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Preface

The International Symposium on Geoenvironmental Engineering (ISGE 2009) was held on
September 8-10, 2009 in Hangzhou, China. ISGE 2009 was organized by MOE Key Laboratory of
Soft Soils and Geoenvironmental Engineering, Zhejiang University, Chinese Institution of Soil
Mechanics and Geotechnical Engineering (CISMGE), and Chinese Chapter of International
Geosynthetics Society (CCIGS), under the auspices of ISSMGE TCS5, sponsored by K. C. Wong
Education Foundation, and National Natural Science Foundation of China, as well as Zhejiang
University Zeng Guo-Xi Lecture Fund.

Issues associated with Environmental Geotechnics continue to be a major preoccupation for
governments, public and private organizations and the general community worldwide. The Chinese
Government has been putting great effort on environmental issues including sanitary disposal of
solid waste, reuse of industrial wastes, remediation of contaminated land, prevention of
groundwater contamination, environmental risk assessment, ecological techniques, etc. China also
has much to share on the opportunities, challenges and responsibilities for environmental
geotechnics with other countries, especially the developing countries.

Under the conference theme, “Reclamation of the Past and Toward a Sustainable
Geoenvironment”, 168 abstracts in total were received and 125 papers in total were reviewed and
accepted for publication in this proceeding. This proceeding encloses 2 Zeng Guo-Xi Lectures, 26
Invited Lectures and 97 papers. The topics covered include basic and advanced theories for
modeling of geoenvironmental phenomena, testing and monitoring for geoenvironmental
engineering, municipal solid wastes and landfill engineering, sludge and dredged soils, geotechnical
reuse of industrial wastes, contaminated land and remediation technology, applications of
geosynthetics in geoenvironmental engineering, geoenvironmental risk assessment, management
and sustainability, ecological techniques and case histories. This proceedings include papers
authored by core members of ISSMGE TCS5 (International Society of Soil Mechanics and
Geotechnical Engineering - Environmental Geotechnics) and geoenvironmental researchers from
more than 23 countries and regions (i.e., Albania, Austria, Bengalese, Brazil, Canada, China,
France, German, Hong Kong, India, Iran, Indonesia, Japan, Korea, Macau, Malaysia, Portugal,
Russia, Taiwan, UK, USA, Uzbekistan, Vietnam).

It is our desire that the proceedings of International Symposium on Geoenvironmental
Engineering (ISGE2009) provide an opportunity for the exchange of views among academic
researchers, practical engineers and administration officers. “Advances in Environmental
Geotechnics” presents the latest development in this interdisciplinary field.

Prof. Yunmin CHEN
Chairman, Organizing Committee of ISGE 2009
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SYSTEMS ENGINEERING THE DESIGN AND OPERATION OF
MUNICIPAL SOLID WASTE LANDFILLS TO MINIMIZE
CONTAMINATION OF GROUNDWATER

R. Kerry ROWE'

ABSTRACT: This paper discusses the need to adopt a systems engineering approach to the design and operation of
municipal solid waste landfills. It discusses how the interaction between the different components affects the
performance of the entire system and how, due to this interaction, the performance of the system as a whole is much
greater than the individual contributions of each of the parts. Issues discussed in this context include: landfill covers and
the role that they play, the effect of landfill operations such as the waste placement and leachate recirculation on liner
temperature and leachate characteristics, leachate collection and the control of head on the liner, diffusion of
contaminants through composite liners, the effect of geomembrane-clay liner interaction on leakage, the significance of
wrinkles in a geomembrane, the effect of liner temperature on leakage, possible means of controlling liner temperature,
geomembrane protection, the long-term performance of geomembranes and geosynthetic clay liners, and finally the
contaminant transport implications of these issues. It is concluded that by taking a systems approach to design,

construction and operations we can provide safer containment of waste and long-term environmental protection.

KEYWORDS: geosynthetics, landfills, leachate

INTRODUCTION

Despite reductions in waste generation, landfills will
continue to be required for the safe disposal of municipal
solid waste (MSW) for the foreseeable future. These
landfills will generate both leachate and gas whose
escape from the facility must be controlled to
environmentally acceptable levels. The leachate is
predominantly water but typically contains dissolved
organic and inorganic chemicals and suspended solids
(e.g. microbes, particulate matter etc.) whose escape
from the landfill must be controlled to negligible levels.
Landfill gas is predominantly comprised of methane and
carbon dioxide which are of concern as greenhouse gases
(especially methane) but it also contains trace amounts
of volatile organic compounds. From an engineering
perspective, the long-term performance of the modern
MSW landfill will be governed by the performance of a
system comprised of three primary subsystems: the
barrier system below the waste, the landfill operations,
and the landfill cover and gas collection system. To
provide long-term environmental protection, this system
must contain contaminants for what is called the
contaminating lifespan of the landfill (i.e. the period of
time during which the landfill will produce contaminants

at levels that could have unacceptable impacts if they
were discharged into the surrounding environment). For
large modern landfills this could be hundreds of years
(Rowe et al. 2005).

The release of contaminants contained in landfill
leachate can be reduced to environmentally acceptable
levels with a suitable barrier system below the waste that
includes a leachate collection system and a liner system.
The leachate collection system minimizes the driving
force for leachate escape (i.e. the leachate head acting on
the underlying liner). The liner system provides
resistance to the migration of contaminants both by the
pressure driven movement of leachate containing
contaminants (often referred to as leakage or advection)
and the concentration driven movement of contaminants
by a process of diffusion (those not familiar with the
terminology and contaminant transport processes should
refer to Rowe et al. 2004 for details). The leachate
collection system typically involves a series of
perforated pipes in a granular drainage layer together
with a means of removing the leachate that is collected.
The barrier system may involve a single liner or a double
liner with a secondary leachate collection system (also
called a leak detection system) between the two liners. In
either case, the liner will typically be comprised of a
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protection layer on top of a composite liner. The
protection layer minimizes the damage from overlying
coarse materials and the composite liner minimizes
escape of contaminants. The composite liner involves a
geomembrane (GM: 1.5-2 mm thick high-density
polyethylene (HDPE) plastic sheet) overlying a
geosynthetic clay liner (GCL: about 5-10 mm thick layer
of low permeability clay, called bentonite, encased
between two geotextiles) or a compacted clay liner
(CCL: 600-1200 mm thick). In addition to controlling
the escape of leachate and the contaminants in the
leachate, the liner system also controls the escape of
landfill gas to the subsurface.

The landfill cover and gas collection system will
control both the ingress of moisture (which generates
leachate) and egress of landfill gasses. In order to
minimize the leakage of landfill gas to the atmosphere,
the cover will include a liner system to provide
resistance to gas escape and a gas collection system
which reduces the driving force for gas escape by
collecting the gas (thereby reducing gas pressures in the
landfill). The liner system in the cover will often be
similar to that in the bottom liner as described above. In
addition to the liner and gas collection system, there may
also be a moisture distribution system to provide
moisture to the waste to encourage biodegradation and
gas generation.

Landfill operations that can affect the performance of
the entire system include: (a) the nature of waste that is
accepted, (b) the sequence and location of waste
placement, (c) operation and maintenance of the gas
collection system, (d) the introduction of moisture or
recirculation of leachate, (e) leachate-collection, (f)
maintenances and cleaning of the leachate collection
system, and (g) maintenance of the final cover.

This paper argues that in order to minimize the
environmental impacts of this landfill, it is necessary to
adopt a systems engineering approach to the design,
construction and operation of the landfill. This will
involve decomposing the entire system into subsystems
as noted above. In turn, each subsystem is decomposed
into simpler identifiable components, the performance of
the individual components is examined, the interactions
between different components of the system are assessed,
and then the response of the entire system is assembled
to quantify its overall engineering performance. It is
essential that this evaluation consider how the interaction
between different components affects the performance of
the entire system and how, due to this interaction, the
performance of the systems as a whole is much more
than the individual contributions of each of the parts. In
particular, it must be recognised that an action that may
enhance the performance of one part of the system may
have a negative effect on other parts of the system and
the objective should be to ensure optimal performance of

the system as a whole as will be discussed in the
following sections.

THE ROLE OF THE LANDFILL COVER

The generation gas and leachate is related to the
movement of fluid through the waste. For example, the
volume of leachate generated in a landfill is directly
related to the movement of water through the cover. The
leachate concentrations and the contaminating lifespan
of a landfill are also related to the infiltration through the
cover and this, in turn, may influence the performance of
the underlying leachate collection system and bottom
line (Rowe et al. 2004).

Before the relatively recent concerns about the
effect of methane from MSW landfills on climate
change, the primary consideration in cover design was
the control of infiltration and hence leachate
generation. Here there were two distinct philosophies
and the cover would be designed to accommodate
these philosophies.

One approach (e.g. MoE 1998) involves encouraging
a modest amount of infiltration (0.15-0.2 m/a) through
the landfill cover to encouraged controlled biodegradation
of the organic waste and flush out contaminants (e.g.
chloride) that do not chemically stabilize with time. A
simple soil cover that allows this level of infiltration is
relatively cheap and, in an appropriately designed system,
can reduce the contaminating lifespan of the landfill so
that it is less than the service life of the barrier system.
This provides good long-term environmental protection
to the surface and groundwater. Experience indicates that
landfills operated in this manner (e.g. the Keele Valley
landfill in Toronto, Canada) generate a liner temperature
in the 30-40 C range (Rowe 2005, Rowe and Islam
2009). However, the downside to this approach is that a
soil cover that permits the ingress of 0.15-0.2m of
infiltration will not provide the same control on the
egress of landfill gas as a low permeability cover.

The other approach is the dry tomb concept (e.g. US
Subtitle D). This involved the desire for a very low
permeability cover that would result in minimal leachate
generation from infiltration though the cover (leachate
would still be generated from the biodegradation of
organic waste; e.g. see Fig. 1). This approach has the
short-term operational advantage of reducing the amount
of leachate that is generated (and the consequent cost of
treating it) and minimizing the escape of landfill gas
(provided there is a suitable gas collection system). This
approach reduces the rate of gas generation by limiting
availability of moisture needed to fuel the biodegradation
processes, although, with time, enough moisture will
accumulate in the waste to allow some biodegradation to
occur (e.g. due to biodegradation of organic waste that



was moist when placed and by some leakage through the
cover). Koerner and Koerner report a case with this type
of cover where the temperature of the liner remained
essentially constant at about 20°C for six years but then
quickly increased to between 30-35°C. However, this
approach has the unanticipated consequence that it
substantially increases the contaminating lifespan of the
landfill and the normal processes will commence as soon
as the cover degrades. Thus, what appears to be good
from the narrow perspective of minimizing leachate
generation and treatment actually has negative
environmental impacts when one examines it from a
systems engineering perspective.

Landfill gas is comprised of methane and carbon
dioxide in about equal proportions as well as small
amounts of volatile organic compounds, nitrogen oxides,
and carbon monoxide. For example, in the USA,
landfills produce about 23 percent of the total
anthropogenic methane emissions (USEPA 2008). As a
result of concerns regarding the impacts of methane on
climate change, there has been a concerted move to
collect landfill gas and either flare (burn) the methane or
use it for the generation of electricity. The latter has
desirable environmental benefits. However, to effectively
collect and use the landfill gas, there is a need for a
suitable gas collection system to be installed below the
liner in the landfill cover and one needs to ensure that
there is sufficient moisture to provide economic
quantities of gas. Thus, there is often a need to introduce
moisture below a low permeability cover to accelerate
biodegradation and consequent gas generation. If done,
this has a beneficial effect in terms of making gas
generation cost-effective. Within reason, more moisture
results in more gas being generated and this has led to
studies of the use of the landfill as an engineered
bioreactor with a view to (a) maximizing gas generation,
and (b) stabilizing the organic waste as quickly as
possible. Thus, from this narrow perspective, the more
moisture the better. From a slightly broader sub-system
perspective there is a limit on what is a desirable
moisture injection rate dictated by the need to avoid
flooding the gas collection wells (which would then
minimize gas production) and avoiding leachate seeps.
However, to avoid unintended consequences such as
shortening of the service life of both the leachate
collection system and the underlying composite liner, a
much broader systems engineering approach should be
adopted in the design of bioreactors to ensure that the
overall system performance, and hence environmental
protection, is optimized even if it results in less than the
preferred rates of gas generation. The interdependencies
and potential implications of moisture addition on other
aspects of the landfill system will be discussed in a
following section.

Fig. 1 Leachate generated from biodegradation of organic
waste at a landfill site located in a desert. Note black and
brown leachate stain due the leachate leaking from the
adjacent completed cell (upper left) into the operating
cell (foreground)

LANDFILL OPERATIONS AND CONSEQUENT
EFFECTS ON LEACHATE CHARACTERISTICS
AND LINER TEMPERATURE

The manner and rate at which waste is placed can
affect a number of aspects of the system performance.
For example, with respect to providing the best
performance of the GCL it is ideally hydrated (i.e. takes
up moisture from the underling soil) when it has
significant stress on it. This could be achieved by placing
waste relatively quickly over a relative small part of the
landfill. This also has the advantage of minimizing the
size of the open operating area of the landfill at any time
(thereby minimizing leachate generation). However there
are a number of disadvantages from a broader systems
perspective. For example, faster waste placement tends
to result in the generation of higher liner temperatures
(Collins 1993) which can substantially reduce the service
life of the composite liner (Rowe 2005). Also, faster
waste placement gives leachate with much higher levels
of organic acids and inorganic contaminants such as
calcium (Brune et al. 1991) which can rapidly clog the
leachate collection systems (Rowe et al. 2004; Rowe
2009).

Armstrong and Rowe (1999) examined data relating
to the effect of waste placement and total precipitation
on the composition of the leachate produced at the Keele
Valley landfill in Toronto, Canada. They observed that
when fresh waste lifts are placed on older waste, the
older waste acts as a bioreactor that "treats" the leachate
generated by the newer waste. Thus, the beneficial effect
of leachate percolation through older waste shown by
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Ham & Bookter (1982) in a relatively small cell appears
to be relevant to this large landfill site. These results
suggest that planned waste placement and fluid addition
(natural or irrigation) can play major roles in the
treatment of leachate before removal from the landfill
and hence reduction in clogging of the leachate
collection system. However, to achieve this objective,
one must have a much larger working area of the landfill
with consequent increase in leachate generation.

The Solid Waste Association of North America has
defined a bioreactor landfill as “a sanitary landfill
operated for the purpose of transforming and stabilising
the readily and moderately decomposable organic waste
constituents within five to ten years following closure by
purposeful control to enhance microbiological processes.
The bioreactor landfill significantly increases the extent
of waste decomposition, conversion rates and process
effectiveness over what would otherwise occur within
the landfill”. While there are undeniable benefits from
this approach, as previously noted, Rowe et al. (2004)
identified a number of concerns regarding this approach,
as summarized below:

1. Limited effectiveness—The heterogeneity of waste
may lead to significant variations in the moisture
content throughout the waste body. The presence of
preferential flow paths may lead to large portions of
the waste mass not experiencing the beneficial
effects of increased moisture content, and thus not
degrading at an optimal rate. Furthermore, the
current practice of disposing household waste in
plastic bags limits the effectiveness of moisture
addition (Jones-Lee and Lee 2000).

2. Inorganic contaminants—The operation of a landfill
as a leachate recirculating bioreactor does not
decrease the concentrations of many inorganic
contaminants. Thus, although the organic loading
may decrease, other pollutants may remain in the
landfill at significant concentrations

3. Reduced service lives—The enhanced biological
activity brought about by leachate recirculation may
have an adverse effect on the service lives of
engineered components of the lining system.
Clogging of the leachate collection system may
occur at greater rate with recirculation than for
conventional operation. Additionally, the operation
of a landfill as a bioreactor generally results in
increased temperatures of 50°C -60°C (e.g. Koerner
and Koerner 2006) which may reduce the service
life of geomembrane liners (Rowe 2005; 2009).

4. Extended contaminant lifespan—The potential
effects of inorganic contaminant loading noted in (2)
above is compounded if the accelerated waste
settlement achievable in landfills with leachate
recirculation is used to increase landfill capacity and
hence place more waste. Since leachate recirculation

is unlikely to have a significant effect on reducing
many inorganic contaminants with the landfill, the
placement of additional waste following settlement
will serve to increase the total inorganic
contaminant load and thus extend the contaminating
lifespan of the landfill.

