfaces occurring under the stress reversal condition

of the loading can be observed and differs depending on the surfaces in contact.

Table 5.2.4. Shaking table test results after three successive tests and increasing the number of cycles

to 300.
Interface Number ST (N, =1 Number ST (N, = 50— 300
tested of test dy"( d ) of cycles dy"( d )
(°) (Na) (°)
1.5Hz 3 Hz 6Hz 1.5Hz 3 Hz 6Hz
virgin 16.8 16.4 | 154 50 18.6 18.1 17.6
GTX - GMBs 2nd retest 16.2 16.2 | 154 100 18.2 178 | 175
3 retest 16.1 16.1 | 15.3 300 17.6 17.0 | 16.5
virgin 16.4 16.9 | 16.0 50 19.3 18.7 | 19.1
GNT - GMBs 2nd retest 19.6 18.3 | 15.9 100 20.0 19.0 | 19.6
3 retest 19.8 | 21.1 | 185 300 20.3 216 | 19.1
virgin 16.9 15.5 | 16.1 50 17.5 17.2 16.7
GCDn-GMBs | 2" retest 14.6 157 | 151 100 17.2 17.0 | 16.7
3 retest 14.9 149 | 151 300 16.5 16.7 16.9

In particular, for GTX - GMBs interface (Figure 5.2.15a), an increase in friction angle

occurred in approximately the first 25 cycles, after which a tendency to decrease with the
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number of cycles (Ng4) can be observed. The decrease in shear stress is relatively rapid
between 25 - 75 cycles, after which the shear stress reduction continues at a reduced rate.

Conversely, the behaviour of the GNT — GMBs interface varies substantially with the
number of cycles. In the first 50 cycles, ¢§yTn increases dramatically with Ny can be observed

beyond which the dynamic friction angle remains almost constant. Finally, the GCDn- GMBs
interface seems to be less affected by the increase of Ny displaying values very close from

the beginning to the end of the test.
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Figure 5.2.15. Influence of the number of cycles, Nq4, on the dynamic interface friction angle
(“standard” TAR, f = 1.5 Hz, amax = 0.4 g and oo = 5 kPa) for GTX - GMBs (a); GTN — GMBs (b) and
GCDy — GMB:s interfaces (c).

Similar trends of test results were observed in literature by De and Zimmie (1998) carrying
out cyclic direct shear tests. They found a decrease in friction angle with the number of
direct shear loading cycles for nonwoven geotextile — smooth geomembrane interface and
an increase in the friction angle with the number of direct shear loading cycles for geonet —
smooth geomembrane interface (Figure 5.2.16). Pasqualini et al. (1995) made the same
observations for geotextile/smooth geomembrane interfaces and for a low density

polyethylene geomembrane/geonet interface using cyclic direct shear tests.
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They attributed a decrease in friction angle observed for geotextile-geomembrane
interface to the polishing action of the geotextile on the smooth geomembrane surface
while, the increase in friction angle observed for geonet-geomembrane interface can be due
to a possible increase in roughness of the geomembrane surface due to shearing with the

geonet.
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Figure 5.2.16. Variation of the peak friction angle with the number of cycles from cyclic direct shear
tests run at a frequency equal to 0.25 Hz for a number of loading cycles equal to 50: i) a geotextile over
a smooth geomembrane; ii) a smooth geomembrane over a geonet (after De and Zimmie, 1998).

5.2.7 Interface response comparison

Finally, the response of the interfaces a, b and ¢ (Table 2.3.2) under harmonic excitations
is compared in Figure 5.2.17 for the three frequencies investigated. As reported in Table
5.2.2 and Table 5.2.3, the dynamic friction angles determined for the three interfaces,

present very close values.

The comparison between test results indicates that:

e the dynamic interface friction angles d)ﬁ‘yTn of the GTX — GMBs interface with

respect to those of the geotextile with its support geonet (GCDy - GMBs interface)

are influenced by the support which decreases d)ﬁ‘yTn;

o the contact between GNT — GMBs is in general quite different than GTX — GMBs
interface with a variation that depends on the nature of the surfaces and on the
resulting possible damage effect occurring as soon as the number of cycles Ngq

increases. In fact, it is believed that, since the contact between the smooth
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geomembrane and geonet is maintained primarily at nodal points in the mesh
(the nodal points are relatively widely spaced), considerable stress
concentrations occur at the contact points, scaring the geomembrane surface

during the test. Scar surface leads possibly to an increase in resistance in terms

o g . g . T ST . .
Of |n|t|a| S||d|ng W|th ¢§yn,Nd:1,(GNT fGMBS) > d)dyn‘Nd:']‘(GTfoMBS)and a|SO InCI'eaSIng

the number of cycles, Nq. In fact, during Phase 3, it is noted that dynamic interface

friction values higher than those obtained for GTX - GMBs interface (

¢§yTn‘Nd>25‘(GNT,GMBS) > ¢§yTn‘Nd>25‘(GTX,GMBS)) for all the frequencies investigated.

The trend of the dynamic response of the interfaces tested in this study is consistent with
what previously found for similar interfaces in literature. In particular, Maugeri and Seco E
Pinto, (2005) in a review of some typical geosynthetic/geosynthetic interface results
presented in literature, observed that for geotextile/smooth geomembrane interfaces, the
peak dynamic friction angle decreases with increase of the number of excitation cycles,
especially for low values of the number of cycles (De and Zimmie, 1998). This reduction is
attributed to a polishing action. The polishing effect increases with the addition of moisture,
which is common in landfill liners and covers because of the presence of leachate or other
fluids (Von Pein and Lewis, 1991). On the contrary, for smooth geomembrane/geonet
interfaces a significant increase of the peak dynamic friction angle with cycle numbers is
possible. In the first case, the increase in peak dynamic friction can be due to a possible
increased roughness of geomembrane caused by the geonet.
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Figure 5.2.17. Comparative behaviour of GTX — GMBs, GNT — GMBs and GCDy — GMBs interfaces
during Phases 2 and 3 of shaking table tests under harmonic excitations (“standard” signal”, f = 1.5
Hz (i), 3 Hz (ii) and 6Hz(iii) at ovo = 5 kPa).

5.2.8 Influence of the nature of the surfaces

As already found and discussed in inclined plane test results (§ 5.1.1.3), the nature of the
surfaces in contact and, in particular, the geomembrane roughness, is of paramount
importance in the determination of the interface mechanical behaviour. Tests presented in

the previous sections, deal with interface involving smooth geomembrane (GMBs). These
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interfaces have shown a “gradual sliding” behaviour and, consequently, the interface
mechanical parameters, are different with respect to those observed in interfaces displaying

a “sudden sliding” mode of failure (see §4.1.1).