5. Optimal conditions—Recirculation of leachate is not,
in and of itself, sufficient to achieve optimum
conditions for bioreactor landfills (Phaneuf 2000).

6. Stability—Excess porewater pressures associated
with leachate recirculation has led to instability in at
least two cases. Additionally, increased densification
and the placement of additional waste following
settlement may lead to loading in excess of that for
which lining systems and side slopes were designed
if the landfill was not originally designed for
recirculation.

7. Leachate seeps—Due to heterogeneity and anisotropy
of waste, the addition of leachate during recirculation
may give rise to leachate seeps created by lateral
flow of leachate above relatively low permeability
layers (e.g. intermediate cover soils).

Yuen et al. (1999) suggested that any consideration
of operating a landfill as a bioreactor must be done in the
context of an integrated waste management system and
must consider the implications on all aspects of the
system. The writer is in complete agreement of this
statement.

The observed temperatures in different landfills
reported in the literature range from 14°C to 87°C and at
the liner from 7°C to 60°C (Rowe and Islam 2009). In all
MSW landfill cases examined, peak temperatures in the
range of 30°C -40°C were encountered at the top of the
landfill liner with typical
Substantially higher peak liner temperatures (50°C -

landfilling operations.

60°C) were observed in the case where there had been
moisture augmentation as noted above.

LEACHATE COLLECTION AND CONTROL OF
HEAD ON THE LINER

The primary purpose of a leachate collection system
(LCS) is to control the head acting on the underlying
liner systems and, in so doing, minimize the driving
force (head) that gives rise to leakage through the liner
system. Failure of these systems can arise from clogging
of the drainage layer and/or leachate collection pipes
(due to a build-up of biofilm, inorganic precipitates such
as CaCO;, and small particulates such as silt and sand).
Failure is said to occur when the hydraulic conductivity
drops sufficiently that the LCS can no longer control the
leachate head to the design value (even if considerable



leachate is still being collected). However, the same
processes that can cause failure of these systems can also
improve leachate quality by removing contaminants. The
challenge is to design and operate these systems to take
advantage of the microbial processes in treating leachate
while avoiding an unacceptable build up of leachate head
on the liner (i.e. failure). Thus, the LCS is a very
important part of the overall landfill system. It is
emphasised that both the design and the operations of the
LCS are critical and at present there are many instances
of both poor design and poor operations being
implemented.

Rowe (2009) reviewed recent research and advances

relating the design and long-term performance of LCS
for modern MSW landfills. The key conclusions from
that paper are reproduced below,

If there is significant amount of organic waste,
leachate with the potential to cause clogging of the
leachate collection system can be generated even in
arid climates.

The leachate that is collected from modern landfills

does not represent the leachate that enters the system.

The biological processes that give rise to clogging of
LCS also serve to reduce the concentration of both
organic acids (COD, BOD) and inorganic
contaminants that are susceptible to precipitation
(e.g. calcium and some heavy metals). Thus, any
predictions of the service life of LCS must be
performed using estimates of the leachate
characteristics of the leachate entering the LCS and
should not be based on the characteristics of the
effluent from existing LCS.

Laboratory studies of clogging must use a leachate
as representative as possible of that likely to be
entering the system being examined. Generally this
will not be the same as the leachate collected after it
has passed through a modern LCS. The tests must
also be run long enough to obtain realistic results;
this likely means years, even for accelerated tests,
except for tests on finer material (which clogs very
quickly).

A sand layer provides a good protection layer for the
underlying liner and in so doing can perform a
valuable function in this capacity. However, it
should not be relied upon as a drainage layer for
MSW leachate due its high potential for clogging.
An optimal system is likely to involve a sand
protection layer above the liner and a gravel leachate
drainage layer above the sand.

The coarser and more uniform the gravel, the longer
will be its service life as a leachate drainage layer in
a MSW landfill.

Drainage layers are more prone to clog when kept
saturated; thus it is recommended that leachate not
be allowed to back-up in the leachate collection
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system since this (a) accelerates clogging of the LCS
and (b) imposes a head on the liner that will increase
leakage through any holes in the liner.

The unsaturated gravel can perform a useful
function in treating leachate (reducing the
concentration of organic acids and calcium) before it
reaches the saturated portion of the drainage layer.
Other things being equal, the thicker the unsaturated
portion of the drainage layer the greater the amount
of leachate treatment and the longer the service life
of'the LCS.

Clogging is related to the mass loading and is likely
to be greatest near sumps and drainage pipes where
the leachate flow is greatest. Clogging is also likely
to be increased (other things being equal) when
leachate is recirculated.

When there is a continuous drainage layer, the
placement of a suitable filter/separator layer
between the waste and the underlying granular
drainage layer will extend the service life of the
LCS by (a) minimizing waste intrusion, (b)
minimizing the migration of fines and other
particulates into the drainage layer, and (c)
providing some leachate treatment (reduction in
organic acids and cations such as calcium) before it
enters the drainage layer. In performing this role, the
filter/separator layer will experience some clogging
and a reduction of hydraulic conductivity (values of
the order 6x10™® m/s have been observed). However,
one can design to deal with the level of perched
leachate provided that there is a drainage layer
below the filter and hence the head does not act on
the liner and cannot escape to the environment.
Considerable care is required in developing designs
to replace gravel with tire shred. Gravel should be
used in critical zones where there is a high mass
loading (e.g. near leachate collection pipes or
leachate sumps). Tire shreds could be used in less
critical zones (e.g. side slopes) although, even then,
an increased thickness of compressed tire shred will
be needed to give a service life similar to that of a
given thickness of gravel.

Although there has been inadequate research
regarding the effects of co-disposal of incinerator
ash and MSW, the writer has been contacted in a
number of cases by operators who are having
problems with clogging of their LCS in situations
where there has been co-disposal of incinerator ash
(with high calcium, Ca*") and MSW (where the
biodegradation of organic waste provides the CO5>).
More research is required on this topic; however,
considerable caution should be exercised in the
design of LCS for landfills where there will be co-
disposal of incinerator ash and MSW.
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DIFFUSION THROUGH COMPOSITE LINER
SYSTEMS

Contaminant transport through a geosynthetic barrier
system will involve (a) diffusive transport through the
composite liner, and (b) advective transport (termed as
leakage) through holes in the geomembrane. The latter
transport mechanism is controlled by the clay component
of the composite liner as discussed in the next section.

Geomembranes have been shown to be an excellent
barrier to ionic contaminants (e.g. chloride, heavy metals
etc.; Rowe et al. 2004). However, various researchers
(most recently McWatters and Rowe 2007; 2009) have
shown that volatile organic compounds (VOCs) could
fairly readily diffuse, from both an aqueous and gaseous
phase, through PVC, LLDPE and HDPE geomembranes.
When these geomembranes are used in composite liners,
the clay and attenuation layer provides the primary
resistance to diffusive transport and contribute to a
decrease the concentration of many organic
contaminants due to biodegradation and sorption (Rowe
et al. 2004).

An appropriate combination of geomembrane, clay
liner and attenuation layer can provide sufficient
resistance to diffusive contaminant transport for the
various traditional contaminants found in leachate or
landfill gas to control impact on an underlying aquifer to
acceptable levels in a way that neither the geomembrane
nor clay/attenuation layer could do alone.

Islam and Rowe (2009) examined the effect of
ageing of HDPE geomembranes on their diffusion and
sorption characteristics. They demonstrated that ageing
of a HDPE geomembranes led to an increase in
crystallinity, which actually had a beneficial effect with
respect to diffusion, serving to reduce transport of VOCs
through the geomembrane as it aged.

GEOMEMBRANE-CLAY LINER INTERACTION
AND EFFECTS ON LEAKAGE

In the absence of holes in the geomembrane there
would be no leakage (advection) of leachate or gas
through a geomembrane liner (there would still be
diffusion as discussed above). However it is not practical
to construct a liner with no holes. Where there are holes
and the geomembrane is in direct contact with the
underlying clay liner, the leakage through the holes will
be controlled by the clay liner and the transmissivity of
the interface between the geomembrane and the clay
liner. It can be shown (e.g. Rowe 2005) that the leakage
through the composite liner will be substantially less
than through either the geomembrane alone or the clay
liner alone due to the composite action of the
geomembrane and clay liner. Both theoretical

calculations and field monitoring demonstrate that the
leakage through a geomembrane/GCL composite liner is
one to two orders of magnitude lower than that of a
geomembrane/CCL composite liner. This difference can
be attributed to a combination of three things: (a) there is
a lower probability of holes in the geomembrane due to
underlying stones when underlain by a GCL than a CCL,
(b) it is easier to get a relative smooth surface for the
foundation layer below a GCL than for the surface of a
compacted clay liner (which needs to be compacted 2-
4% wet of standard Proctor optimum to achieve a
suitable low hydraulic conductivity, Rowe et al. 2004),
and, very importantly, (c) upon hydration, the bentonite
in the GCL can close up small gaps between the GCL
and geomembrane, giving much lower transmissivity of
the interface between the geomembrane and GCL than
can be achieved with a CCL. The latter two factors
contribute to providing a much lower transmissivity for
the geomembrane-GCL interface (0) than for the
geomembrane-CCL interface.

SIGNIFICANCE OF WRINKLES IN A
GEOMEMBRANE

In the forgoing, it was emphasized that it was the
composite action of the geomembrane and clay liner that
resulted in low leakage through composite liner.
However this is only true when the geomembrane and
clay liner are in direct contact (Fig. 2). However, even if
the geomembrane is placed with no wrinkles/waves as
shown in Fig. 2, wrinkles usually develop due to thermal
expansion of the geomembrane (Fig. 3) and if these
wrinkles are present at the time the geomembrane is
covered with the overlying ballast (e.g. granular drainage
layer), it will provide local separation between the
geomembranes and the clay liner since significant
wrinkles (greater than about 3 cm high) present at the
time they are covered generally do not disappear after
the geomembrane is covered. Because wrinkles prevent
intimate contact between the geomembrane and the
underlying GCL or compacted clay liner, any leachate
that enters through a hole in a wrinkle can freely move to
any other point within the area of the wrinkle and the
only hydraulic resistance is due to the clay liner. Thus,
the combination of hydraulic conductivity and thickness
(due to its effect on hydraulic gradient) of the clay liner
becomes much more important where there are wrinkles
than where there are no wrinkles. As a consequence, an
increase in the hydraulic conductivity, &, of the clay
liner due to clay-leachate interaction (see Rowe et al.
2004) will be much more significant where there are
wrinkles than where the geomembrane and clay are in
direct contact.

An equation to predict the leakage through a hole in a



wrinkle forming part of a interconnected wrinkle
network of length L was published by Rowe (1998- Fig.
4). However until recently there was no data to assess
the likely length of interconnected wrinkles.

To investigate the prevalence or wrinkles, a research
study was conducted by the team at Queen’s University
to (a) quantify wrinkles over time at a specific field site
and (b) at a numbers of other sites at the time of
construction. Brachman et al. (2007) described the
construction of the Queen’s Experimental Liner Test Site
(located at latitude 44°34'14"N, just north of Kingston,
Canada) shown in Fig. 5. As far as we are aware, this is
the only exposed and instrumented field geomembrane/
GCL site in the world. New imaging techniques
developed for wrinkle quantification (Take et al. 2007)
have allowed the quantification of wrinkles at different
sites by flying a blimp over the site and using high
resolution, low altitude (30-70 m) aerial photography.
Fig. 6 shows one such wrinkle network.

In addition to quantifying wrinkles on the base of
landfills (Fig. 6), this technology also allows the
examination of wrinkles on large slopes (Chappel et al.
2008). A paper that quantifies wrinkle properties and
demonstrates the relationship between the percentage of
a landfill that has significant wrinkles (ranging from a
few % to almost 25%) and the time of day has just been
submitted for publication. Another paper dealing with
wrinkling at the Queen’s Experimental Liner Test Site
(Figs. 2, 3 and 5) is presently in preparation. When these
papers are published designers will have a means of
estimating the length of interconnected wrinkles. The
findings are generally consistent with the length of
wrinkles Rowe (2005) deduced would be necessary to
explain the leakage through primary composite liners for
landfills with double liner systems. Rowe (2010) will
examine the question of leakage through composite
liners with wrinkles in much greater detail than is
possible here. While it is not essential to eliminate all
wrinkles, the presence of wrinkles should be considered
in calculating leakage through composite liners in the
design. Construction procedures should be adopted to
limit the length of interconnected wrinkles present at the
time the geomembrane is covered.

IMPLICATIONS OF LINER TEMPERATURE ON
CONTAMINANT TRANSPORT (LEAKAGE AND
DIFFUSION)

As noted earlier, the temperature on a landfill liner
varies with time and for a typical municipal solid
wastelandfill the temperature may reach 30°C-40°C and
potentially up to about 60°C for a landfill where there is
significant moisture addition to accelerate biodegradation
of organic waste. Rowe (2005) indicated that the service

Fig. 2 Geomembrane placed without any significant
wrinkles at Queen’s Experimental Liner Test Site, Godfrey
Ontario. Geomembrane and clay are in direct contact.
Note the almost imperceptible crease line (due to blown
film process) in the middle of the photo. A similar crease
line is shown later in the day (after thermal expansion of
the geomembrane) in Fig. 3

S Y T

Fig. 3 Geomembrane was placed without any significant

wrinkles at Queen’s Experimental Liner Test Site. However

if the geomembrane is exposed to solar radiation (before

being covered) the increase in temperature and consequent

thermal expansion lead to wrinkle formation. This photo
shows the development of a wrinkle at a crease and
subsidiary wrinkles. If there was a hole anywhere in
this interconnected wrinkle network, leachate could
readily move to any other point below the wrinkle

network

life of a geomembrane liner used as part of a composite
liner in these landfills will primarily depend on the liner
temperature (as discussed in more detail in a later
section). However, even before the geomembranes service
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Liner, kg
Q = 2L[ ksb + V(ksD8) ] hq / D

Transmissive
Interface, 0

Aquifer

Fig. 4 Rowe (1998) Equation for calculating the leakage Q [m?/s] from a hole in an interconnected wrinkle network of

length L [m] and wrinkle width 2b [m], for a clay liner with hydraulic conductivity k, [m/s], clay liner thickness D [m],

geomembrane clay interface transmissivity 6 [m*/s], and head drop across the liner of hy [m]. See Rowe et al. (2004) for
more details

life is reached, temperature can affect both the hydraulic
conductivity and diffusion coefficient of the geomembrane
and clay liner (Collins, 1993; Rowe, 1998) and hence has
the potential to affect the advective-diffusive transport
through the liner system.

Contaminant transport analyses are typically
performed using parameters obtained in the laboratory at
laboratory temperatures (typically about 20°C). Prior to
the recent work of Rowe and Arnepalli (2008b), no
studies have been conducted to assess the potential effect
of liner temperature on contaminant impact. Rowe and
Arnepalli (2008b) performed a preliminary analyses of
the potential implications of liner temperature for the
case of a volatile organic contaminant (dichloromethane,
DCM) found in landfill leachate (Rowe et al. 2004)
through a composite liner comprised of a 1.5 mm thick
HDPE geomembrane over a GCL resting on a 3.75 m
thick attenuation layer which in turn is underlain by a 1
m thick aquifer. Most of the cases they considered were
selected to correspond to conditions that might be
expected in southern Ontario (Canada) where the
ambient ground water temperature is about 10°C and the
results suggested that, at least for these cases, the peak
impact is very close to that predicted for the usual base
case of 20°C. If confirmed for other contaminants, this is
good news since it implies that the simple approach
commonly used in Ontario for landfill design which
neglects the influence temperature variation gives quite

Fig. 5 Queen’s Experimental Liner Test Site (Brachman
et al. 2007) during construction. Note the weather station
and monitoring point in the upper centre of the photo. In
this photo, the geomembrane has been placed over the
GCL on the slopes and is presently being placed
on the base. The GCL is not yet covered by
geomembrane in the foreground

good results. However, Rowe and Arnepalli (2008b)
cautioned that this conclusion should not be generalized
until it has been confirmed for a wider range of cases.
The one analysis run for a higher ambient groundwater
temperature of 20°C gave a peak impact almost twice
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Fig. 6 Wrinkle network at a landfill site at latitude 43°16” N. Photo was taken at 1:20 pm on Aug 18 from a height of
65 m at an air temp 28°C. The width of a roll is shown for scale A-A. Note longitudinal wrinkle parallel to the
geomembrane rolls at the creases (B) formed during manufacture as well as the wrinkle perpendicular to the roll
direction (C) and at about 45° to the roll direction (D) and the interconnection between wrinkles (E)
(Modified from Chappel et al. 2007)

that for the other time varying cases. Thus more
investigation is needed to confirm how significant the
average groundwater temperature may be with respect to
contaminant impact.

POSSIBLE MEANS OF CONTROLLING LINER
TEMPERATURE

In instances where it is considered necessary or
desirable to operate the landfill in such a manner that it
could, using a traditional design, raise the temperatures
of the liner above 30°C-40°C, the system should be
designed to ensure that the LCS and liner will still have an
adequate service life to ensure environmental protection
despite the elevated waste temperature. One approach to
controlling liner temperature proposed by Rowe et al.

(2007) involves application of heat exchanger technology.

The system is comprised of a horizontal pipe array
buried at the base of a landfill. Coolant circulated through
the pipes absorbs the heat and reduces temperature in the
landfill liner system. The hot coolant is pumped to
facilities outside the landfill, where the excess heat is
extracted, the coolant temperature is reduced, and the
coolant is recirculated through the system.

The results of a preliminary numerical examination

of the feasibility of the proposed system for controlling
liner temperature have been reported by Rowe et al.
(2009a). They found that that introduction of cooling
pipes can substantially reduce liner temperature. The
influence of key design variables such as coolant flow
rate and pipe spacing were examined. For the case
studied, it was shown that the maximum liner
temperature could be reduced by about 11°C. It also was
found that the layout of cooling system may affect the
temperature reduction. The study showed that a detailed
examination of these design features is required and that
full three-dimensional analyses are required since two-
dimensional analyses overestimate liner temperature.

GEOMEMBRANE PROTECTION

The protection layer above a geomembrane serves
two purposes: first to minimize the risk of damage to the
geomembrane (e.g. holes) during construction, and second
to minimize the strains and hence the risk for future holes
forming due to environmental stress cracking. The first
is well recognised but, except in Germany, the second is
not so well recognised or accepted.

Gudina and Brachman (2006b) and Brachman and
Gudina (2008b) examined the effect of different protection
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layers in controlling the effect of physical stress on the
strains developed in geomembranes. For the first time,
this work showed that the presence of a wrinkle can
increase the strains caused by gravel in the overlying
drainage layer. This is important since current practice
only considers a flat geomembrane (i.e. no wrinkles). The
work of Brachman and Gudina (2008b) also provided the
very first quantification of the strain in the geomembrane
due to the indentation of the overlying gravel drainage
layer through different protection layers under applied
landfill stresses. Dickinson and Brachman (2006) looked
at the effect different protection layers have upon the
deformation of the GCL beneath the geomembrane. This
work demonstrated that local thinning of a GCL occurs
due to bentonite extrusion beneath gravel contacts and is
exacerbated by the presence of a wrinkle.

The work of Gudina and Brachman (2006b) and
Brachman and Gudina (2008a,b) clearly shows that
geotextile protection layers that represent current North
American practice are insufficient to limit the long-term
tensile strains in the geomembrane. A study was conducted
to examine why the geotextile cannot limit strain and they
investigated alternatives to a thick sand layer (since in many
applications this may be costly). This work (Dickinson and
Brachman, 2008) demonstrates that slack in the geotextile
stress-strain response prevents mobilization of force in
conventional protection geotextiles until large
deformations occur (i.e. it starts to work only after the
strains in the geomembrane have increased beyond
allowable limits). The work then went on to demonstrate
that a 150 mm layer of either poor quality backfill (silty
clay) or rubber tire shreds provide excellent protection to
the geomembrane and GCL (i.e. inexpensive alternatives
to potentially expensive sand have been found). The work
also found that creating a composite protection layer with
a thick nonwoven geotextile core between two layers of
thin, but stiff geotextiles was able to reduce geomembrane
strains to allowable levels at room temperature. However,
the influence of time, temperature and chemicals on the
composite protection layer still has to be assessed prior
to use in a landfill.

Based on the work conducted to date, recommendations
have been developed to minimize strains in geomembranes
and deformations in GCLs. The research has demonstrated
that a 150 mm-thick sand protection layer is sufficient to
protect the geomembrane and GCL from 50 mm coarse
gravel even when subjected to applied vertical pressures as
large as 1,000 kPa (Gudina and Brachman 2006b; Brachman
and Gudina 2008b; Dickinson and Brachman 2008).

LONG-TERM PERFORMANCE OF
MEMBRANE LINERS

GEO-

The degradation of an HDPE GM liner is commonly

considered to have three stages (Hsuan and Koerner
1998). Stage I: Antioxidant depletion, Stage II: Induction
time to the onset of polymer degradation, and Stage III:
Polymer degradation involving the decrease in a GM
property to an arbitrary level often taken to be 50% of
the original value. These three stages will be referenced
below.

Rowe et al. (2008a) examined the effect of MSW
leachate composition on antioxidant depletion rates. It
has been demonstrated that the key constituent of MSW
leachate that accelerates antioxidant depletion is
surfactant (e.g. soap). The volatile fatty acids and
inorganic constituents which make up most of the
chemical contamination in leachate had no significant
effect (at the 95% confidence level) on the depletion of
antioxidants.

Rowe et al. (2009b) examined the effect of
geomembrane thickness on antioxidant depletion rates.
This paper demonstrated that increasing the thickness of
the geomembrane significantly increases the time for
antioxidant depletion (other things being equal) but that
the level of increase observed experimentally is less than
might have been anticipated theoretically based on
simple diffusion of antioxidants from the geomembrane.
This discrepancy was attributed, in part, to the fact that
even though the geomembranes were produced by the
same manufacturer, they had different resins and
antioxidant packages.

Rowe and Rimal (2008a) demonstrated that the rate
of depletion of antioxidants is much slower in a full
(simulated) landfill liner system (by about a factor of
four) than in simple immersion tests that have previously
been used to assess antioxidant depletion. Rowe and
Rimal (2008b) showed that the choice of protection layer
above the geomembrane significantly affected the rate of
antioxidant depletion, with a 1.5 cm thick sand layer (or
a GCL) decreasing antioxidant depletion compared to a
conventional geotextile protection layer. Rimal and
Rowe (2009) demonstrated that for the geomembrane
they examined, which had hindered phenols and
phosphites as the primary and secondary antioxidants,
the depletion of antioxidants could be well modeled by
diffusion theory. This theory, which gave good
predictions of antioxidant depletion for a 1.5 cm sand
protection layer, was used to demonstrate that increasing
the sand protection layer to 30 cm would result in a
decrease in the antioxidant depletion from the
geomembrane and hence substantially increase the liner
longevity (by about 100 years at 35°C).

The results obtained by Rowe and Rimal (2008a,b)
were for composite liners under gravity stresses. Brachman
et al. (2008) described the design of the geosynthetic
landfill liner simulators (GLLSs) intended to physically
examine the full liner system when subjected to field
stresses. Rowe et al. (2009) demonstrated that the



antioxidant depletion was not significantly affected by
the applied stresses and the rate of depletion in a
composite liner was again about four times slower than
in conventional immersion. Recent work (unpublished)
experimentally confirmed the theoretical predictions of
Rimal and Rowe (2009) that a thick (in this case 15 cm)
sand protection layer would substantially reduce
antioxidant depletion and extend geomembrane service
life. Rowe and Rimal (2008a,b) examined one HDPE
geomembrane while Rowe et al. (2009) examined
another HDPE geomembrane to asses the importance of
GM polymer and antioxidant package. These two studies
provided considerable insight regarding the processes of
antioxidant depletion in MSW liner systems for different
geomembranes with different antioxidant packages.
Many of these findings were summarized for the
engineering community by Rowe (2009). Antioxidants
are a critical component affecting the service life of
HDPE geomembrane liners, and therefore these results
both allow the best available predictions of the first stage
(antioxidant depletion) of geomembrane service life and
provide insight regarding design measures that will
extend the service life of a given geomembrane.

Much less data is available for Stages II and II of
geomembrane service life. Rowe et al. (2009¢) have
made the first estimates of Stages 2 and 3 of geomembrane
degradation based on tests performed on geomembranes
(previous estimates have been based on tests on plastic
pipes). These estimates will be improved as more data
becomes available.

The experimental data obtained above provided one
aspect (the change in geomembrane properties with time
at a given temperature) of the information needed to
assess the service life of geomembranes. The other key
factor is the change in the temperature of the liner in the
field with time. Studies have been conducted to identify
typical landfill liner time-temperature histories. Based on
this, Rowe and Islam (2009) used the experimental results
noted above to examine the effect of different landfill
liner time-temperature histories on the likely service life
of the geomembrane in a primary composite liner
beneath the waste. Rowe and Hoor (2007) examined the
effect of temperature on secondary geomembrane liners
for different double liner configurations. Rowe and Hoor
(2009) then extended this work and made predictions of
the service life of the secondary geomembrane based on
the temperature of the primary geomembrane. They
demonstrated that for primary composite liners with only
a GCL above the secondary leachate collection system,
the temperature of the secondary geomembrane liner was
only a few degrees below that of the primary liner
geomembrane and hence would have a very similar
service life unless (a) the secondary liner were thicker
(e.g. include a foundation layer with the GCL), or (b) the
secondary geomembrane was thicker (see effect of
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thickness discussed above). It was recognised that the

service life of the GM could be extended by reducing the

liner temperature.

Rowe (2009) has provided a more extensive summary
of the research noted above and reached the following
conclusions regarding the long-term performance of
HDPE geomembrane liners:

e The service life of one geomembrane will likely not
be the same as that for another geomembrane under
the same exposure conditions unless the geomembranes
have both the same resin and antioxidant package.
Since the antioxidant packages and resins used by
geomembrane manufactures change from time to
time, the geomembrane service lives can be
expected to change from manufacturer to
manufacture and even from time to time with the
same manufacturer.

e The presence or absence of the volatile fatty acids
and the typical primary inorganic constituent had
negligible effect on the depletion of antioxidants for
geomembranes immersed in synthetic MSW
leachate. The constituent of leachate responsible for
the significant difference in antioxidant depletion
rate between geomembranes immersed in water and
synthetic leachate was the surfactant (e.g. soap).

e Antioxidants were depleted at a faster rate in
relatively acidic or basic immersion media (pH 4
and 10) than at typical MSW leachate (pH 6-8). This
suggested that the service lives for geomembranes in
contact MSW leachate may be different to that of
geomembranes used for hazardous waste, where the
pH can be high, or in heap leach pads where the pH
can be very low.

e  Other things being similar, a thicker geomembrane
is likely to have a longer service life than a thinner
geomembrane. Thus a thicker geomembrane may be
appropriate when the 1.5mm geomembrane cannot
provide adequate service life.

e Antioxidant depletion was about 2.2-4.8 times faster
for a geomembrane immersed in leachate than for
the same geomembrane in a simulated composite
liner. Thus to obtain realistic estimate of
geomembrane service life one needs to perform tests
which simulate the expected conditions in a
composite liner.

e Based on modelling of the diffusion of antioxidants,
the antioxidant depletion time for a liner
temperature of 35°C was predicted to be about 100
years (or more) longer for a 30cm sand protection
layer than for the traditional case with just a
geotextile protection layer or a thin (1.5 cm) sand
protection layer.

e Tests conducted in new experimental apparatus that
simulated the ageing of geomembranes under the
combined effects of chemical exposure from
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synthetic MSW leachate and an applied stress of 250
kPa at elevated temperatures, gave antioxidant
depletion times about four times longer than for the
same geomembrane immersed in leachate.

e For a geomembrane incubated at 85°C, there was an
observed decrease in melt index with time attributed
to the oxidative cross-linking even though the
geomembrane was immersed in a highly reduced
leachate. There was a corresponding decrease in
stress crack resistance (SCR) and tensile properties
at break. The SCR was more critical than tensile
properties in terms of estimating the geomembrane
service life (i.e. it gave shorter service lives). The
service life at 85°C for the geomembrane was
greatest immersed in air and least in leachate (8.75
years based on SCR and projected up to 17 years
based on tensile break in air, 5.3-7.7 years in water,
3.4-5.6 years immersed in leachate).

e Based on the available data it was estimated that the
service life of the geomembrane tested (immersed in
leachate) is likely to exceed 700 years at 20°C, more
than 150 years (and likely 225-375 years) at 35°C
and more than 40 years (and likely 50-90 years) at
50°C. However, these are preliminary estimates and
may change as more data becomes available over
the next five years.

e Modelling of heat transfer from the primary to
secondary geomembrane liner for different double
liner systems, demonstrated that the steady state
temperature profile was not very sensitive to thermal
properties of liner materials but was highly
dependant on the thickness of the soil component of
the primary liner.

e For the geomembrane considered, the increase in the
service life of the secondary geomembrane over that
of an otherwise similar primary geomembrane liner
was minimum of 40, 20 and 5 years at 30, 40 and
50°C respectively for an all-geosynthetic system and
increased with increasing thickness of the primary
liner to 120, 65 and 30 years at 30, 40 and 50°C
respectively for a 1m thick primary liner.

e  The service life of a geomembrane liner is extremely
sensitive to the time-temperature history it
experiences, with predicted service lives ranging
between thousands of years and a few decades
depending on this history. This range illustrates the
important role that time-temperature history could
play in terms of geomembrane service life and
highlights the need for long-term monitoring of
landfill liner temperature. It also demonstrated the
significant potential effect of even a relatively short
period of time at elevated temperatures above 50°C.

It can be inferred from the foregoing that the
performance of the geomembrane is dependant on many
other parts of the landfill system.

LONG-TERM PERFORMANCE OF GEOSYNTHETIC
CLAY LINERS

The long-term performance of the GCL is
predominantly governed by two considerations: (a) panel
separation due to shrinkage of the GCL before the
composite liner is covered with ballast (e.g. the granular
drainage layer); and (b) clay-groundwater or clay-
leachate interaction which can result in an increase in the
hydraulic conductivity of the GCL.

The potential for GCL panel separation (Fig. 7) due
to shrinkage of geosynthetic clay liners (GCLs) covered
by a geomembrane and left exposed (i.e. with no
overlying cover soil), first highlighted by Thiel and
Richardson (2005), was emphasized by six reported
cases where GCL panels, originally overlapped by 150
mm, had opened up leaving separations between GCL
panels of between 200 and 1200 mm after periods of
exposure of between 2 and 36 months (Koerner &
Koerner 2005a, 2005b; Thiel et al. 2006). Laboratory
studies (Thiel et al. 2006; Bostwick et al. 2007, 2008)
have demonstrated that shrinkage of up to 23% could be
induced in the laboratory by the application of cyclic
wetting and drying. There is no documented evidence of
loss of panel overlap for composite liners covered
quickly and hence not subjected to wet/dry cycles. It is
strongly recommended that composite liners involving
GCLs be covered with the ballast layer as quickly as
possible after placement.

The primary objective of the GCL in a composite
liner system is to minimize leakage through holes in the
geomembrane as discussed in an earlier section of this
paper. This is largely achieved by limiting the lateral
spreading of leachate once it gets through the hole in the
geomembrane due to the low transmissivity of the
interface between the geomembrane and GCL (Rowe
1998). It is well known (e.g. Petrov and Rowe 1997,
Petrov et al. 1997; Ruhl and Daniel 1997; Rowe 1998)
that interaction between the bentonite in a GCL and
cations in a hydrating or permeating fluid can, in some
cases, significantly increase the hydraulic conductivity
of GCLs from the normal value with respect to water
(1x10™"" m/s< k< 5x10™"" m/s) to values typically around
2x107" m/s but in extreme cases to as high as 3x10® m/s.
For a composite liner the hydraulic conductivity of the
GCL is only really important in those zones where there
is a significant head on the GCL (relative to the thickness
of the GCL). Thus Rowe (1998) demonstrated that for a
geomembrane in direct contact with a GCL, and provided
that the transmissivity of the interface does not change
significantly, a two order of magnitude increase in the
hydraulic conductivity of the GCL only increased the
leakage by a factor of about two. Therefore, even with
significant chemical interaction between the GCL and
leachate, the presence of the GCL can still substantially



decrease the leakage through holes in the geomembrane
where there is direct contact between the GM and GCL.
Thus the composite liner is still much better than a single
geomembrane liner. As noted in a previous section, the
change in hydraulic conductivity becomes much more
significant where there are holes in wrinkles.