In order to investigate the dynamic behaviour of interfaces showing a “sudden sliding”
failure, a special series of tests was conducted for geocomposite drain (GCDy) in contact
with structured geomembrane (GMBtwm+) (interface d of Table 2.3.2). It is worth noting that,
thanks to this test series, also the influence of the geomembrane surface can be analysed
because the same geocomposite drain (GCDy) was tested with both smooth (GMBs) and

structured geomembrane (GMBru).

In the experimental program the “standard signal”’, as described in §4.2.3, at two
frequencies equal to 3 Hz and 6 Hz was applied at ow equal to 5 kPa. The maximum
amplitude of the table (amax) was determined considering the results from inclined plane and
preliminary shaking table tests to allow the fully mobilization of the interface shear
resistance. Therefore, due to the higher values of the interface friction angles, amax is equal

to 0.8g in this case.

The dynamic interface response is schematized in Figure 5.2.18 also plots the results of
the geocomposite drain (GCDy) in contact with the smooth geomembrane (GMBs) in order
to compare the response of interfaces. The resulting dynamic interface friction values

(Equation 4.2-8) are summarized in Table 5.2.5 for both interfaces at 3 Hz and 6 Hz.

A completely different interface response can be noticed (Figure 5.2.18.). The interface,
d, involving the textured geomembrane, displays a higher initial value of agit, na=1 [and also

ofys v, -1)] corresponding to the beginning of the sliding. Subsequently, during the

dyn
relative movement, the box acceleration dramatically decreases since the first cycles.
Similarly to what found in the inclined plane tests for these interfaces, the higher value
obtained (Table 5.2.5) corresponds to the beginning of the motion while, during the slide, a

drop in the interface friction is registered.
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Figure 5.2.18. Dynamic interface response comparison (“standard” TAR, f = 3 Hz and o0 = 5 kPa): d)
table and the box accelerations during Phases 1, 2, and 3 of GCDy — GMByu interface; c) table and the
box accelerations during Phases 1, 2, and 3 of GCDy — GMBs interface
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Table 5.2.5. Comparison between dynamic interface friction angles of geocomposite drain (GCDy) in
contact with the smooth and the structured geomembrane (GMBrypn).

ovo= 5 kPa Number of f=3Hz f=6Hz
Interface tested cycles tan ¢S | tanoST, ST
(Na) () ()
c GCDn - GMBs 1 0.278 15.5 0.290 16.2
10 0.297 16.5 0.298 16.8
25 0.311 17.3 0.302 16.8
50 0.309 17.2 0.302 16.7
75 0.308 17.1 0.298 16.6
100 0.306 17.0 0.299 16.7
d GCDn - GMBrwx 1 0.488 26.0 0.499 26.6
10 0.433 23.4 0.447 24.1
25 0.451 24.3 0.452 24.3
50 0.448 24.1 0.456 24.5
75 0.439 23.7 0.456 24.5
100 0.441 23.8 0.450 24.2

The same results can also be plotted versus the number of cycles (Nq) as in Figure 5.2.19.
In addition, for comparison, tests results of the GCDn — GMBs interface are plotted in the
same Figure 5.2.19. In this plot, the difference on the dynamic friction trend can be better
appreciated. When the textured geomembrane is tested, in the first 20 cycles a dramatic
drop of the dynamic friction angle can be noticed for both the frequencies tested.
Subsequently, increasing Nq, as in the case of GCDny — GMBs interface, a stabilization of

the dynamic friction angle is reached with almost constant values.

180



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

28

textured
26 4 geomembrane

24 I

2 f

20 7 smooth
[ geomembrane

18 T~

—&— f=3Hz GCD, - GMB,
—A— f=6Hz GCD, - GMB,
—&— f=3Hz GCD, - GMB,,,
—&— f=6Hz GCDy - GMByy,

Beyn®"(°)

0 25 50 75 100
number of cycles (N,)

Figure 5.2.19. Comparative behaviour of the dynamic shear strength trend versus the number of
cycles (Ng) in the case of “gradual” (GCDy— GMBs) and “sudden” sliding behaviour (GCDy — GMBryg).

To summarize, in this section the interface between the geocomposite drain (GCDy) in
contact with the structured geomembrane (GMBtwh) is analysed. This interface displayed
“sudden sliding” behaviour in the inclined plane test. Therefore, this specific test series was
performed to provide a first insight on the dynamic behaviour also for these kinds of
interfaces. The dynamic interface friction trend diverges from the typical trends observed in
the previous interfaces (Figure 5.2.6,Figure 5.2.7,Figure 5.2.8) being characterized by a
rapid decrease of the dynamic shear strength in the first cycles (Nq < 25) after which, a

steady — state is reached.

Some common features with respect to test results found in the inclined plane tests can
be outlined:

® S (Ng=1) T 05T (N > 5) the value required to start the movement is higher than
that developed during the sliding (noticed that in the inclined plane test ¢o > (ﬂf;,)

e during the movement acit, na>1 IS @almost constant (ﬂf;, = const),
o the roughness of the geomembrane leads to an increase of the dynamic shear

strength angle at the interface ¢g,,(GCDy — GMBry,;) > ¢4y, (GCDy —GMBs).

dyn
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5.2.9 Conclusions

The dynamic frictional behaviour of three geosynthetic interfaces (a, b and c listed in
Table 2.3.2) were presented in this section. The dynamic shear strength of the interfaces

was estimated on the basis of horizontal shaking table tests under harmonic excitations.

Firstly, a procedure able to fully characterize the dynamic shear strength response of the

interface under sinusoidal excitations was proposed and carried out.

Tests results revealed various important characteristics regarding the dynamic frictional
properties of the geosynthetic interfaces. The possible influence of some experimental

parameters was also addressed.
The principal findings of this experimental program are:

v the critical acceleration, aci, also called “yield acceleration” is not constant and
varies not only from one pulse to another but also during the same test,

v' some interfaces can be sensitive to the influence of the normal stress level, of
the frequency, of the maximum table acceleration amplitude and of the mean

velocity generated at the interface.

The analyses presented herein further demonstrate that selection of an acceleration time
history of appropriate magnitude and/or duration is a key factor in the correct evaluation of

the seismic interface response.