Fig. 7 Panel separation of a GCL in a composite liner in
California (after Thiel and Richardson, 2005)

When dealing with GCLs resting on a less than ideal
foundation (such as over a leak detection system or, to a
lesser extent, gravel or course sand) there is the potential
for internal erosion causing an increase in hydraulic
conductivity as shown by Rowe and Orsini (2003) and
also potentially causing clogging of the LDS (Giroud
and Soderman 2000). This is a factor that should be
considered where significant heads can develop over the
primary GCL giving rise to high hydraulic gradients that
could cause internal erosion. As long as the leachate
collection system controls the leachate head to a low
value (typically less than 0.3 m), this is unlikely to be a
problem. However if the LCS fails or if its operation is
discontinued, the build-up in leachate head could cause
problems due to internal erosion. As indicated by Rowe
and Orsini (2003), some GCLs are much more prone to
this problem than others.

CONTAMINANT TRANSPORT IMPLICATIONS

Contaminant transport through landfill barrier
systems is commonly modelled using the program
POLLUTE (Rowe and Booker 1995; 1998; 2005). El-
Zein and Rowe (2007; 2008a,b) described a new model
developed for modelling 2D leakage though holes in the
geomembrane and the effect of holes in wrinkles in the
GM. They compared the predications made with the new
model with those obtained from conventional techniques
using finite layer theory. They found that, in general, the
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results from the conventional approach (e.g. using the
program POLLUTE) were adequate for most engineering
applications, but that the more sophisticated model may
be required if the predictions from the conventional
approach were close to regulatory limits (i.e. if the
conventional predications were within about 15%-20%
of the regulatory limit then more accurate analysis would
be required to provide a better prediction of potential
impacts).

The various issues affecting the base barrier system
discussed in this paper can generally be modeled using
the program POLLUTE. For example, Rowe and
Arnepalli (2008a) theoretically examined the effect of
geomembrane ageing (using data obtained as indicated
above) on diffusive transport and concluded that this
factor could be ignored from a practical perspective.
Rowe and Arnepalli (2008b) also theoretically examined
the effect of landfill liner temperature on diffusive-
advective transport of volatile organic compounds. They
demonstrated that this could be an important
consideration in landfill design, especially in climates
where the groundwater temperature was of the order of
20°C. Currently, this aspect is neglected in design.

CONCLUSIONS

From an engineering perspective, the long-term
performance of the modern MSW landfill will be governed
by the performance of a system comprised of three
primary subsystems: the barrier system below the waste,
the landfill operations, and the landfill cover and gas
collection system. This paper has argued that in order to
minimize the environmental impacts of a landfill, it is
necessary to adopt a systems engineering approach to the
design, construction and operation of the landfill. This
involves decomposing the entire system into subsystems
as noted above. Each subsystem needs to be decomposed
into simpler identifiable components, the performance of
the individual components examined, the interactions
between different components of the system assessed, and
then the response of the entire system assembled to quantify
its overall engineering performance. This evaluation must
consider how the interaction between different components
affects the performance of the entire system and how,
due to this interaction, the performance of the system as
a whole is better than the individual contributions of
each of the parts. In particular, it was shown that an
action that may enhance the performance of one part of
the system may have negative effects on other parts of
the system. The objective should be to ensure optimal
performance of the entire system, not the components.
This relates to both operations and the landfill design
itself. For example, operational issues such as the waste
placement sequence or recirculation of leachate can
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impact on the service life of the underlying barrier system
in either a positive or negative way depending on the
details of how they are implemented. Also, the design of
the leachate collection system and protection layer can
have a significant effect on the leakage of contaminants
through the underlying composite liner as well as on the
service life of the composite liner. Furthermore, the time
of placement of the protection and drainage layer over a
composite liner (and the consequent wrinkles) can have a
profound effect of leakage through the composite liner
and factors such as interaction between a geosynthetic
clay liner and the leachate will assume much greater
significance if the geomembrane has significant
interconnected wrinkles than if only a small proportion
of the geomembrane is wrinkled due to the loss of
composite liner action directly below wrinkles.

Considering all these issues, it is concluded that safe
waste containment and long-term environmental protection
can best be provided by taking a systems approach to the
design, construction and operations of modern MSW
landfills.
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STATIC AND SEISMIC ANALYSIS OF SOLID WASTE LANDFILLS

Pedro Sim#o Séco e PINTO1

ABSTRACT: The general characteristics of waste materials for static and seismic conditions are addressed. The static
and dynamic response of barriers is presented. The performance of solid waste landfills during earthquakes is described.
The analysis of solid waste landfills stability during earthquakes is presented. The advantages of quality assurance are
pointed out. Instrumentation and monitoring to assess the safety control of waste landfills in order to detect any
anomalies and to propose corrective actions is presented . The advantages of risk analysis to guide future investigations
and to supplement conventional analyses in making decisions on waste landfills safety are discussed.

INTRODUCTION

The need of construction of high solid waste landfill in
order to protect human health and the environment has
created new engineering challenges.

In this framework the static and seismic behavior of
solid waste landfills has deserved considerable attention.

The characterization of material properties for static
and seismic design of solid waste landfills is a difficult task
as due the heterogeneity of the material large samples are
needed.

Also it is important to analyze the static and dynamic
response of barriers.

The performance of solid waste landfills during
earthquakes is described.

The analysis of solid waste landfills stability during
earthquakes is presented.

The advantages of quality assurance are pointed out.

Instrumentation and monitoring to assess the safety
control of waste landfills in order to detect any
anomalies and to propose corrective actions is presented.

The advantages of risk analysis to guide future
investigations and to supplement conventional analyses in
making decisions on waste landfills safety are discussed.

GENERAL CHARACTERISTICS OF WASTE
MATERIALS

The municipal solid wastes (MSW) are in general
composed by a mixture of participles of different materials
(i.e. plastic, wood, organics, etc.), and of different size. An
industrial waste consists mainly of plaster.

Due to biodegradation and physic-chemical process the

mechanical properties of these waste materials are
changing with time.

Different methods are used for the characterization of
wastes, e.g. boring, test pits, SPT tests, CPT tests and
sampling (De et al. 2004). It is important that these
samples were representative of type and age of waste,
placement techniques, acidic phase/stable methane phase
(for municipal solid waste landfills).

A proposal for a geotechnical classification of different
waste materials is given in Table 1.

Table 1 Geotechnical classification of waste materials
according to GLR (1993)

Soil-like waste Non Soil-like waste

Excavated soil Municipal  solid  waste
(MSW)

Industrial sludge Bulky waste

Road construction debris Green waste

Incineration residue & slag, MSW-like industrial waste
ash, dust)

Waste from construction
sites

Construction debris
Sewage sludge Solids

Residues from mechanical-
biological treated wastes

1
Professor, National Laboratory of Civil Engineering(LNEC),University of Coimbra and University New of Lisbon, Portugal,
President of the International Society for Soil Mechanics and Geotechnical Engineering. Email: pspinto@]Inec.pt
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The composition and characteristics of municipal solid
wastes are also related with the status of the community
and to cultural and dietary factor (Fig. 1). For instance the
composition of MSW in USA integrates large proportions
of paper, cardboard, plastic and textiles in comparison of
South Africa that contains less paper and great proportion
of organics waste (Blight, 2006).

SOLID WASTE CHARACTERIZATION

The shear strength properties of waste landfills are not
easily determined since the physical composition of the
mixture makes it unsuitable for the conventional laboratory
strength testing. Testing equipment must withstand
possible corrosive impacts, geometry of testing device
must usually be 5 to 10 times larger than the maximum
particle size of the tested waste material and in case of
contaminated materials personnel protection must be
guaranteed (S€co e Pinto, 2008a). The size of testing
equipment is too small relative to the normal size of the
refuse. Also the shear parameters of municipal solid waste
show a broad variety and a differentiation between fresh
and old wastes.

To overcome this situation the waste properties are
established based on the type of waste, the waste
processing and the placement procedures.

Some properties are measured directly, such as dry
density and water contents and other properties due the
difficulties related with sampling are obtained from
indirect methods combining with the existent knowledge
of waste properties (Séco e Pinto, 1997).

Total unit weights of the material are determined from
in-place testing or laboratory compaction tests.

Kavazanjian (1995) has proposed an unit weight
profile with depth (Fig. 2).

From literature survey the particle size distribution of
municipal solid waste is shown in Fig. 3 (Jessberg, 1994).

Zekkos et al. (2006) using family curves developed on
the basis of case weight versus depth curves the proposal
of Fig. 4 after analysing several case histories.

From results of laboratory and field tests the shear
parameters of municipal waste exhibits a diferentiation
between fresh and old waste (Jessberg, 1996) (Fig. 5).

Also direct simple shear test laboratory tests on
reconstituted large samples are used to determine large
strain properties.

Machado et al. (2006a) based in triaxial tests conducted
in MSW samples of 4 years old have obtained significant

difference in the shear strength mobilization curves (Fig. 6).

Large scale shear tests were performed by Caicedo et al.
(2002) in undisturbed samples of 0.9 m of diameter in
Dona Juana Landfill located in city of Bogota. The tests
were conducted in four stages. (i) a sample from the
landfill was directly carved in place and the two pieces of
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the shear box located around it,(ii) a loading frame is next
set in place and instrumented. This frame permits the
application of vertical and shear stresses, (iii) a normal
stress is then applied and kept constant during of the test,
(iv) the shear force is progressively applied increasing the
load to the maximum stress, which is typically found for
60 mm of deformation.

The obtained results are shown in Figs. 7 and 8.

For the municipality solid waste landfills that are the
most common, the stability analysis is affected by the
uncertainties in the mechanical parameters, such as
internal friction angle, cohesion and Young module,
which are very difficult to determinate through
laboratory or in situ tests.
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A summary of the results obtained for the shear
strength of MSW in Dona Juana landfill using different
methodologies is presented in Fig. 9.

Numerous investigations of the waste behaviour have
been conducted experimentally obtaining the following
typical correlations reported in graphic form (Fig. 10).

Kavazanjian et al. (2001) compared bi-linear shear
strength envelope with MSW shear strength envelope from
back analysis of landfills and concluded in Fig. 11 that the
former remain a lower bound effective stress envelope for
MSW.

Bligth (2006) has illustrated in Fig. 12 the difficulties
to measure the shear strength parameters of a MSW
material due its heterogeneity and also high variable
composition.

The mechanisms governing domestic waste settlement
are complex. The term of consolidation suggested steps of
MSW load-settlement curves, refers to settlement from the
dewatering, shrinkage (decomposition of organic material)
and compaction (overburden). This proposal is shown in
Fig. 13 (Grisolia et al. 1992).

A composite rheological model and a computer
program to calculate landfill settlements considering
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primary and secondary mechanical compression from
biodegradation of municipal solid waste were developed
by Marques et al.(2002).

Machado et al. (2006b) have shown in Fig. 14 that are
small changes in the initial young modulus and ultimate
tensile stress in new samples, although samples 4 years old
show a behaviour less plastic where the stress decrease
after to reach the peak value.

Time effects on landfills behavior are the following
(Mello and Boscov, 2002): (i) change in strength and
compressibility behavior of MSW; (ii) clogging of
drainage system,; (iii) degradation of geo-membrane; (iv)
change in water and gas pressure in the waste mass; (V)
dissemination of pollutants.
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Commoulos (2003) has shown based on observation
that a landfill which is placed rapidly would yield higher
settlements rates than a landfill with a longer construction
period. In Fig. 15 is presented schematically that two waste
columns A and B at the same landfill with different
construction periods that the settlements rates of waste
column A with the shorter construction period are higher
than those of column B with the longer construction period.

Zekkos et al. (2007) have conducted stress-strain
response tests of MSW materials under slow and rapid
monotonic loading in large direct shear device (with 300
mm side and 180 mm height) and large triaxial shear
device (with 300m diameter and 600-630mm height).
The effect of composition, confining stress and loading
rate were studied.

Variable strain rate direct shear and triaxial
compression tests on waste materials of varying
composition have shown that rate effects play an
important role and dynamic shear strength of unsaturated
MSW is about 20 % greater than the static shear strength.
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Kavanjian (2008) has suggested based in data
presented in Fig. 16 that, while predicting the total
magnitude of post-closure settlement a priori may be
problematic, long-term post-closure landfill settlement
may be reasonably predicted, by monitoring post-closure
settlement for a period on the order of 100 days and then
extrapolating settlements on a log scale.

In situ determination of some MSW deformability
parameters, such as shear and elasticity moduli and
Poisson coefficient, is not yet a common practice. More
frequent is the assessment of such parameters originated
from back analysis. This can be understandable due to
waste highly heterogeneous constituents and some site
operational difficulties.

Bello et al. (2004) have developed a full displacement
pressuremeter, specially designed for MSW landfill
investigation. The system allows measurements of up to
100% radial deformation, which means approximately
Scm radial, possibly reaching the undisturbed waste
matrix and allowing to incorporate the anisotropy
effect.

The potentialities and limitations of SPT tests, CPTu
tests and Plate load tests to characterize municipal solid
waste landfills were discussed by Oliveira and Muriata
(2004).

A wide range of reported Vs values for MSW
compiled by Kavazanjian et al. (1996) is shown in Fig. 17.

Matasovic et al. (2004) have proposed the use of cone
penetration test (CPT) to evaluate the undrained shear
strength. For the determination of cone shear strength
factor the authors have proposed the use of non intrusive
SASW tests. A summary of the results of SASW profiles
conducted in five waste landfills is presented in Fig. 18.

SASW is a particularly attractive method of
investigation for landfill engineering where the
nonintrusive nature of the methods eliminates many of
the health and safety concerns typically associated with
conventional borings for geoenvironmental investigations
(Avsar et al. 2004).

The variation of shear modulus G and damping ratio A
with shear strain can be derived by laboratory tests (Séco e
Pinto, 1990).

For the variation of shear modulus and damping
characteristics of waste materials, sandy silt material and
silty material, with shear strain, the curves proposed by
Singh and Murphy (1990) or by Vucetic and Dobry (1992)
are presented in Fig. 19.

A very important aspect of linear elastic behavior by
developing curves with much smaller reduction of shear
modulus with strain is pointed by Singh (2002) in Fig. 20.

Singh (2002) suggested that the age and the state of
decomposition of the refuse material be taken when
selection a modulus reduction curve. Decomposed peat
material may exhibit greater reduction in shear modulus
with shear strain, however younger refuse material will

show very small reduction of shear modulus with shear
strain.
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Towhata et al. (2004) have conducted cyclic triaxial
tests. Figs. 21 and 22 show the variation of dynamic
Young modulus and damping ratio with strain amplitude.

Back analysis of strong motion records captured at
the base and crest of landfill provides the most reliable
available information on modulus reduction and
damping of MSW under seismic loading. Four different
groups of reputable investigators came up with four



different sets of modulus reduction and damping curves,
as shown in Fig. 23 (Kavajanzian, 2008).

The dynamic characteristics of municipal solid waste
degradation in bioreactor landfills were analyzed by
Hossain et al. (2007). The four different phases, namely
anaerobic acidogenic phase, accelerated methanogenic
phase and early and late decelerated methanogenic
phases were investigated. The results of reasonant
column tests have shown that shear modulus and
material damping curves versus shear strain are
significantly affected by the degree of decomposition.

When solid waste landfills incorporate construction
demolition debris the curves proposed for rockfill and
gravel materials can be used.

DelJong et al. (2006) observed an increase in shear
wave velocity from approximately 200 m/s to 540 m/s
due to microbial treatment and pointed a similar shearing
response to gypsum cemented soils under undrained
conditions (Fig. 24).