In deciding on whether to base a geosynthetic cover design on an analysis using constant
yield acceleration or on an analysis using degrading yield acceleration, a variety of other
factors should be considered. Factors such as creep and the cyclic nature of earthquake
loading may accelerate the degradation of the interface shear strength to the value

corresponding to the residual shear strength parameters.
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5.3 SHEAR STRENGTH EVOLUTION OF GEOSYNTHETIC
INTERFACES FROM STATIC TO DYNAMIC LOADING CONDITIONS

5.3.1 Introduction

The interface shear strength passing from monotonic to dynamic loading condition can
be different. Variations of the interface shear strength under dynamic excitations with
respect to the static values, can be attributed to the inertial and viscous effects which are
linked to the loading velocity and to its variations in the time (Carrubba and Massimino,
1998).

Among the common factors influencing both the static and the dynamic shear strength

mobilization at the interface there are:

v' mean relative velocity: the interface shear strength is affected by the relative
velocity, increasing with the increase of the mean velocity until an upper bound
value after which a stabilization of the dynamic interface friction angle is observed;

v' mechanical damage: the interface shear strength evolves with respect to the
displacement history. Once the peak is reached, the shear strength decades until
the residual value. The shear resistance and the displacement levels required to
reach these values depend on the nature of the materials at contact;

v' normal stress: the coefficient of friction is usually constant based on the
fundamental rules of basic theory of friction (Coulomb relationship); however
geosynthetic interfaces can show different behaviour: the shear strength may

decrease when the normal stress increases.

In light of these statements, a preliminary correlation between the inclined plane and the
shaking table test is presented herein. In spite of the different kinematics of both tests, some
common trends can be highlighted. Test results of interfaces a, b and ¢ (Table 2.3.2) are
compared following the effect of the mean relative velocity, the mechanical damage and the

normal stress.

5.3.2 Influence of the mean relative velocity

The whole set of data obtained by means of the inclined plane and the shaking table can
be evaluated according to the mean relative velocity. It should be pointed out that, in the
inclined plane tests, the sliding velocity of the box is an absolute and a relative velocity at
the same time, because the lower geosynthetic is attached to the frame which is motionless.

Conversely, in the shaking table, the motion experienced by the interface is the relative
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displacement between the box and the table. A mean value of the relative velocity, v, is
defined as the half of the maximum value of the relative velocity reached in a single cycle.
The definition of relative velocity, v, is different for the two tests. To compare the results,

the relative velocity at the interface is always considered in the following.

Figure 5.3.1 summarizes the interface friction mobilised for the three interfaces with
respect to the mean relative velocity at ow equal to 5kPa. It's worth noting that the values
of v in the inclined plane test, are significantly higher than in the shaking table test. As it
could be noted from the Figure 5.3.1, the general trend indicates that, as soon as the mean
relative velocity increases, also the interface friction angle increases regardless the loading
type (monotonic or dynamic). This represents a further confirmation that, for interfaces
showing a gradual sliding behaviour, dynamic friction angles higher than the static ones
would be expected.
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Figure 5.3.1. Mobilised interface friction angle with respect to the mean relative velocity determined
through the inclined plane and the shaking table test. GTX -GMBs interface: a;) whole set of interface
friction angle measured in both tests and az) enlarged view on the range of low-medium velocities;
GNT -GMBs interface: bs) whole set of interface friction angle measured in both tests and b)) enlarged
view on the range of low-medium velocities; GCDy -GMBs interface: c1) whole set of interface friction
angle measured in both tests and c;) enlarged view on the range of low-medium velocities.
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Starting the discussion from the static values, for the inclined plane test, shear strength
may be identified as ¢o or ¢im, for the cases in which displacement has previously occurred
or not. In light of the mean relative velocity they correspond to the interface shear strength
at relative velocity, v, equal to zero. Similarly, in the shaking table test, even if the table is
moving with a certain acceleration, the interface shear strength corresponding to the

beginning of the relative motion, 4st - 1) has a relative velocity equal to zero. Table 5.3.1
summarizes the mobilized interface friction angle at zero relative velocity for the three

interfaces. The same results are also illustrated in Figure 5.3.2.

Beyond the different operating loading conditions (gravity in the inclined plane and
dynamic excitation in the shaking table), if the variability of every friction angle is taken into

account, it could be noticed that ¢o values are close to oS (Ng=1) (Figure 5.3.2). In fact,
unlike to ¢im, both ¢o and oS (Ny=1) angles corresponding to the first displacement of the

upper box.

Table 5.3.1. Mobilized interface friction angle at zero relative velocity obtained under static and
dynamic loading conditions.

Interface Upper diim do ST (N. =1
tested box "y“( a=1
velocity
(v)
(cm/s) ) ) )
1.5Hz 3 Hz 6Hz

GTX - GMBs 0 11.740.2 14.0+1.0 16.1+0.7 16.2+0.1 15.4+0.2
GNT - GMBs 0 13.1+0.4 13.5+1.0 15.3+1.0 16.5+0.5 16.1+0.2
GCDx - GMBs 0 12.6+0.5 14.0+1.1 16.2+0.7 15.4+0.1 16.1+0.2
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Figure 5.3.2. Comparative analysis between interface friction angles (v =0) obtained through
inclined plane (¢o and ¢im) and shaking table ¢§;n(Nd= 1) tests.
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In literature, some studies outlined a correspondence between interface friction angle
obtained in static and cyclic/dynamic loading conditions. Matasovic. et al., (1998) studying
the degradation of yield acceleration as a function of displacement, found that for a
geosynthetic interface, the initial threshold displacement value corresponds to the peak of
the interface shear force-displacement curve after which, the yield acceleration degrades
with increasing interface displacement until the ultimate “residual” yield acceleration. This
second threshold displacement value corresponds to the displacement at which the large
deformation, or residual, shear strength of the interface is reached. In agreement with these
statements, Kotake et al., (2011), performing inclined plane, direct shear test and shaking
table tests, concluded that, for some interfaces, the value corresponding to the beginning
of the sliding in the shaking table test can be related to the peak interface friction angle
measure through the direct shear test while, the dynamic interface friction angle mobilized
during the sliding in the shaking table test, can be associated to the mobilized residual value
obtained by the direct shear test. They also attributed the discrepancy between the static
peak and residual frictions and the respective observed accelerations to the shear
deformation and the dynamic response of the flexible materials. Finally, De and Zimmie,
(1998) comparing inclined plane and direct shear tests with cyclic direct shear, shaking
table and shaking table with geotechnical centrifuge test results, observed that the initial
values of static and dynamic friction angles for the geosynthetic interfaces tested are similar
even if the dynamic behaviour of most interfaces is complicated by a dependence on some

factors such as the frequency of vibration or the number of cycles.