The development of microbiological processes for
improvement of the physical properties of soil is getting
increase attention.

In Geomicrobiology the microorganisms play an
important role in geological processes and the interactions
between minerals.

Bioremediation has become an accepted remedy for
soil and groundwater contaminated with hydrocarbons,
especially with benzene, toluene, ethylbenzene, and
xylene (BTEX). Natural attenuation relies upon native
microorganisms to degrade and transform contaminants
(Kavazanjian and Karatas, 2008).

Bench-scale experiments in progress at Arizona
University are exploring the potential for microbially
induced calcium carbonate precipitation through
denitrification for improvement of engineering properties
of granular soils (Karatas et al. 2008).
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Until recently, the application of microbiological
processes to improve the mechanical properties of soil
for engineering purposes (e.g. increasing shear strength,
decreasing  compressibility, decreasing hydraulic
conductivity) remained largely unexplored, in spite the
potential benefits in geologic and anthropogenic
processes. For example carbonate precipitation can
result in cementation within soil increasing the shear
strength and decreasing the hydraulic conductivity. The
optimal microbial mineral precipitation mechanism
should be -calibrated taking into account the site
characteristics.

Cabalar and Canakci (2005) based in a series of
direct shear tests on sand mixed with different ratios of
xanthan gum have shown an increase in average shear
strength at failure from 30 kPa to 190 kPa when the
xanthan gum content of the sample was increased from 1
percent to 5 percent.

Srivastava, RK et al. (2006) have explored the use of



GIS to identify the appropriate site locations through
spatial analysis. The GIS database has integrated data
acquisition (topographic maps, borehole data), scanning
of maps, georeferencing and digitizing maps.

STATIC AND DYNAMIC RESPONSE OF BARRIERS
Introduction

The design of barriers of modern landfills should be
based on the following main principles:

The mineral barrier is the basic component of traditional
sealing systems referring in particular to the long-term
performance. The requirements and characteristics of the
mineral sealing layer in order of importance are: (1) low
hydraulic conductivity (HC) at field scale, (2) long-term
compatibility with the chemicals to be contained, (3)
high sorption capacity, and (4) low diffusion
coefficient.

Composite lining systems using geomembranes can
give important advantages both in the short and long-
term due to: (1) reduction of HC as a result of the
attenuation of defects of both geomembrane and
compacted clay (2) better biogas control; (3) minimization
of desiccation problems; (4) enhancement of flow within
the drainage layers toward the collection pipes (i.e.
minimization of ponding leachate on the liner) and (5)
the geomembrane on the top of the clay barrier delays
contact between clay and leachate long enough for
consolidation of the clay when the waste is landfilled,
thus reducing compatibility problems Construction
procedures play a fundamental role in the final efficiency
of the lining system in terms of field-scale HC.

Compacted Clay Liners

Compacted clay liners are clayey soils that have been
remoulded and constructed to obtain a low hydraulic
conductivity liner. Successful construction of a low
hydraulic conductivity CCL using an adequate soil type
and therefore design life of this system is highly
dependent on: (a) water content control; (b) breakup of
clods of soil and homogenization of non uniform soils;
(c) lift thickness; and (d) method of compaction and
equipment used. CCLs may experience an increase in
hydraulic conductivity with time by several orders of
magnitude if not adequately protected against
desiccation cracking or frost damage. This is also a
particular concern for CCL used as cover material in
landfills.

Both desiccation cracking and frost damage
protection are key to the design life of these barrier
systems and can be mitigated through quality
construction control and assurance.
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Deformation of Compacted Soil Liner in a
Geocentrifuge tests was analysed by Viswanadhan and
Sergupta (2006). Fig. 25 shows that for SSL-3 shallow
and wide cracks penetrating up to three fourth of the
liner thickness, for SSL-4 wide and deep cracks
penetrating up to full depth and in SSL-10 a number of
small cracks were found to be distributed at the zone of
maximum curvature.

The service life of a clay liner is the period of time
during which the bulk hydraulic conductivity of the liner
may be expected to fall within the design range.
Provided the liner is properly designed and constructed
and appropriate attention has been paid to clay-leachate
compatibility (e.g. Rowe et al. 1995), it is expected that
it will perform within the range of design hydraulic
conductivity for thousands of years (MoE, 1998).
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Fig. 25 Centrifuge results(after Viswanadhan and
Sergupta, 2006)

Bentonite Enhanced Soils

Geosynthetic clay liners provide a convenient and
potentially economical low permeability alternative to
compacted clay liners both in covers and base liners in
many situations. Due to the fact that it is a manufactured
product, typically produced using either powdered or
granular sodium bentonite, a high level of quality control
can be achieved. The main advantages of GCLs are their
limited thickness, improved resistance to differential
settlement, ease of installation and low cost.

A database of 414 large-scale direct shear tests was
assembled to evaluate variables governing geosynthetic
clay liner (GCL) internal shear strength (Zornberg et al.
2004). Good repeatability of test results was obtained
using same manufacturing lot GCL specimens, while
comparatively high variability was obtained using
different lot specimens.
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Peak shear strength variability was found to increase
linearly with normal stress, but to be insensitive to
specimen conditioning procedures.

Geomembrane Liners

Geomembranes are planar, relatively impermeable
polymeric sheets. Due to their low permeability, they
make excellent liners for fluid retaining structures. There
are many different types of geomembranes and the
selection of a particular type depends upon the
application in which it will be used.

The aging process of HDPE geomembranes can be
envisioned as simultaneous combination of physical
aging and chemical ageing. This includes chemical
degradation, oxidative degradation, degradation by
swelling, degradation by extraction, biological
degradation and UV degradation. Oxidative degradation
appears to be the most harmful to HDPE geomembranes,
which are the most common geomembranes used in
landfill liner applications due to their superior chemical
resistance.

It was estimated that for the particular geomembrane
examined, provided that the landfill is well maintained
such that the liner (i.e. geomembrane) temperature is not
higher than 15°C, the primary geomembrane would last
at least 200 years whereas for the conditions where the
temperature is at 33°C (an increase in temperature as a
result of leachate mounding, discussed below), the
service life is estimated to drop to about 70 years. It was
also estimated that geomembranes used as secondary
liners will last at least 400 years for a temperature range
typical of groundwater, 7 to 10°C.

Concerns regarding the clogging of leachate
collection systems have lead to the use of coarse
drainage material in these systems. It is essential to
ensure that the geomembrane is adequately protected
against the potential detrimental effects of coarse gravel
indenting the geomembrane, especially under the high
overburden pressures in large landfills. The development
of tensile strains within the geomembrane due to
impingement of the coarse drainage material may have
serious implications on the service life of the
geomembrane and may impair its primary design
function as a barrier to advective flow due to the
development of holes.

Geomembrane liners are widely used in waste
landfills mainly as base liner and cover liner to avoid
water table and environmental contamination.

The results of centrifuge model tests provide useful
information for the design of the spacing and placement
of the reinforcement strips and the design and
construction of actual prototype driving equipment
(Zimmie, 2005).

polyurea is a material chemically similar to polyurethane
can be separated in fluid form and then mixed during
application to create a solid membrane. The material is
applied using a spray technique or by pouring,
depending on the desired thickness of the membrane.
Curing time varies based the thickness of the membrane
and on the temperature of the applied material, but the
initial cure occurs relatively quickly and the final cure is
several days (Burns and Parson, 2005).

Long term thermal regime of landfill liner systems
using field temperature monitoring program and numerical
analysis on heat transfer. Temperatures in liner system that
contain geosynthetics clay liner (GCLs) were monitored
prior and subsequent to waste placement. Temperatures in
liners reached 30° C under 5-year old waste with an annual
rate of temperature gradients decreased however, high
variation in gradients remained subsequently to waste
placement.

To analyse the long term sealing effect under field
conditions test were conducted in lysimeter. The
obtained results are summarized by Heerten (2006) in
Fig. 26.

Yegian et al. (1995) by conducting shaking table tests
have concluded that: (I) the geosynthetic interface reduces
the level of the acceleration pulses of the ground motion;
and (ii) the geosynthetic interface acts as base isolator
absorbing the wave energy through interface slip.

Lee et al. (2007) have conducted large scale shaking
table tests to understand the seismic behavior of
geosynthetic reinforced slopes (GRS). In addition have
performed numerical analyses using FLAC code. From
the large scale shaking table tests the authors have
concluded that GRS slopes with longer embedded length
of reinforcement, smaller vertical reinforcement spacing
and higher reinforcements stiffness exhibit better
resistance to seismic loading (Figs. 27 and 28).

The estimated antioxidant depletion time for the
HDPE geomembrane showing the critical importance of
liner temperature and the nature of the chemical
exposure proposed by Rowe (2006) is summarized in
Table 2.

Table 2 Estimated antioxidant depletion time for the
HDPE geomembrane (after Rowe, 2006)

Air Water  Leachate Simulated
Temperature .
years  years years Liner
10 510 235 50 280
20 235 110 25 115
30 110 55 15 50
35 80 40 10 35
40 55 30 8 25
50 30 15 5 10

60 15 8 3 6




Landfill Drainage Layers

High transmissivity drainage layers may be used
above liners to minimize the hydraulic head acting on
the liner (and hence minimize flow through the liner).
These drainage layers may be constructed from granular
materials or geosynthetics or a combination of both. The
maximum liquid thickness must be estimated for two
reasons: (1) the liquid thickness is typically limited by
regulations (e.g. the Resource Conservation and
Recovery Act in the US requires a maximum liquid
thickness of 0.3 m), and (2) good design requires that the
liquid thickness be less than the thickness of the lateral
drain (to avoid confined flow).

Special care is required to ensure adequate long-term
drainage capacity. Geotextiles are often used as filters
between the waste and the drainage layer—especially
when either coarse drainage materials (e.g. gravel) or
geonets are used to provide a drainage blanket. There
has also been considerable debate regarding the use of
carbonate drainage stone due to the potential for
dissolution of the rock by leachate.

The clogging problem arises because municipal solid
waste leachate contains nutrients that will encourage
bacterial growth in geotextile filters, in granular drainage
layers, around the perforations in the leachate collection
pipes and within the pipes.

Details of experimental tests conducted in shaking
table to analyse the behaviour of waste lanfills with
geotextile reinforcements is shown in Figs. 29 and 30.

Fig. 31 shows the schematic installation of sensor
arrays in the cells.

Dynamic Geosynthetic Interface Behaviour

The key point of the geomembrane liners response to
earthquake is the behaviour of geosynthetic interfaces.
Slippage along interface could be possible; this may
produce attenuation of earthquake induced acceleration
to the cove liner but may causes some stability problems
during and after earthquake loading.

To avoid this phenomenon it is necessary to control
the interface strength, i. e. the limit value of the shear
stress available along the interface in static and
cyclic/dynamic condition, considering the different
geosynthetic/geosynthetic and geosynthetic/soil
combinations used in the field.

As far as the static interface strength analysis is
concerned (Martin et al. 1984; Williams and Houlihan,
1986; Negussey et al. 1989; Mitchell et al. 1990), it must
be firstly emphasise that the friction angle between
geosynthetic and soil is lower than the soil shearing
resistance angle. Also the friction angle between
geosynthetic and geosynthetic is lower than that between
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geosynthetic and soil. Moreover, the residual interface
strength is completely mobilised since a very low strain
level. In any case, the static interface shear strength is
influences by different factors, such as the moisture, the
geosynthetics disposition (in comparison with loading
direction), the polishing grade in case of geomembrane
use, the geosynthetic structure, the surface roughness,
the soil nature (Jewell, 1990; Stark and Poeppel, 1992;
O’Rourke et al. 1990).

The shear interface resistance of liner and cover
systems landfills has deserved increasing attention.

The long term performance of geomembranes depends
of their properties, tensile strains, exposure to chemicals in
the leachate and temperature (Rowe, 2006). Chemical
ageing of geomembranes has three distinct stages: (i)
depletion time of antioxidants, (ii) induction time to the
onset of polymer degradation; and (iii) degradation of the
polymer to decrease some property to an arbitrary level
(Hsuan and Koerner, 1998)

The dynamic properties of the geosynthetic liner can
be replaced by the dynamic properties of the equivalent
soil layer measured by shaking table tests.

Horizontal geosynthetic interfaces have a potential
effect to modify the seismic response of overlying material.

Smooth HDPE geomembrane/geotextile liners
reduce significantly the accelerations and shear stresses
transmitted through the landfill profile, especially when
the base acceleration exceeds 0.2g, as pointed by Yegian
and Kadakal (1998). These effects should be taken into
account to avoid unrealistic estimates of seismic
acceleration, shear stresses and permanent deformations
in a landfill.

From the comparison between the static and the
cyclic/dynamic conditions it is possible to note
considerable divergences in the interface shear strength,
even if some factors, such as the moisture, have similar
effects. Besides, for cyclic loads of small frequency, the
shear strength is principally influenced by the number of
cycles. For dynamic loads the difference in the shear
strength from static to dynamic condition is due to the
inertial and viscous effects linked to the load velocity
and to its time variation (Carrubba and Massimino,
1998).

Particularly, to evaluate the frictional properties of
the typical landfill interfaces, the most utilised device is
the shaking table test (Hushmand and Martin, 1990;
Yegian and Lahlaf, 1992; Strano, 2000). The normal
stress on the considered interface is generated by means
of a concrete block.

Until no block-table relative displacement occurs, the
block moves in phase with the table. When the dynamic
force reaches the interface limiting shear force, a relative
displacement occurs. In this situation the block
acceleration becomes lower than the table one and in the
block acceleration/table acceleration curve it is possible
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Cell J: 183-m array, 10 sensors
Cell I: 169-m array, 11 sensors
Cell D: 186-m array, 9 sensors
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Fig. 31 Schematic Configuration of Sensor Arrays

to see a clear break. Considering the limit condition and
assuming a Mohr-Coulomb failure criterion, it is
possible to evaluate the friction angle ¢,, as:

9, =tan’1(ab/g) M

being aj, the block acceleration and g the gravity acceleration.

Das and Shin (1999) carried out low frequency
dynamic load test on a strip foundations resting on the
geogrid reinforced saturated clay and concluded that the
full geogrid reinforcement can reduce then permanent
settlement of a foundation by about 20% to 30%.

Santhakumar et al. (2001) have conducted a series of
dynamic plate loading tests and concluded that there is a
considerable effect of the number of reinforcement layer,
the size of the reinforcement, spacing of the
reinforcement and frequency of loading on the dynamic
bearing capacity of the subgrades. There is a substantial
reduction in settlement of the reinforced subgrades as
well due to inclusion of geogrid in the foundation soil.

As regards the other widely used cyclic/dynamic
laboratory tests to check the geosynthetic/geosynthetic
or geosynthetic/soil interfaces, it is important to mention
the cyclic direct shear tests (Pasqualini et al. 1996; De
1996) and the shaking table tests on geotechnical
centrifuge (Zimmie et al. 1994). The application of one
test instead of another is mainly determined by the field
use and the nature of the considered interface.

Table 3 reports the recommended tests to perform for
eight typical geosynthetic/geosynthetic interfaces (De
and Zimmie, 1998).

De and Zimmie (1998) suggest principally the use of
cyclic direct shear device for seismic event problems,
considering that for this event the first 5-30 cycles are
the most important.

The shaking table tests on geotechnical centrifuge are
very important to consider the same stress levels as
prototypes. In landfill applications, for example, a
bottom liner system may be subjected to normal stresses
variable between 100 and 800 kPa, considering a waste
height of 8-60 m respectively.

Table 4 shows the average values of the peak friction
angle for different geosynthetics interface and different

tests in static and dynamic conditions

Analysing some typical geosynthetic/geosynthetic
interfaces it is possible to point out the following
observations (Carrubba and Massimino, 1998).

1) The initial values of friction angles in static and
dynamic condition are very similar; even if due to the
viscous nature of geosynthetics and the soil interface
dynamic shear strength is influenced by the strain rate.
This leads to lightly higher values of the friction angle in
dynamic conditions than in static conditions.

2) For geotextile/smooth geomembrane inter-faces
the peak dynamic friction angle decreases with the
increase of the number of excitation cycles, especially
for low values of the cycles number (Pasqualini et al.
1995; De and Zimmie, 1998). This reduction is very
probably due to a polishing action. The polishing effect
increases in moisture condition, common in landfill
liners and covers because of the leachate or other fluid
presence (Von Pein and Lewis, 1991). On the contrary,
for smooth geomembrane/geonet interfaces and smooth
geomembrane/smooth geomembrane interfaces it is
possible to note a significant increase of the peak
dynamic friction angle with cycle numbers. In the first
case the increasing in peck dynamic friction can be due
to a possible increased roughness of geomembrane
caused by the geonet. In the second case the increasing
in peck dynamic friction could be due to the occurrence
of abrasion along the shaking direction (De and Zimmie,
1998). Finally, for the goetextile/geonet interfaces, the
peak dynamic friction angle appears independent from
the number of excitation cycles.

3) As far as the normal stress is concerned, its magni-
tude is not important for geotextile/smooth geomembrane
and smooth geomembrane/smooth geomembrane; while
it influences significantly the behaviour of smooth
geomembrane/geonet and geotextile/geonet interfaces.
In this last case, lower the normal stress higher the peak
dynamic friction angle. The reason of the normal stress
influence is until now completely understood; in some
cases it could be related to the high deformability of no
woven geotextile. The normal stress in relation to the
material hardness can produce a penetration effect of
one material to the other. This last phenomenon causes a
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Table 3 Tests for estimating geosynthetic interface dynamic friction angles (after De and Zimmie, 1998).

Interface description

Recommended testing procedures to estimate dynamic friction angle

)

Seismic excitation ! Machine foundation®®

Nonwowen geotextile over geonet (oriented

Nonwowen geotextile over geonet (oriented

Nonwowen geotextile over smooth
geomembrane

Smooth geomembrane over geonet
(oriented transversely)

Smooth geomembrane over geonet
(oriented longitudinally)

Smooth geomembrane over geonet
(oriented aligned)

Nonwowen geotextile over geonet
(oriented transversely)

longitudinally)
aligned)

Smooth geomembrane over smooth
geomembrane

ST or CDS consider reduction in ¢ ST or CDS consider reduction in ¢

CDS ST or CST
at proper o at proper o
CDS ST or CST
CDS ST or CDS
CDS ST or CST

at proper oand f at proper oand f
CDS ST or CST

at proper cand f

CDS

CDS

at proper oand f
ST or CDS

ST/CST
at proper f

Notes: ¢= friction angle; o= normal stress; /= frequency; (’Seismic excitation = small number of cycles; “Machine

excitation = large number of cycles; CDS = cyclic direct shear for geosynthetics; ST = shaking table test; CST =
centrifuge shaking table.

Table 4 Average peak friction angle of the interfaces (after De and Zimmie, 1998)

Static friction angle

Dynamic friction angle

Interface Shakingtable test
Description Tilt table test |Direct shear tests Direct shear tests : 10g to
& | 40g
il

Nomwowen geotextile over 11.8° 12° Decreases from 12.5° to 10.5° 12° 11°

smooth geomembraane
Smooth geomembrane over Increases from 11° to 18° (for

10.1° 11.3° . 12° 7°
geonet (transverse) low G)or 14° (at high o)
Smooth geomembrane over 9.8° 1130 Increases from 10° to 18° (for 120 11°
geonet(longitudinal) ’ ’ low 6)Or 16.5° (at high ©)
Smooth geomembrane over 8.1° 810 Increases from 9°To 18° (for bot
geonet (aligned) ’ ’ low and high G)
Nonwowen geotextile over o Ranges from 22 Ranges from 24°(at low ) to 17° o o
245 (atlow o) to . 24 8
geonet (transverse) at high o)
14.5° (at low &)

N textil Ranges from 17°

OWOWER Bea/exX’ € OVER 13.9°  (atlow o) to 14° 15° 190 11°

geonet (longitudinal)
(at low ©)
Nonwowen geqtextlle over 11.2° 10.5° 11° to 10° . L
geonet (aligned)

Smooth geomembrane over 13.1° 2.8° Increases from 19° 130

smooth geomembrane

10.3°to 19.5°




significantly non-linear behaviour of interfaces (Carrubba
and Massimino, 1998).

4) For interfaces including geonet the mesh
orientation can change greatly the results. Of course, the
lower interface shear strength occurs when the strands
are aligned in the same direction of the motion.

5) As in static conditions, the moisture has the effect
to reduce the friction angle.

6) Interesting tests performed on HDPE geomembrane-
nonwoven geotextile interface showed that the maximum
slip displacement is higher than the permanent one.
Thus, for a safe design of landfill liners and leachate
collection systems it is important to estimated not only
the permanent slip displacement, as very frequently
happens, but also the maximum dynamic displacement
resulting from the displacement time history.

7) As far as the geosynthetic/soil interface behaviour
is concerned, by shaking table test (Strano 2000), it is
important to perform geotechnical test, to evaluate the
angle of shearing resistance of the soil rather than the
angle of friction. As well as dynamic soil properties,
such soil relative density, shear modulus, damping ratio
etc. (Cascone, 1995).

Lai et al. (1998) have performed cyclic shear tests on
samples of a geomembrane supported geosynthetic clay
liner. The dry material showed no degradation in shear
strength during cyclic loading, on the other hand the
hydrated material was found to reduce the shear strength
by cyclic loading.

PERFORMANCE OF SOLID WASTE LANDFILLS
DURING EARTHQUAKES

From the lessons learned from past earthquakes, such
as Loma Prieta earthquake (Johnson et al. 1991; Buranek
and Prasad, 1991; Sharma and Goyal, 1991) and Northridge
earthquake (Matasovic and Kavazanjian, 1996; Stewart et
al. 1994; and Augello, 1995) it is important to stress that
modern solid waste landfills withstand the design earthquake
without damages to human health and environment.

From well documented case histories the following
failure mechanisms can be selected:

- Sliding or shear distortion of landfill or foundation

or both;

- Landfill settlement;

- Transverse and longitudinal cracks of cover soils;

- Cracking of the landfill slopes;

- Damage to the gas system header pipes;

- Tears in the geomembrane liners;

- Disruption of the landfill by major fault movement

in foundation;

- Differential tectonic ground movements;

- Cracks about the contact between refuse landfill

and canyon;
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- Liquefaction of landfill or foundation.

The damage modes listed are not necessarily independent
of each other.

Experience has shown that well built waste landfills
can withstand moderate shaking peak accelerations up to at
least 0.2g with no harmful effects.

Nevertheless this scenario the integrity of solid
waste landfills during strong earthquakes to achieve
environmental and public health objectives deserves
more consideration.

ANALYSIS OF SOLID WASTE LANDFILLS
STABILITY DURING EARTHQUAKES

Introduction

The stability analysis of solid waste landfills will be
introduced.

The behavior of solid waste landfills during the
occurrence of earthquakes can be analyzed by experimental
methods or mathematical methods.

Seismic design of solid waste landfills uses the same
principles of seismic design of embankment dams (Séco e
Pinto, 1998a).

The capabilities and limitations of these methods are
briefly summarized.

Experimental Methods

Experimental methods are used to test predictive
theories and to verify mathematical models. The most
popular techniques for solid waste landfills are shaking
table and centrifuge models.

Shaking table tests, with the purpose of investigating
the dynamic behaviour of reinforced structures with
various boundary and surcharge condition, seismic input
and reinforcement distribution were conducted by (Lo
Grasso et al. 2006).

Centrifuge model tests have been carried out to
understand the principle of waste-structure interaction and
to investigate deformation induced stress redistributions
within the waste body near a structure (Kockel et al. 1997).

Thusyanthan et al. (2004) from the results of centrifuge
tests in municipal solid waste materials have concluded
that the amplification of acceleration within the model
waste depends mainly on the earthquake intensity.

Koseki et al. (2006) review recent physical model
testing using shaking tables and summarizes lessons
learned regarding seismic performance and potential
failure mechanisms.

Mathematical Methods

The following dynamic analysis of embankment dams
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are used (Séco e Pinto et al. 1995):
i) pseudo-static analyses;
ii) simplified procedures to assess deformations;
iii) dynamic analysis.

The slope stability of waste landfills is generally
evaluated by limit equilibrium slope stability analyses.

For the pseudo-static analyses a seismic coefficient
value equivalent to the peak ground acceleration divided
by 1.5 can be considered (Séco e Pinto et al. 1998a).

For solid waste landfills an acceptable seismic
behaviour is anticipated if the calculated pseudo-static
factor of safety ranges from 1.3 to 1.5.

Simplified procedures to assess landfills deformations
were proposed by Newmark (1965), Sarma (1975) and
Makdisi and Seed (1977) and have given reasonable
answers in areas of low to medium seismicity.

Newmark’s original sliding block model considering
only the longitudinal component was extended to include
the lateral and vertical components of earthquake motion
by Elms (2000).

The use of dynamic pore pressure coefficients along
with limit equilibrium and sliding block approaches for
assessment of stability of earth structures during earthquakes
was demonstrated by Sarma and Chowdhury (1996).

A new simplified semi-empirical predictive model
for estimating seismic deviatoric-induced displacements
based on the results of nonlinear fully coupled stick-slip
sliding block analysis using a comprehensive database of
hundreds of recorded ground motions was proposed by
Bray (2007). The seismic displacements model are
generally more consistent with documented cases of solid
waste landfill performance.

A fully probabilistic assessment of sliding displacement
incorporating the aleatory variability in the earthquake
ground motion prediction was proposed by Rathje and
Saygili (2008). The product of this analysis is a
displacement hazard curve which provides the annual
rate of exceedance for a range of displacement levels.
The different deterministic and probabilistic methodologies
to predict the siding displacement of a slope are shown
in Fig. 32.

Several finite element computer programs assuming an
equivalent linear model in total stress have been developed
for 1D (Schanabel et al. 1972; Idriss and Sun, 1992), 2D
(Idriss et al. 1973; Lysmer et al. 1974) and pseudo 3D
(Lysmer et al. 1975).

Since these models are essentially elastic the permanent
deformations cannot be computed by this type of analysis
and are estimated from static and seismic stresses with
the aid of strain data from laboratory tests (cyclic triaxial
tests or cyclic simple shear tests).

To overcome these limitations, nonlinear hysteretic
models with pore water pressure generation and dissipation
have been developed using incremental elastic or plasticity
theory.

The incremental elastic models have assumed a
nonlinear and hysteretic behavior for soil and the
unloading-reloading has been modelled using the Masing
criterion and incorporate the effect of both transient and
residual pore-water pressures generated by seismic loading
(Lee et al. 1978; Finn, 1987).

Sargent (1990) has introduced the concepts of
verification and validation and the relations established
between the three entities: the physical problem; the
conceptual model; and the computer model and its
numerical implementation are illustrated in Fig. 33.

Deterministic Probabilistic Ground Motion

| SelectM, R scena;cx_]

!

Predict Ground Motion (GM) Predict Ground Motion (GM)
GM predictive model, £y =? GM hezard curve, Agy =7

) l

Predict Displacement (D}—’ Predict Displacement (nj

I All M, R, ¢ scenarios |

D predietive model, k,, GM, £5=7 0 predictwve madel, k,, GM, £5=7

Fully Probabilistic

| All M, R, & scenarios

l

Predict Ground Motion (GM)
GM hazard curve

Convolve GM hazard and
Displacement (D)
D predictive model, k,, all Ay & 5

Predict Displacement (D)
D hazard curve, Ay =7

Fig. 32 Various methodologies for predicting sliding
displacements (after Rathje and Saygili, 2008)

PROBLEM

Fig. 33 Relations between physical problem, conceptual
model and computer model (after Sargent, 1990)



Verification intends to ensure that the computer
program is correct and its represents faithfully the
conceptual model and validation applies essentially to
the conceptual model, and its ability to reproduce
satisfactorily the physical phenomena.

A slightly different terminology is adopted by
ICOLD (1993) that considers that the numerical
modelling process for dams should be checked in order
to avoid unreliable results considering the following
aspects:

i) justification of the whole modelling method
(the relevance to physical reality);

ii) validation of the computer code;

iii) quality assurance of the whole computation
process.

A flowchart that integrates stability analysis of solid
waste landfills, monitoring and safety analysis and lessons
learnt from case histories proposed by Seco e Pinto and
Maugeri (2005) is presented in Fig. 34.

Selection of Design Earthquakes

Introduction

The Code of Federal Regulations (United States,
1991) requires new municipal solid waste landfills to be
designed either for a maximum horizontal acceleration
taken from a published seismic map for a 10 percent
probability of exceedance (90 percent probability of non
exceedance) in a 250-year exposure period or on the
basis of a site specific analysis. The related return period
for the map-based acceleration is 2,375 years. The
criterion of a site specific analysis is not specified in the
regulation, but rather is left up to the individual states
and may be probabilistic or deterministic. Because of the
lower uncertainty, the return period for a site specific
analysis may be less than 2,375 years.

The selection of seismic design parameters for
municipal solid waste landfills, following the procedures
used for dam projects, depends on the geologic and
tectonic conditions at and in the vicinity of the site (Séco
e Pinto, 2007). Attenuation relations can be separated
into 3 main tectonics classifications: (1) shallow crustal
earthquakes in active tectonics regions, (2) regions
subduction earthquakes, and (3) shallow crustal
earthquakes in stable continental regions.

In terms of attenuation relations, the Idriss model
(1995) and the Sadigh et al. model (1997) have only
horizontal components, and Abrahamson and Silva
(1997) relation has been used for vertical component.
Overall, directivity has a significant effect on long-
period ground motions for sites in the near-fault region.

EUROCODE n°8
The definition of the actions (with the exception of
seismic actions) and their combinations is treated in
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Eurocode 1 Action on Structures .

In general the national territories are divided by the
National Authorities into seismic zones, depending on
the local hazard.

In EC 8, in general, the hazard is described in terms
of a single parameter, i.e. the value a, of the effective
peak ground acceleration in rock or firm soil called
design ground acceleration(Fig. 35) expressed in terms
of: a) the reference seismic action associated with a
probability of exceeding (Pncr) of 10 % in 50 years; or b)
a reference return period (Tncr)= 475.

These recommended values may be changed by the
National Annex of each country (e.g. in UBC (1997) the
annual probability of exceedance is 2% in 50 years, or
an annual probability of 1/2475).
where:

Se (T) elastic response spectrum,

T vibration period of a linear single-degree-of-freedom
system,

o, design ground acceleration,

Tp, Tc limits of the constant spectral acceleration
branch

Tp value defining the beginning of the constant
displacement response range of the spectrum,

S soil parameter with reference value 1.0 for subsoil
class A,

n damping correction factor with reference value 1.0
for 5 % viscous damping.

The earthquake motion in EC 8 is represented by the
elastic response spectrum defined by 3 components.

It is recommended the use of two types of spectra:
type 1 if the earthquake has a surface wave magnitude
Ms greater than 5.5 and type 2 in other cases.

The seismic motion may also be represented by
ground acceleration time-histories and related quantities
(velocity and displacement). Artificial accelerograms
shall match the elastic response spectrum. The number
of the accelerograms to be used shall give a stable
statistical measure (mean and variance) and a minimum
of 3 accelerograms should be used and also some others
requirements. The seismic motion may also be
represented by ground acceleration time-histories and
related quantities (velocity and displacement). Artificial
accelerograms shall match the elastic response spectrum.
The number of the accelerograms to be used shall give a
stable statistical measure (mean and variance) and a
minimum of 3 accelerograms should be used and also
some others requirements should be satisfied (Séco e
Pinto, 2009).

For the computation of permanent ground deformations
the use of accelerograms recorded on soil sites in real
earthquakes or simulated accelerograms is allowed
provided that the samples used are adequately
qualified with regard to the seismogenic features of
the sources.
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Fig. 34 Flowchart for solid waste landfills (after Seco e Pinto & Maugeri, 2005)

Sefig

2,57

\
T T T T T

Ty T, To T (s

Fig. 35 Elastic response spectrum (after ECS8)

For structures with special characteristics spatial
models of the seismic action shall be used based on the
principles of the elastic response spectra.