The dynamic friction angle, was characterized through the inclined plane ((I)'dF;n) and the

shaking table (d)g;]) devices. The (I)'dF;,n values plotted in Figure 5.3.1, are obtained in the

range of high velocities (v ranging from 20 to 120 cm/s) according to Equation 4.1-7 for
uniformly accelerated motion (Figure 5.3.1 a4, bs, ¢4), and in the range of medium-low
velocities (v =1 - 10 cm/s) according to Equation 4.1-8 (uniformly motion — Figure 5.3.1 a,

b2, ¢2). Regarding shaking table tests, the results plotted in Figure 5.3.1 refers to

ST

dyn (Nd 2 5) obtained for a standard signal solicitation at 1.5Hz. It is worth noting that, for

the shaking table tests, the results at 1.5Hz were chosen because, in these sets of tests,

the highest relative velocity values were calculated.

All the dynamic friction angle results were displayed in Table 5.3.2.

Focusing attention on, (I)'dF;n, for GXT — GMBs and GCDn — GMBs values, inclined plane

test results showed that as soon as the mean relative velocity increases, also dynamic
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friction angle increases, up to an upper bound value at high velocities (as discussed in §
5.1.4, Figure 5.1.15). As it could be noticed a non-linear relationship between (I)'dF;,n and the

relative velocity, at low — medium velocities range, is highlighted. The same trend is also

noticed in the shaking table results.

Table 5.3.2. Dynamic interface friction angles, obtained in monotonic and dynamic tests, with respect
of the mean relative velocity

Interface | Uppor box 145, (Voo = const)) Upper PO | ¥ (3o = const) $am(Ng 2 5)
(cmis) ) (cmis) ) )
1.5Hz 3Hz 6Hz
GTX - GMBs 1-10 15.010.9 20-120 17.3%0.8 18.1%0.6 | 18.1£0.2 | 17.5+0.1
GNT - GMBs 1-10 16.310.5 20-120 16.910.4 19.2+1.0 | 18.5%£0.8 | 18.9+0.9
GCDn - GMBs 1-10 14.020.5 20-120 15.910.6 17.5%0.4 | 17.5%0.5 | 16.7+0.1

The GNT — GMBs interface, displays a slight different behaviour. In this case, the upper
bound corresponding to a stabilization of the dynamic interface friction is not yet reached

for and 85T (N, > 5) in the range investigated and the dynamic friction angles continue to

increase.

The systematic dependence of dynamic shear strength on the mean relative velocity
seems to be related to the rheology of the geosynthetics. Dependence of mechanical
behaviour of polymers influenced by viscosity could affect the interface behaviour (Carrubba
and Massimino, 1998). The viscosity is related to the state of the surfaces at contact and
depends on normal stress, temperature and progressive smoothing. The major effect

related to viscosity is the increase of restraining interface forces with the relative velocity.

Finally, a comparison between d)'dpyn and (I)gn curves (Figure 5.3.1 a2, b2 and c. reported

also in Table 5.3.2) shows that a similar trend is observed for monotonic and dynamic
motions even if a difference in the amount of shear strength occurs. The discrepancy can
be attributed to the different type of solicitation (monotonic and dynamic) and to the

dependence of the mobilized shear strength on specific experimental conditions.
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5.3.3 Influence of mechanical damage

The influence of the mechanical damage was simulated by successive monotonic shear
experiments of the upper box in the inclined plane test (§ 5.1.6), and by dynamic shearing

due to the stress reversal loading in the shaking table test (§ 5.2.6).

Although a sort of mechanical damage is caused in both tests by different mechanisms
and the displacement level involved differs by several orders of magnitude, some common
trend in the mobilized shear strength can be observed. The aim of this section, in fact is to
give a preliminary correlation of results of static and dynamic tests highlighting some

common characteristics.

The evolution of the static interface friction angles (¢o and ¢im) obtained after successive
sliding at the inclined plane and the angle corresponding to the inception of the motion,

45T (N, =1)» after repeated shaking table tests, is illustrated in Figure 5.3.3. Table 5.3.3

summarizes the corresponding values.

Table 5.3.3. Mechanical damage effect of ¢o and ¢iim (incline plane test) and of $5T (N, =1) (shaking table

tests).
Number of o blim Number of test o (Ng =1)
Interface test ©) ) ©)
tested
1.5Hz | 3 Hz 6Hz
virgin 14.4 11.6 virgin 16.8 16.4 15.4
GTX - GMBs 4t retest 13.4 11.0 2" retest 16.2 16.2 15.4
6t retest 12.3 10.2 3" retest 16.1 16.1 | 15.3
virgin 13.3 13.1 virgin 16.4 16.9 16.0
GNT - GMBs 4" retest 14.2 15.7 21 retest 196 | 183 | 15.9
6" retest 16.1 16.8 3" retest 19.8 211 | 185
virgin 13.6 12.6 virgin 16.9 15.5 16.1
GCDn - GMBs 4t retest 15.4 11.9 2" retest 14.6 15.7 15.1
6t retest 16.1 9.4 31 retest 14.9 14.9 15.1

*Note: ¢o and ¢iim are determined after successive passages of the upper box (see § 5.1.6); o values
are calculated for “standard” TAR, f = 1.5 Hz, am.x = 0.4 g and oo = 5 kPa (see § 5.2.6).
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The effect of the mechanical damage for the dynamic friction angles (I)'dF;n (calculated

according to Equations 4.1-7 and 4.1-8 after multiple sliding - § 5.1.6) and (I)gn (calculated

for Ng equal to 50, 100 and 300 cycles as described in § 5.2.6) are reported in Table 5.3.4
and displayed in Figure 5.3.4.

Table 5.3.4. Mechanical damage effect of the dynamic friction angles ¢(I,f,,, (incline plane test) and of

¢&sy7;, (shaking table tests).

Number of | 4., (v,,, =const) g, (a,, =const) Number of #om (N, = 50 - 300)
Interface test cycles
tested () () (Na) )
1.5Hz 3Hz | 6Hz
virgin 15.7-15.9 17.6 50 18.6 18.1 17.6
GTX - GMBs 4t retest 14.8-15.1 17.4 100 18.2 17.8 17.5
6t retest 13.5-13.8 16.8 300 17.6 17.0 16.5
virgin 15.8-15.9 17.2 50 19.3 18.7 19.1
GNT - GMBs 4t retest 16.7-17.0 16.8 100 20.0 19.0 19.6
6t retest 16.5-16.6 16.0 300 20.3 21.6 19.1
virgin 14.1-14.2 16.30 50 17.5 17.2 16.7
GCDn - GMBs | 4! retest 15.4-15.6 16.20 100 17.2 17.0 16.7
6t retest 15.1-15.3 15.90 300 16.5 16.7 16.9

*Note gr are determined after successive passages of the upper box (see §). s values are
calculated for “standard” TAR. f = 1.5 Hz. am.x = 0.4 g and 60 = 5 kPa.
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Figure 5.3.4. Mechanical damage effect on dynamic friction angles simulated by successive
monotonic shear experiments (a1, by and c¢1) and dynamic shearing due to the stress reversal loading
(az. b2 and c3):a1) and az) GTX-GMBs interface; by) and bz) GNT-GMBs interface; c¢1) and ¢;) GCDy-GMBs
interface.

193



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

It could be noticed that a progressive modification of the surfaces increases increasing

the number of tests. In general, a more marked effect is noticed in ¢o and ¢im (Table 5.3.3)

in monotonic tests while a slight effect is noticed in the case of d)'dF;n and ¢§Jn obtained from

both monotonic (inclined plane) and dynamic (shaking table) tests (Table 5.3.4).

In the case of GTX — GMBs interface, shear strength tends to reduce increasing the
displacement level in both tests. This reduction may be attributed to the polishing action of
the geotextile on the smooth geomembrane surface. In particular, De and Zimmie. (1998)
studied this phenomenon through microscopic images of geomembrane cross sections
before and after cyclic shearing showing an increase in smoothness of the geomembrane

surface after being subjected to a successive shearing against a nonwoven geotextile.

On the other hand, the common behaviour of the GNT — GMBs interface is characterized

by an increase in the friction angle increasing the displacement level.

Designers should consider the reduction in the dynamic friction angle due to successive
monotonic shear experiments and dynamic shearing due to the stress reversal loading. For
interfaces that indicate an increasing dynamic friction angle with an increasing number of

shear cycles is important to identify the range of cycles for which the design is intended.

The study presented above attempts to give an insight on the influence of the mechanical
damage intended as wear effect of the surfaces using the inclined plane and the shaking

table tests.

5.3.4 Influence of normal stress

Interface shear strength evaluation is affected by the normal stress level. A moderate
non-linearity is highlighted at very low stresses (0.08 kPa; 0.8 kPa; 5 kPa and 12 kPa) where
the coefficient of friction decreases as normal stress increases (Figure 5.1.17,Figure 5.1.19
and Figure 5.1.21). Similar results for the interface friction coefficient variation with the
applied vertical stress were obtained by using the shaking table (Figure 5.2.9). It is worth
noting that, the trend observed refers to the particular geosynthetic interfaces tested and it

should be borne in mind that a small normal stress range was investigated.

Consequently, the characterization of the interface shear strength should be carried out

at vertical stresses compatible with those expected on site.
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6 CONCLUSIONS AND FUTURE
PERSPECTIVES

6.1 INTRODUCTION

Modern engineered landfills are designed and constructed to minimize or eliminate the
release of pollutants into the environment. Thus, landfills consist of multi-barrier systems
including the bottom and side lining barriers and covers generally composed of a

combination of geosynthetics and soils.

The overall integrity of a landfill is closely linked to the slope stability of the lateral and
cover barriers under static and seismic loading conditions. When the barrier is installed in
the inclined surface for bottom and cover barriers, due to self-weight of the soil for protection
layer and the above column of waste in case of bottom barrier, the sliding force will arise
along the barrier system that results in shearing force applying to the system. The present
report is restricted to the case of cover lining systems. The specificity of this case is the low

level of the normal stress along the different geosynthetic and soil interfaces likely to slip.

The interfaces between the different materials composing a multi-layered liner system
often represent potential slip surfaces that need to be considered in slope stability analyses.
The failure at the interfaces occurs when the driving forces exceed the shear resistance

force mobilized at the interface.

The comprised liner and cover systems must withstand the possible applied stresses
without being affected in their function. A careful estimation of these stresses as well as
strengths of liner and cover systems serves as a basis for safe landfill construction,

operation, and post-closure. Furthermore, the performance of solid waste containment
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facilities subjected to seismic loading has been the subject of recent concern due to the
increased emphasis on the design of landfills against possible seismic disturbance.
Although the available examples of modern solid waste landfills subjected to strong
earthquakes demonstrated a good ability to withstand to dynamic loadings, the evaluation
of the dynamic response of the composite liner systems and in particular of the shear

strength at the interface is of paramount importance.

The liner system is designed taking into account the different functions and the efficiency
of the materials used. It's important to keep in mind that the design of a composite liner

system is based on the separation of functions: one soil or geosynthetic layer-one function.

In particular, the present study focuses on the interface between geocomposite drain in
contact with geomembrane because the range of use of this interface is very widespread in
geotechnical and environmental engineering and more specifically in landfill covers on
slopes. Furthermore, just for the specific interface between the geocomposite drain (GCDn)
and the smooth geomembrane (GMBs), the influence of the different materials which
constitute the geocomposite layer (geonet and geotextile) is assessed by testing them

separately in direct contact with the geomembrane.

A wide experimental program was conducted through the inclined plane and the shaking
table devices in order to evaluate the interface shear strength under static, dynamic and

fully dynamic loading conditions.
In this section, the main conclusions of this research will be drawn as follows:

» limit and capabilities of the new testing procedures proposed and conducted in the
experimental program;

» interface shear strength characterization by means of different interface friction
angles (¢o, im, (ﬁf;l and ¢§Jn): definitions and principal considerations;

» inclined plane and shaking table tests: main conclusions of the first correlation
attempt;
» behaviour of the interfaces tested: principal conclusions on the frictional response in

both loading conditions.
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6.2 INCLINED PLANE AND SHAKING TABLE TESTING METHODS:
PRINCIPAL LIMIT AND CAPABILITIES OF TEST PROCEDURES

6.2.1 Unified Inclined Plane Procedure (UIPP)

The present work demonstrates that the information collected from an Inclined Plane Test
is far richer than the simple result of friction given from a standard test. In the present
research, a comprehensive methodology feasible, easy to perform and able to fully
characterize the evolution of the friction angle during the entire test, is proposed and
discussed. Hence, the so called “Unified Inclined Plane Procedure (UIPP)” is validated and
applied to different geosynthetic interfaces. The new testing method developed, consists of
three following steps (Steps 1, 2 and 3 fully described in § 4.1.3) corresponding to different

kinematic conditions: static, dynamic and pseudo-static at large displacements.

The UIPP was validated by checking the results repeatability and reproducibility. For this
purpose, two inclined plane devices, available at LTHE and ICEA laboratories (see § 3.3

for apparatus details), were used.