The selection of seismic design parameters for
municipal solid waste landfill following the dam projects

depends on the geologic and tectonic conditions at and
in the vicinity of the site.

The regional geologic study area should cover a 100
km radius around the site to include any major fault or
specific attenuation laws.

The probabilistic approach quantifies numerically
the contributions to seismic motion, at the landfill site,
of all sources and magnitudes larger than 4 or 5 Richter
scale and includes the maximum magnitude on each
source.

The landfill should be designed for Operating Basis
Earthquake (OBE) and Maximum Design Earthquake
(MDE). Both depend on the level of seismic activity
which is displayed at each fault or tectonic province.

For the OBE only minor damage is acceptable and is
determined by using probabilistic procedures.

For the MDE only deterministic approach was used
(ICOLD, 1983) but presently it is possible to use a
deterministic and probabilistic approach. If the
deterministic procedure is used, the return period of such
an event is ignored, if the probabilistic approach is used
a very long period is taken (ICOLD, 1989).



Neotectonics

Due to the fault tectonics and fracture mechanism,
each earthquake possesses unique characteristics that are
partly reflected in the obtained strong motion records
and partly in the observed damage. Damage patterns and
distribution in recent earthquakes have indicated that
ground motion characteristics such as direction, pulse
and duration could have significant influence and play
important role in response of structures.

The tectonic conditions should include tectonic
mechanisms, location and description of faults (normal,
stryke and reverse) and estimation of fault activity
(average slip rate, slip per event, time interval between
large earthquake, length, directivity effects, etc). These
factors are important to assess the involved risk.

Determination of neotectonic activity implies first
the qualitative geomorphologic analysis of air photos
and topographic maps. The GPS system is another
powerful means of monitoring the crustal mobility.

Cluff et al. (1982) have proposed the following
classification for slip rates: extremely low to low for
0.001 mm/year to 0.01 mm/year, medium to high 0.1
mm/year to 1 mm/year and very high to extremely high
10 mm/year to 100 mm/year.

The current practice is the deterministic approach in
which the seismic evaluation parameters were
ascertained by identifying the critical active faults,
which show evidence of movements in Quaternary time.

In general an active fault is a fault, reasonably
identified and located, known to have produced
historical fault movements or showing geologic evidence
of Holocene (11 000 years) displacements and which,
because of its present tectonic sitting, can undergo
movements during the anticipated life of man-made
structures.

The fault studies should considered various levels: (I)
regional investigations should cover 150-200 km radius,
in order to form a picture of the general tectonic setup;
(i1) local investigations in 50 km radius; and (iii) faults
intersecting the dam site with special significance for
dam structure.

To assess if there is the potential for a significant
amount of surface displacement beneath the structure
several backhoe trenches are excavated with 3 to 4
meters deep and 30 to 50 meters long and should be
inspected and log the exposures geologic features.

Recently a fault investigation method other than
trenching has been developed, called the long Geo-slicer
method in which long iron sheet piles with a flat U-
shaped cross section are driven into an unconsolidated
bed, iron plate shutters are inserted to face these iron
sheet piles and the piles and shutters are pulled out to
take undisturbed samples of strata of a certain width.
This method is advantageous in regard to the ease of
securing land for conducting investigations compared
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with trenching and the ease of bringing the strata
samples back to the laboratory for detailed observations
(Tamura et al. 2000).

When active faults are covered with alluvium
geophysical explorations such as seismic reflection
method, sonic prospecting, electric prospecting,
electromagnetic prospecting, gravity prospecting and
radioactive prospecting can be used (Takahashi et al.
1997). Of these the seismic reflection method can locate
faults if geological conditions are favourable, and
confirm the accumulation of fault displacements based
on the amount of displacements in strata that increases
with strata age.

Together with the mentioned investigations of recent
tectonic activity, historical and instrumental evidence
complete the information body on the threat of fault
breaks in the structure foundation.

For deterministic analyze median or 84th percentile
ground motions are used for design ground motions for
dams. The choice for median or 84th percentile is based
on the slip rate of the fault and the downstream hazard
and downstream hazard of the structure

The most dangerous manifestation concerning the
landfill stability and integrity is the surface fault
breaking, intersecting the landfill site.

To assess if there is the potential for a significant
amount of surface displacement beneath the dam several
backhoe trenches are excavated with 3 to 4 meters deep
and 30 to 50 meters long and should be inspected and
log the exposures geologic features.

For low slip rates (about 0.Imm/year or less) the
medium ground motion is appropriate. For high slip
rates (about 0.5 mm/year or greater) the 84th percentile
ground motion is appropriate. Several scenarios are
assumed and for near-source faults of the dam amplified
motions resulting from source-rupture directivity effects
should be included.

Site effects

The acceleration records registered during
earthquakes contain significant information about source,
path and site effects.

The geological differences, the variability of different
soil and rock layers, the reflection and refraction of
earthquake waves from the boundaries of these layers,
the effect of earthquake waves passing through these
layers, as well as the differences in the source mechanisms
of each earthquake play an important related the
comprehensive analysis of earthquake characteristics on
the ground surface.

In Table 5 is presented the main factors that
influence site effects

The influence of local conditions on site amplification
proposed by Seed and Idriss (1982) is shown in Fig. 36.
The initial response spectra proposed in the pre-standard
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Table 5 Main factors that influence site-effects

Intensity and frequency characteristics of bedrocks seismic environment

Elastic vibration characteristics of the soil deposit

- Impedance contrast between the bedrock and overlying soil materials
- Nonlinear behavior of soils in the stratigraphy, including fatigue-type effects

Seismological -

- Duration of bedrock motions
Geological - Local geologic structure

- Underlying rock type

- Soil deposit thickness

- Stratigraphical characteristics

- Soil types in the stratigraphy
Geotechnical -

by shaking duration

Geometrical - Non horizontal soil-deposit layering

- Topography of underlying bedrock

- Basin configuration

- Other inclusions that lead to two and three dimensional geometries

ECS8 based in Seed and Idriss proposal was underestimating
the design levels of soft soil sites in contradiction with
the observations of the last recorded earthquakes.

Based on records of earthquakes Idriss (1990) has
shown that peak accelerations on soft soils have been
observed to be larger than on rock sites (Fig. 37). The
high quality records from very recent earthquakes
Northridge (1994), Hyogo-ken-Nambu (1995), Kocaeli
(1999), Chi-Chi (1999) and Tottoriken (2000) have
confirmed the Idriss (1990) proposal.

Based in strong motions records obtained during
Hyogoken-Nanbu earthquake in four vertical arrays sites
and using and inverse analysis Kokusho and Matsumuto
(1997) have plotted in Fig. 38 the maximum horizontal
acceleration ratio against maximum base acceleration
and proposed the regression equation:

Accsurface/Accbase=2.0 exp(-1.7 Acc/980) )

This trend with a base in a Pleistocene soil is similar
to the Idriss (1990) proposal where the base was in rock.

The downhole arrays are useful: (i) to understand the
seismic ground response; and (ii) to calibrate our
experimental and mathematical models.

The influence of directivity conditions is shown in
Fig. 39.

In the last few years many studies have analyzed 2D
site effects in the elastic range on ground motions (Aki
1993, Bard 1994,), showing that differences relative to
the 1D response due to the lateral propagation of surface
waves and 2D resonance phenomena. Theoretical 3D
elastic response studies indicate that differences relative
to 2D are only quantitative.

It is well known that modern seismic codes (UBC 97,
EC8) consider seismic site response as a 1D vertical
wave propagation. Nevertheless, seismic response

coefficients and spectral shapes for different soil classes
are used in order to quantify site effects. The site
classification is based exclusively on the vertical soil
profile.

In UBC 97 the uppermost soil layers are taken into
account disregarding whether the total thickness of
sediments is greater than 30m, and also their dynamic
properties of the sediments and bedrock. The concept of
the uppermost 30m Vs profile as a single parameter to
evaluate the design response spectra for different
shaking intensity levels (Borcherdt 1994). The main
advantage is the simplicity and the unambiguous
evaluation by conventional geotechnical surveys, but it
is not accurate enough to estimate site effects.

Attenuation relations

Earthquakes are very complex and dangerous natural
phenomena, which occurs primary in known seismic
zones, although severe earthquakes have also occurred
outside these =zones in areas considered being
geologically stable. As a result, regulatory agencies
became more stringent in their requirements for
demonstration of adequate seismic stability and design
engineers responded by developing new and more
convincing design approaches than had previously used.
Thus the past years have seen a major change in interest
and attitude towards this aspect of design (Séco e Pinto,
2008b).

The lessons learned from recent earthquakes such as
Mexico earthquake (1985), Armenia earthquake (1988),
Loma Prieta earthquake (1989), Philippines earthquake
(1990), Manjil earthquake (1990), Teleri-Limon
earthquake (1991), Erzican earthquake (1992), Latur
earthquake (1992), Northridge (1994), Kobe (1995),
Marmara and Duzce -earthquakes (1999), Athens
earthquake (1999) and Chi-chi Taiwan, China earthquake
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Fig. 39 Response spectra for forward directivity
conditions for an M=7 earthquake at a distance of 5 km
on soil (after Somerville, 1998)

(1999) have provided important observational data
related with the seismic behavior of geotechnical
structures.

Attenuation relations can be divided into 3 main
tectonics classification: shallow crustal earthquakes in
active tectonics regions, subduction earthquakes and
shallow crustal earthquakes in stable continental regions.

The following attenuation relations were proposed:

Idriss model (1995) has only horizontal component
and Sadigh et al. model (1997) and Abrahamson and Silva
(1997) relation have been used for vertical component.

Sommerville et al. (1997) has shown that directivity
has a significant effect on long-period ground motions
for sites in the near-fault region.

Earthquakes ground motions are affected by source
mechanism, by path and by the local site conditions. The
available procedures take these effects into account in
varying degrees (Idriss, 1995).

Empirical analytical and fully empirical procedures
have been developed to calculate these parameters.

These empirical analytical relationships were called
attenuation relationships.

The attenuation relationships for estimating
earthquake ground motions rely on recorded data and
should incorporate ground motion parameters. The
values of mean peak acceleration were presented by
Trifunac and Brady(1975) and compared with recorded
data in Fig. 40, has shown that the range of the recorded
data is about a factor of 4 and the range of calculated
mean values is closer to a factor of 10.

A comparison of eleven attenuation relationship and
the peak horizontal acceleration of earthquake ground

motion recorded during the 1994 Northridge earthquake
is shown in Fig. 41. The range of recorded data is still of
3 to 5 but the range of the calculated medium values has
been reduced. This situation is due a significant increase
in the data base.

The number of recording sites shown in Fig. 42
indicates that recordings are available from earthquakes
with magnitudes from 4.6 to 7.4 and distances from 1 km
to about 100 km, with a significant number of recording
available at soil sites. It is important to mentioned that
the data to be used in developing attenuation laws used
only free field records.

The standard residuals are pointed in Fig. 43 as a
function of earthquake magnitude and in Fig. 44 as a
function of distances.

Seismic response analysis

During the past two decades landfill design and
construction technology has advanced considerably in
response to more stringent regulatory requirements and
demands.

Because earthquakes could damage the waste
containment system, with a consequent loss of sealing,
one of the most important requirement of MSW landfills
is that a landfill located in seismic impact zones be
designed to resist earthquake hazards.

The seismic responses obtained by computer finite
element 1D programs are considered reasonable (Bray et
al. 1995; Mitchel and Mitchel, 2004).

These analyses are based on the solution of the equation
of motion considering a homogenous and continuous soil
deposit composed of horizontal soil layers and assuming
a vertical propagation of shear waves. Since the slopes
of landfills are usually flatter than slopes of earth dams,
and landfill decks are larger than dam crests, two-
dimensional response effects in landfills should be less
significant than in earth dams. For the soil behaviour the
equivalent linear method is used and the shear modulus
and damping ratio are adjusted in each iteration until
convergence has occurred.

Due to the uncertainties related to the material
properties and the foundation geometry, the influence of
the seismic action generally is evaluated via parametric
and sensitivity studies.

The seismic response was also obtained by a computer
finite element 1D program ESTOC developed in
FORTRAN 77 (Vieira, 1995).

Input motions are incorporated by base horizontal and
vertical acceleration power spectra. These can be obtained
by direct records of seismic motions by response spectra or
by trilogaritme diagram.

For the soil behaviour the equivalent linear methods is
used and the shear modulus and damping ratio are adjusted
in each iteration until convergence has occurred.
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The main profile for three foundation geometries (30 m,
40 m and 50 m depths), in order to check this influence, and
for the seismic actions near and far source was analysed.

The shear stress distribution and the acceleration
distribution for the solid waste at the Grandola solid
waste landfill (SWL) for three foundation geometries are
presented in Figs. 45 and 46 (Séco e Pinto et al. 1999).
The basic data for the Grandola SWL are reported by
Séco e Pinto et al. (1999).

Due to the geometry of the landfill (height and
slopes), the effect of the HDPE geomembrane/geotextile
liner was ignored; i.e. the dynamic properties of the
geosynthetic liner was not replaced by the dynamic
properties of the equivalent soil layer.

Table 6 summarizes for near source and far source the
transference functions of acceleration (TFRA) between the
bedrock and the ground level, the fundamental period of
the layer (Tg), the maximum acceleration at the deck
(MaxA), the acceleration at the bedrock (A) and the
amplification ratio (AR).

Table 6 Summary of the seismic analyses results

Near Source Far Source

H(m) 30 40 50 30 40 50
TRFA  3.51 322 3.05 343 318 3.03
Tr(s) 035 043 051 035 043 051
MaxA  3.78 347 327 224 216 2.09
(m/s?)
A (m/sz) 095 149 149 094 093 092
AR 254 233 219 238 232 227

A comparison the results of the analyses performed
by SHAKE 91 and QUAD 4M codes Rathe and Bray
(1999) have concluded that: (i) the maximum seismic
loading for base sliding within a landfill can be
estimated conservatively with 1D analysis; (ii) the 1D
analysis underpredicts the surface maximum horizontal
acceleration (MHA) along the slope of a landfill by 10%
on average, and by as much as 40 %; (iii) at the crest, 1D
analysis consistently under predicts the MHA by about
25%; (iv) along the deck, the analysis is only moderately
unconservative and the effect of base rock topography is
not captured with 1D analysis.

The analysis is carried out by using FLAC (Itasca,
2001), which is a two-dimensional explicit finite
difference  program for engineering mechanics
computation. This program simulates the behaviour of
structures built of soil, rock or other materials that may
undergo non-recoverable deformation when their
strength limits are reached. The dynamic option permits
two-dimensional, plane strain, time domain dynamic
analysis.

The program offers a wide range of capabilities to
solve complex problems in engineering. FLAC dynamic
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analysis considers time histories with the transient,
irregular characteristics of design earthquake motions.
This detailed ground response analysis will predict time
histories of displacement and acceleration at various
depths within a waste deposit. FLAC has been
successfully used to analyse different types of dynamic
problems (e.g. Bu, 2003).

It is important to stress that the dynamic
characteristics of solid waste materials play an important
role on the seismic response of landfill, and this area
deserves more consideration (Séco e Pinto et al. 1998a).
It also is important to assess the dynamic shear strengths
of liner materials due the effect of inertial forces in the
refuse mass.

The influence of geometry and seismic input motion
and material nonlinearity on the dynamic response of
MSW landfills were investigated by Zania et al. (2007)
by 2D finite element analyses (Fig. 47).

The authors have concluded that the circular slip
surface (using the limit equilibrium method) leads in
general to higher values of maximum horizontal
equivalent acceleration compared to the base sliding
case.

Liquefaction Assessment

The methods available for evaluating the cyclic
liquefaction potential of landfills or foundation are based
on laboratory tests and field tests.

In general the following laboratory tests are used: (i)
cyclic triaxial test, (ii) cyclic simple shear tests, (iii)
torsional cyclic shear tests. Due the difficulties in
obtaining high quality undisturbed samples field test
such as SPT tests, CPT tests, seismic cone, flat
dilatometer and methods based on electrical properties
of soil are used (Séco e Pinto, 2003).