Regarding the repeatability, a separate analysis of test results was conducted
distinguishing the interfaces involving the smooth geomembrane and the interfaces
involving textured geomembranes being the variability of results dependent on the surface
properties of the materials in contact. Test results showed a good repeatability for the three
interfaces involving smooth geomembrane (GTX - GMBs, GNT - GMBs and GCDy - GMBs)

being the variability, for the interface friction angels determined (¢o, d)'dF;nand dim), in the range

of 0.7 - 9% at ow = 5kPa. Much more complex is the repeatability analysis of interfaces
involving textured geomembranes due to the macrotextural patterns of the geomembrane
surface as discussed in § 5.1.1.2. In this case, the coefficients of variability are in the range
of approximately 3 - 11% (o = 5kPa). Furthermore, matching test results obtained at both
inclined plane apparatus (available at LTHE and ICEA laboratories), a good agreement in
test results (Table 5.1.4 and Table 5.1.5) can be noticed. Although some operative
conditions of the different devices (i.e. the techniques for fixing the interface layers or the

stiffness and planarity of the supports made of different materials), being the maximum
scatter related to the three interface friction angles (¢o, (h'f;nand dim) equal to +£0.8°, +0.5°

and +1.1° respectively, the reproducibility can be considered satisfied. Finally, a comparison
between the results obtained by both devices allowed analysing the effect of the specimen
size. Changing the specimen dimensions, no appreciable difference in shear strength is
observed. Therefore, the results do not exhibit significant scale effect for the specimen

dimensions involved in these experiments.

197



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

Applying the UIPP, the principal findings can be summarized as follows: .

» The interface shear strength cannot be characterised by a single parameter, as
proposed by the European Standard EN ISO 12957-2 (2005) depending on the
existing kinematic conditions of the interface during the test. Furthermore, since
the standard friction angle refers to a conventional displacement of 50 mm, it may
correspond to various kinematic conditions, depending on the behaviour of the
tested interface, not known a priori.

= The approach proposed and applied in this study tries to overcome the limitations
of the “Standard Procedure”. In fact, thanks to the Unified Inclined Plane Procedure

(UIPP) it is possible to evaluate, during a single test, different friction angles varying
according to the current kinematic conditions (¢o, di,F;nand dim). In particular, the

evolution of the interface shear strength in static - dynamic — pseudo-static at large
deformations conditions can be investigated during the same test.

» The UIPP seems to be a suitable method even if, in some cases, its application
can be difficult and some modifications must be performed. For the interfaces a, b
and c displaying a gradual sliding behaviour, the dynamic friction angle is difficult
to determine during Step 2 (a Variant to Step 2 is proposed) while, in the case of
interfaces d, e, f and g involving the textured geomembranes, some difficulties

were encountered in carrying out Step 3 linked to the device capability.

6.2.2 Shaking Table Test Procedure

In the present study in order to assess the seismic risk with respect to the sliding failure
along the liners, the dynamic behaviour of geosynthetic interfaces was investigated using a
shaking table device of the ICEA laboratory in the vibrating configuration at zero inclination
B of the table.

The test procedure presented and applied in the experimental program, based on the
conventional Newmark seismic deformation approach, is able to define the evolution of the
dynamic shear strength at the interface during the entire test (§ 4.2.3) when harmonic

excitations are applied to the table.

A series of fundamental experiments, on the three different interfaces involving the
smooth geomembrane (a, b and c listed) and one interface (interface d) involving the

structured geomembrane (already tested at the Inclined Plane), was conducted at the ICEA
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Shaking Table. The dynamic shear strength of the interfaces was estimated on the basis of

horizontal shaking table tests under harmonic sinusoidal excitations.

Firstly, a procedure able to fully characterize the dynamic shear strength response of the
interface under sinusoidal excitations was proposed and carried out. In the general case,
the adopted testing method consists in three main Phases: an initial (no relative motion -
Phase 1), a transitory (beginning of the upper box motion with acit((t) and atwbie(t) increasing
with the time - Phase 2) and a steady — state (the table acceleration reaches the maximum
value amax While acit(t) can change mainly depending on the particular interface interactions
- Phase 3).

It should be pointed out that, during Phase 2, the critical acceleration and consequently
the dynamic coefficient of friction, in general, are not stabilized. This kind of behaviour,
typically encountered in shaking table test results, has rarely been addressed in the
technical literature. Therefore, in order to assess the influence of Phase 2 in the results, a
set of tests, sending signals with different table acceleration rates (TARs), was performed.
The results indicate that, even changing the TAR, the critical acceleration corresponding to
the beginning of motion (Phase1) does not vary significantly. During Phase 2, the interface
response varies depending on the considered TAR but, finally, during the steady-state
phase, the interface behaviour is no more affected by the signal shape during Phase 2,

providing similar results in terms of acit.

The testing method adopted in this study, allows estimating the dynamic interface friction
angle during the entire test by introducing a specific parameter, denoted as number of
cycles, Ng where the first cycle, Ng = 1, corresponds to the beginning of the relative motion
between the box and the table. The variation of the critical acceleration with the number of
cycles acit(Nq), was considered in all the interpretation of test results. The parameter Ng,
allowed the assessment of the dynamic interface shear strength in the different phases of
the test.

Applying the shaking test method adopted in this study, it could be noticed that:

» the typical behaviour observed is characterized by the transitory Phase 2 (with a
subsequent Phase 3 where the critical acceleration as well as the dynamic friction
coefficient attain, usually, a relatively steady-state value. The shape of the transitory
Phase 2 is more relevant for interfaces involving smooth geomembrane (a, b and ¢)
(observed for Ng generally ranging from 1 to 20) while it is smaller for the interface d,
displaying a sudden sliding. Here the steady state value (Phase 3) is already reached
for Ng > 5.
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acit, Na=1 Values corresponding to the beginning of the sliding do not differ significantly
when testing the same interface at various frequencies (1.5 Hz, 3 Hz and 6 Hz).
Furthermore, only a slight difference in test results during the steady-state Phase 3
can be noticed and it is, generally, of the same order of the results repeatability.

The critical acceleration is not constant and can vary not only from one pulse to
another but also during the same test. The first condition was investigated testing the
interface under different values of the maximum accelerations (amax = 0.34g, 0.40g
and 0.60g) at a given frequency equal to 3Hz. These test results indicate that as amax
increases (i.e. passing from 0.34 to 0.60g), ac:it, na=1 dOes not vary significantly while,
increasing the number of cycles Nq4, during Phase 3, a reduction in acit values can be
observed. In order to take into account the variation of acit during the same test, the
parameter, Ng, indicating the number of cycles of the upper box during the relative
motion, was introduced. It was shown that, contrary to one of the Newmark’s
hypothesis, the critical acceleration and consequently the dynamic interface friction
do not remain constant and generally vary from the value corresponding to the

beginning of the initial sliding (acrit, Na=1 # Acrit, Na=100)-

6.3 INTERFACE SHEAR STRENGTH CHARACTERIZATION
THROUGH THE INCLINED PLANE AND THE SHAKING TABLE TESTS

The inclined plane and the shaking table tests allowed the evaluation of the interface

shear strength at different kinematic conditions. Static conditions are characterized by ¢o

corresponding to the initial sliding (determined at the conventional upper box displacement,

u, equal to 1 mm) and ¢im the interface friction angle after shearing, at large displacements.

Dynamic and fully dynamic conditions are evaluated through (ﬂf;n and ¢§Jn obtained,

respectively, through the inclined plane and the shaking table tests.

In the inclined plane tests and further confirmed by shaking table test results, the sliding

mode is the first parameter that must be taken into account in the analysis of the interface

response: following the mode of failure, different considerations about the mechanical

interface properties, are expected. In particular, for gradual sliding behaviour, observed for

the interfaces a, b, and c, the upper box slides progressively, with a nearly uniform motion.

In this case, the general trend of test results shows:

. ®o > biim,

L] ¢0< (ﬁ;
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This trend is confirmed also by shaking table test results with ¢o < (I)(?Jn and, similarly, it
could be noticed that the dynamic friction angle increases from the value corresponding to

the beginning of the sliding to the value reached during the steady-state phase (I)?Jn(Nd =1)

< %7 (N, =100).

dyn

The main features of test results for interfaces showing a sudden sliding behaviour, where
a uniformly accelerated motion can be recognized (interfaces d, e, f, and g listed in Table

2.3.2), can be summarized as follows:

. ®o > biim,

L] ¢0> (ﬁ;

The inclined plane test results are generally consistent with the mentioned statements.
However, some divergences can be noted (Table 5.1.5 ). In fact, since in this research the
interfaces showing a sudden sliding were those involving the textured geomembranes, the
discrepancies are mainly related to the “hoop and look” contribution usually encountered in
these kind of surfaces, rather than to the mode of sliding. In these cases, the interaction
between the geotextile filaments engaged by the geomembrane texture surfaces is the most
relevant mechanism influencing the interface response. Test results indicate that, for these
interfaces showing a kind of stick-slip behaviour before reaching the brutal rupture, the

conventional definition of ¢o could be not relevant. In addition, since Bs > Bo (in the interfaces
d, fand g) also d)'dpyn > ¢o. Therefore, the aforementioned relationships are satisfied if a new

value of the plane inclination, corresponding to the beginning of the sudden sliding (see

Figure 5.1.6 and Figure 5.1.7), is considered.

The dynamic response of an interface presenting a sudden sliding behaviour was studied
at the shaking table device. As discussed in § 5.1.1.2.2, ¢o values, with the conventional
definition, cannot be considered in the analysis of the interface response being the
interaction between the geotextile filaments and the geomembrane surface the predominant
effect on the interface mechanism. However, similarly to what found for interfaces showing

a sudden sliding, it could be noticed that:

" S (Ng=1) > 3L (N > 5) (i.e. the value required to start the movement

is higher than that developed during the sliding);
= during the movement aci, nd>1 Can be approximated as constant (

oS (N ,>5)= const) as in the case of the inclined plane test during Step
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2 where, for these interfaces, the uniformly accelerated movement is

established (anox = const and, consequently, (ﬂf;nz const).

6.4 INCLINED PLANE AND SHAKING TABLE TESTS: MAIN
CONCLUSIONS OF THE FIRST CORRELATION ATTEMPT
The assessment of the interface shear strength is quite complex because different
experimental parameters can influence the interface response. Among these factors, the
influence of the mean relative velocity, the normal stress and the mechanical damage were
assessed by both the inclined plane and the shaking table device. Others, such as the
temperature or the frequency and the amplitude of the sinusoidal input, were evaluated only

by sets of tests carried out at the inclined plane or at the shaking table device.

6.4.1 Mean relative velocity

The whole set of data can be evaluated in the light of the mean relative velocity. Being
the kinematics of both tests very different, to compare the results, the mean relative velocity
at the interface (i.e. the mean value of the upper box relative velocity) is always considered

in the following.

Figure 5.3.1 summarizes test results of the interfaces (a, b and c listed in Table 2.3.2).
Both the static and the dynamic interface friction angles are plotted in the same diagram.
do, dim and oS (N, = 1) are considered as interface friction angles corresponding to the mean
relative velocity equal to zero; (ﬂ;and ST (N ,> 5) represent the dynamic and the full

dynamic friction angles.

The principal conclusions are summarized below.

Taking into account the different operating loading conditions (gravity in the inclined plane
and dynamic excitation in the shaking table), it seems reasonable to relate ¢o to oS (Ny=1)

being, unlike to ¢im, the angles corresponding to the first displacement of the upper box. In
fact, taking into account the different type of solicitations and the variability of the results,

similar values can be observed.

The dynamic friction angles, (ﬁfﬂ, are determined at the inclined plane for two main velocity

ranges: the low-medium (corresponding in these cases to the uniform motion during Step

202



Interface behaviour of geosynthetics in landfill cover systems under static and seismic loading conditions

2) and high (uniformly accelerated motion obtained applying the Variant to Step 2)

velocities. Regarding shaking table tests, the results refers to (I)iJn (Nd > 5) obtained for a

standard signal solicitation at 1.5Hz because, the highest relative velocity values were
calculated in these sets of tests.

In both inclined plane and shaking table test results, the general trend is characterized
by an increase in the dynamic friction angle with the increase in the mean relative velocity.
In particular, at low velocities, when the motion can be approximated as uniform, the
dynamic friction angle increases following a non-linear relationship. Once the uniformly

accelerated motion is established, an upper bound of the dynamic friction angle can be

IP

defined: here ¢y,

(abox = const) does not increase anymore and almost constant values

can be calculated even increasing the mean relative velocity.

It is believed that the uniform motion established at the interface may represent the
transition between the static and the dynamic phase. This transitory phase (Step 2) appears
clearly in interfaces showing gradual sliding behaviour (during the entire Step 2) while, it is
very short for interfaces displaying a sudden sliding behaviour. Similarly, in the shaking
table tests, the transitory Phase 2 can be seen as the transition between the initial phase
and the steady-state phase and its shape is more relevant for interfaces involving smooth
geomembrane (a, b and ¢) where Nq generally ranges from 1 to 20 while it is smaller for the

interface d, where the steady state value (Phase 3) is reached for Ng > 5.

Furthermore, the systematic dependence of dynamic shear strength on the mean relative
velocity seems to be related to the rheology of the geosynthetics. A possible assumption is
that mechanical behaviour of polymers influenced by viscosity could affect the interface
behaviour. The viscosity is related to the state of the surfaces at contact and depends on
normal stress, temperature and progressive smoothing. The major effect related to viscosity

is the increase of restraining interface forces with the relative velocity.

Finally, a comparison between ¢'dF;,n and (I)iJn (Nd 25) shows that a similar trend is

observed for monotonic and dynamic motions even if a difference in the amount of shear
strength occurs. The discrepancy is mainly attributed to the different type of solicitation
(monotonic and dynamic), to the discrepancy in the range of displacements and to the

dependence of the mobilized shear strength on specific experimental conditions.
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6.4.2 Mechanical damage

Geosynthetic interfaces are sensitive to the surface wear process. This sensitivity has
consequences in friction properties that may increase or decrease depending on the pair of
associated geosynthetics. In addition, the particular type of geomembrane component of a
geosynthetic interface plays an important role in the response of this interface to the surface

wear process.

In this research, a first insight on the influence of the mechanical damage considered as
wear effect of the surfaces, using the inclined plane and the shaking table tests, is provided.
The effect of wear, was investigated applying different approaches using the inclined plane
and the shaking table tests for interfaces involving smooth geomembranes (a, b and c¢)
while, interfaces involving the textured geomembranes (d, e, fand g), were subjected only

to mechanical damage simulation (§ 5.1.6) in static loading conditions.

Test results revealed that an alteration of the surfaces of the materials in contact, occurs
increasing the number of tests or the number of cycles for all the interfaces investigated in
both loading conditions. For the interfaces involving the smooth geomembranes, the
general trend indicates that the variation can be mainly attributed to the smoothing and

polishing of the surfaces in contact and it has a more marked effect on ¢o and on ¢iim with

respect to d)'dF;n and ¢§Jn values obtained from both the inclined plane and shaking table

tests where only a slight effect is noticed.

Test results of interfaces involving textured geomembranes (d, e, fand g) show that the
wear effect can be relevant and seems to be related to the alteration caused by the

macrotextural features of the geomembrane on the upper layer.

The previous knowledge of this sensitivity is, therefore, an important issue of design,
which must be considered by the manufacturers of geosynthetics, by the project designers
and by the executors of civil works that involve the application of these polymeric materials.
Such knowledge can provide a quantitative basis useful for the development of products
and for the choice of the most appropriate geosynthetic interfaces according to the surface

wear predicted in work.

6.4.3 Normal stress

Interface shear strength evaluation can be affected by the normal stress level in particular

when testing at low normal stress levels. A specific series of tests at the inclined plane, was
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dedicated to assess the GTX — GMBs interface behaviour at very low vertical stresses (0.08
kPa; 0.8 kPa; 5 kPa and 12 kPa). It is found that the coefficient of friction decreases as
normal stress increases. Similar results were found testing the materials at two compression
values: o equal to 5 kPa and 12 kPa through the shaking table device. However, it could
be noticed that, these results refer only to the materials tested in the range of normal stress
investigated and cannot be generalized to other interfaces. In general, it is always
recommended to perform laboratory tests under the normal stress range consistent with the

level expected in the field.

6.4.4 Nature of the surfaces in contact

It is well known that the first parameter influencing the interface shear strength is the
nature of the surfaces in contact. Beyond this aspect, test results highlighted that the nature
of the geomembrane plays a fundamental role in the development of the shear strength at
the interfaces. In fact, for the interfaces involving the smooth geomembrane (a, b and ¢) a
common failure mechanism (gradual sliding) is observed in spite of the great difference in
the upper layer surface structural pattern (geotextiles, geonet and geocomposite drain).
Similarly, the interfaces involving textured geomembranes (d, e, fand g) display the feature

of the sudden sliding mode of failure.
The same trend is confirmed by the shaking table test results.

The use of textured geomembrane in contact with geotextiles, implies that the superficial
hook and loop interactions are dominant with respect to the purely frictional interface

response occurring in the interfaces with smooth geomembranes.

Furthermore, the interfaces involving textured geomembranes are characterized by
friction angles significantly higher than those obtained in the interface involving the smooth
geomembrane. One of the main causes of the increase in shear strength, may be attributed
to the engagement of the “loop” structure by the “hook” material occurring in systems where
textured geomembranes are in contact with the geotextiles. In these interfaces, a dramatic
loss in shear strength passing from the initial value required to start the movement [i.e. from

do to dim, in the inclined plane tests and from oS (Ng=1) 10 95T (N ,= 100 )] is noticed in

both cases having a more relevant importance in the interfaces involving textured

geomembranes.
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Concluding, the selection of textured geomembrane results in an increase of the interface
friction angles but other complex mechanisms can occur at the interface and, in general,

once the failure limit is reached, a brutal rupture takes place.

6.5 RECOMMENDATIONS AND FURTHER PERSPECTIVES

Test results indicate that the assessment of the interface shear strength is a very complex
issue. It's worth noting that, on the basis of a design method where every layer of the
geosynthetic liner system is limited to one function, the target for the different interface

frictions is either a minimal or a maximal value of the friction angle.

It was demonstrated that the interface shear strength cannot be characterized by a single
parameter being it very sensitive to the different kinematic conditions. Therefore, it is
recommended to evaluate the interface shear strength at the conditions close to those
expected in the field identifying the possible critical situation that can occur during the landfill
cover lifespan. In this context, it is outlined the importance of performing laboratory tests at
the proper normal stress, temperature and, in the analysis of the seismic response, the

selection of the acceleration time history.

In particular, regarding temperature, the preliminary inclined plane test results confirmed
that geosynthetic are sensitive to this parameter modifying the interface shear response.
These results must be complemented by other further tests; the observed trends of the
friction angles, are specific to the particular geosynthetics used in this study and the results

cannot be generalized to other ones.

The analyses presented in this study, further demonstrate that the selection of an
acceleration time history of appropriate magnitude and/or duration is a key factor in the
correct evaluation of the seismic interface response. Further tests will be devoted to
investigate the performance of the tested interfaces on inclined position of the lower table
and to assess the interface shear strength behaviour under earthquake type motion on both

horizontal and inclined shaking table configurations.

Finally, it was shown that the nature of the geomembrane is a key factor on determining
the interface behaviour. Further tests are planned in order to investigate this phenomenon

also at microscopical scale.

The different interface friction angles estimated at both inclined plane and shaking table
tests, have direct implications on the design of structure involving composite systems; the
evolution of the interface shear strength under different conditions, can help designers in

the stability analysis of cover liners on slopes. In addition, in deciding on whether to base a
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geosynthetic cover design, a variety of different parameters should be considered. Factors
such as creep and the nature of earthquake loading, not treated in this study, may alter the

interface shear strength.
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