To estimate liquefaction resistance from shear wave
velocity there are two procedures: (i) methods based on
a combination in situ shear wave velocity measurements
and laboratory tests on undisturbed tube and in situ
freezing samples from Tokimatsu et al. (1991); (ii)
methods based on in situ shear wave velocity
measurement and a correlation between liquefaction
resistance and shear wave velocity deduced from
liquefaction degree in the field from Stokoe et al.(1999).

The assessment of liquefaction resistance from shear
wave crosshole tomography was proposed by Furuta
and Yamamoto (2000).

A new proposal presented by Cetin et al. (2001) is
shown in Fig. 48 considered advanced in relation with
the previous ones, as integrates: (i) data of recent
earthquakes; (ii) corrections due the existence of fines;
(iii) experience related a better interpretation of SPT test;
(iv) local effects; (v) cases histories related more than
200 earthquakes; (v) Baysiana theory.
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The post-liquefaction strength of loose silty
sediments is commonly less than that of sands, but
moderately dense silts at shallow depths are generally
dilative, making them more resistant to ground
deformation than cleaner sands (Séco e Pinto et al. 1997;
Youd and Gilstrap, 1999).

Two categories of remedial measures against
liquefaction were proposed:

(i) Solutions aiming at withstanding liquefaction -
Confinement wall: stiff walls anchored in a non liquefied
layer (or a bedrock) to avoid lateral spreading in case of
liquefaction; Soil reinforcement - transfer of loads to a
non-liquefiable layer.

(i1) Solutions to avoid liquefaction: - Soil densification:
compaction grouting to minimise the liquefaction
potential; - Dewatering: to lower the water table in order
to minimise the risk of liquefaction; - Drainage: to

facilitate the dissipation of pore pressure; - Fine grouting:

to increase the soil cohesion. Liquefaction resistance of
silty sands during seismic liquefaction conditions for
various silt contents and confining pressures was
investigated by Amini and Qi (2000).

QUALITY ASSURANCE

The purpose of Quality Assurance (QA) and Quality
Control are to ensure that the quality of the overall
structure of a landfill or the implementation of a
remediation project, and the individual components of
these meet the required quality standards. QA and QC
must relate to both the quality of the materials used and
to the quality of the workmanship in accordance with the
existing state of technology (Clark, 2005).

The following topics deserve attention:

Soil system (solid, liquid and gaseous phases);

e Groundwater system (perched water and aquifers);

e Surface water system (water courses, drainage, etc);

e Biological system (micro-organisms);

e Contamination (inorganic and organic);

e Other (land use, climate, temperature, regulatory
controls, etc).

Quality control on site for geosynthetic placement
should pay attention to the following main phases:

- proper storage on site;

- placement procedure;

- control after placement (inspection, possible repairs);
- placement of the upper layer.

To study the effects of compaction energy Fakher
(2006) has conducted experiments using a compaction
mold of 900mm of height and 550 mm of diameter with 5,
6 and 7 layers of waste. Each layer was impacted 56, 60
and 70 times. The obtained results are shown in Fig. 49.

Using a bulldozer for compaction the waste the number
of passes versus density of wastes is shown in Fig. 50.
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Santayana and Lopes (2003) appointed that for MSW
landfills recent built in Portugal the CQA activity
comprised: supervision of transport, marking, delivery
and storage of the material; preliminary visual
observations completed by tests to detect any defect that
could endanger the performance of the geosynthetics; in
situ verification of the seams quality, namely, as regards
the high density polyethylene (HDPE) geomembranes,
by assessing the non-destructive tests results performed
by the installer (air pressure and vacuum tests), and by
analysing the destructive tests results performed by the
installer (peel and shear tests), complemented by the
execution of the same tests by LNEC (in laboratory and
in situ); examination of construction control documents
(analysis of daily, weekly, final and acceptance reports
produced during installation).

The quality of a compacted clay liner will depend on:
(a) the characteristics of the clayey soil used; (b) the
method of compaction and, in particular, the compaction
water content; (c) the quality control during construction;
and (d) the protection against desiccation after
construction. Like most engineered liners, CCLs require
protection from the elements (e.g. sun and frost) and
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consideration must be given to the potential long term
effects of differential settlements.

Rowe (2001) indicates that the construction of liner
test pads prior to construction of the liner can ensure
adequate construction practices without the risk of
damage to the actual liner and enables the contractor to
become acquainted with potential problems. They also
provide a means of calibrating quality control and
assurance procedures.

The fact that GCLs come in thin sheets that are
seamed by overlapping does mean that considerable care
is required during construction to avoid tearing the GCL
sheets or opening the seams - especially when cover soil
is being placed over the GCL.

The liner should be carefully installed in a manner
that will avoid holes in the GCL. It is considered that
GCLs have the capacity to effectively self-heal small
holes but not large holes or tears. The potential for
puncturing will depend on the robustness of the cover
geotextile and/or other material.

Additional considerations include the need to place
GCLs on a prepared foundation layer, and the stability of
liner systems involving GCLs and other geosynthetics
such as side slope stability and interface strengths
between geosynthetics and/or soil surfaces. Additional
concerns associated with the installation of GCLs are
their shear strength unreinforced GCLs typically exhibit
low internal shear strength upon hydration, making them
unacceptable for use on steeper slopes; and the
construction requirements associated with their use.

Kocevic et al. (2006) refer that the quality acceptance
programme of GCLs of landfills located in the vicinity
of Zagreb consists in analyzing the mineral composition
(by X-ray powder diffraction), swell index, fluid loss
and water absorption capacity.

INSTRUMENTATION AND MONITORING

Landfill behavior during construction and operation
is monitored to check methods, results of analyses and
model tests and to analyse it safety against deterioration
of failure.

The detailed definition of the monitoring scheme
cannot be made on the solid basis of the features of the
solid waste embankment, because many external factors
are to be taken into account when safety problems are
considered.

The risk factors are classified in three classes,
which are referred respectively to actions, to the
structure or to values affected by hazards. The arithmetic
average of all indices falling in a given class forms an
overall risk factor for the class; in this way we define,
respectively, an environmental factor E, a reliability
factor F, a potential human/economic hazard factor R.
Lastly a global risk index a,, is developed by taking the

product of the three partially factors E, F, R.

A variety of non-intrusive monitoring methods are
available. These include remote sensing such as aerial
photography and satellite imagery as well as geophysical
methods such as geomagnetics, electromagnetics,
electrical resistivity, seismic, ground probing radar,
induction and thermal.

From these it is possible to differentiate land use,
vegetation, geology and hydrology, etc. Infra-red photo-
graphy, for example, can be very effective in indicating
where vegetation distress is occurring which may be caused
by either gas migration or chemical contamination.

Non-intrusive methods are not generally sufficient on
their own to characterise ground and groundwater conditions.
However, the methods are generally less expensive than
intrusive methods in relation to the areal extent of the
information obtained and can be used as a reconnaissance
tool to either plan future intrusive monitoring.

Grisola and Napoleoni (2006) based in the
instrumentation of sanitary landfills have concluded that
the evolution of the settlement over the time depends of
the waste placing and the extraction of biogas.

Dellabianca et al.(2006) comparing the results of
instrumentation and the values predicted by Plaxis using
the model soft soil creep have obtained a reasonable
agreement for the primary settlements.

Instruments should have the following characteristics:

(i) sufficient accuracy; (ii) long-term reliability; (iii) low
maintenance requirements; (iv) compatibility with
construction techniques; (v) low cost; and (vi) simplicity.
- It is important to monitor the quality of groundwater
flowing towards the landfill, namely colour, pH,
turbidity, odour, dry mass, dissolved solids, electrical
conductivity, biological oxygen demand (BOD),
chemical oxygen demand (COD), ammonia, nitrogen,
nitrite nitrogen, nitrate nitrogen, sulphides, chlorides,
copper, lead, zinc, mercury, total hydrocarbons and total
organic carbon (TOC). (Clark, 2005).
- Meteorological and hidric balance data are important
to evaluate the leachate flux behavior in different periods
of year. In general the leachate flux rate is obtained by
the flux velocity measurement passing trough a specified
section. Pore water pressures are measured by electric
piezometers and hydraulic piezometers.

Municipal solid waste landfills superficial and depth
settlements are measured by settlements plates and
magnetic anchors. Inclinometers or slope indicators are
routinely used for monitoring lateral deformations.

Thermopairs are used to monitor the degradation
process evolution of solid waste landfills.

Referring to the shear resistance at the interface
between compacted clay and smooth geomembrane, a
constant trend of decrease in the shear strength with increasing
temperature was observed, making this effect critical for
stability of composite barriers (Benson et al. 2005).



To determine and evaluate geomembrane linear and
surface deformation was studied, capping was attempted,
and its applicability was confirmed. Brillouin Optical
Time Domain Reflectmeter (BOTDR) method capable
of measuring distortions in meter increments using optic
fiber sensors was used (Nakamura et al. 2006).

Optic fiber continuous distortion measurement
technology, BOTDR, is a measurement method utilizing
the principle that when light pulses through an optic
fiber, the frequency of the Brillouin scattering light in
the backscattered light returning to the incident side of
the optic fiber, changes as shown in Fig. 51.
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Fig. 51 Strain measurement principle of BOTDR
(Nakamura et al. 2006)

Fig. 52 shows operations for installing sensor cable
on the sheets.

Seismic downhole-array data provide an unique
source of information on actual soil behavior over a
wide range of loading conditions. Correlation and
spectral analyses are performed to evaluate shear wave
propagation characteristics, variation of shear wave
velocity with depth, and site resonant frequencies and
modal configurations (Elgamal et al. 1995).

In regard of seismic instrumentation of the response
of the landfill to such seismic activity the type of
instruments currently designated by accelerographs are
strong - motion accelerographs, peak recording
accelerographs and seismoscopes.

The seismic instrumentation and its maintenance,
mandatory for dams, may be too expensive for landfills.
However, the OII landfill has been instrumented with
two accelerometers; one placed at the top of the landfill
and another placed outside the landfill (Anderson et al.
1992).

In comparison with manual readings the automatic
system allows a rapid data processing of results a great
number of instruments. Once in operation an automatic
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system allows a reduction of personal, both in the field
and office. The automatic system and the central data
processing allow a quicker updating of the information.
An automatic system implies an increase of complexity,
with the electronic equipment to be installed in
unfavourable environment of temperature and humidity.

For data validation a preliminary check on the raw
values (following the execution of function tests on
measurement equipment) by comparing the actual values
from the sensor readings with the established limits and
data reduction (computation of engineering quantities) is
performed.

For the interpretation of the measurements it is
necessary to establish a procedure, a mathematic model
that can be a statistical model a deterministic model or a
hybrid model.

Safety control is the group of measures taken in order
to have an up-to-date knowledge of the condition of the
landfill and to detect in due time the occurrence of any
anomalies to define actions to correct the situation or, at
least, to avoid serious consequences .

The current trend is the development of systems to
deal with automatic data acquisition, very flexible, that
allows users to perform treatment of the information
integrating tests and analysis, behavior models, visual
inspections, documents data by any computer connect
with Internet visualization

Fig. 52 Sheet installation condition

Application of expert system technology to safety
control activities may contribute to improve its speed,
provide higher levels of economy, robustness and efficiency.

Experience has shown that the rational and
systematic control of dam safety should consist of
several tasks (Séco e Pinto, 1998):

-regular instrumentation measurements;
- data validation;

- data storage;

- visual inspections;



48

- safety evaluation;
- corrective actions.

RISK ANALYSIS

The first step is to consider what the risks could be.

A list is give by Loxham, 2003):
-(1) Risk to Human Health either in the long or short
term; (ii) Risk to Flora and Fauna including uptake in
food chains; (iii) Risk to the Eco-system as a whole
including diversity; (iv) Risk to the Asset Value of the
Site even though realization is not necessarily planned;
(v) Risk to the Use Value of the Site restricting its
economic value; (vi) Risk of incurring Liabilities to
others by cross boundary migration of site material; (vii)
* Risk of Legislative non-compliance leading to fines or
imprisonment; (viii) Risk to the Reputation of the owner
or user of the site; (ix) Risk to groundwater; (x) Risk to
surface water bodies; (xi) Risk of air pollution by vapors
or dust.

Safety analysis for geotechnical structures, such as
slopes, retaining walls, piles and shallow foundations
implies the verification of limit states: ultimate limit
states and serviceability limit states.

For dams also two levels of safety are considered,
depending of whether they correspond to normal
conditions for use of the structures(current scenario) or
are associated with an exceptional occurrence (failure
scenarios).From the above considerations it seems that
for solid waste landfill a level of damage can be
accepted provided there is no harmful discharge of
contaminants to the environment.

The allowable value for the calculated permanent
seismic displacement of geosynthetic liner systems is
150 to 300mm.

The upper value of 300 mm is appropriate for
simplified analyses which use upper bound displacement
curves for generic Newmark displacement -charts,
residual shear strength and/or simplified seismic
analyses (Kavazanjian, 1998). The lower value 150 mm
is more appropriate for more sophisticated analyses and
formal Newmark displacement analyses.

For cover systems large displacements can be accepted
taking into consideration that most cover failures can be
detected and repaired at reasonable costs.

The allowable values of deformation of landfill
systems, depends of several factors, namely of
geosynthetic liner systems and gas recovery system.

Municipality waste landfills owners, regulatory
authorities and consultants are interested in carrying out
a risk analysis. Its purpose is to identify the main real
risks associated with each type and height of landfill for
all circumstances and can be conducted: (i) in extensive
risk analysis of very large landfills, to substantiate

reliably the probabilities chosen in event trees; (ii) in
simplified risk analysis of smaller landfills, to focus low-
cost risk analysis on a few main risks; (iii) and in
identifying possibilities for reducing these risks through
low-cost structural or non-structural measures.

Although the annual failure probability of landfills is
lower than 10 in most cases, it may be higher for
landfills in seismic areas.

Risk management comprises the estimation of the
level of risk and exercising adequate control measures to
reduce the risk when the level is not tolerable (Caldeira
et al. 2005). The essence of risk management and the
role of quantitative risk assessment (QRA) within the
context of risk management are shown in Fig. 53 (Ho et
al. 2000).

There is a rich discussion related Failure Modes and
Effect Analysis (FMEA), Failure Mode, Effects and
Critically Analysis (FMECA), Event Tree Analysis
(ETA), Fault Tree analysis (FTA) (ICOLD,
2005b).Structural  Reliability Methods permit the
calculation of failure probabilities of the mechanisms.
Probabilities are calculated using the methods of the
modern reliability theory such as Level III Monte Carlo,
Bayesian theory, Level II advanced first order second
moment calculations.

Risk l=——1 Decision-making

: —|_ on risk reduction
Risk policies

| |
Risk assessment Risk eveluation
I l_‘_‘l
= |
Estimstion of | | Estimation of | | Considecation ﬂf“m’ i":;_‘w
Wentification frequency consequence | | of acoepinbility opt i’
of hazards of hazard of nsk (e.g. ot elc)

Fig. 53 Framework for risk management (after Ho et al.
2000)

Dam owners, regulatory authorities and consultants
have been carrying out risk analyses for many years. Its
purpose is to identify the main real risks associated with
each type of structure and can be conducted: (i) in
extensive risk analysis of structures, to substantiate
reliably the probabilities chosen in fault trees using Monte
Carlo simulation technique; (ii) in simplified risk analysis
of smaller structures, to focus low-cost risk analysis on a
few main risks; (iii) and in identifying possibilities for
reducing these risks through low-cost structural or non-
structural measures .It is important to stress that a higher
factor of safety may not correspond to a lower probability
of failure because it is important to take into account the



degree of uncertainty of the parameters.

Consideration of human behavior is essential when
assessing the consequence of failures: well organized
emergency planning and early warning systems could
decrease the number of victims and so the study of
human behavior plays an important role in assessment of
risk analysis (Séco e Pinto, 1991).

The results of a risk analysis can be used to guide
future investigations and studies, and to supplement
conventional analyses in making decisions on waste
landfills safety improvements. With increasing confidence
in the results of risk analyses, the level of risk could
become the basis of safety decisions (Séco e Pinto, 2002).

A probabilistic risk assessment addresses three
fundamental questions (Salmon and Hartford, 1995 ): (I)
what can go wrong? (ii) how likely is it?; (iii) what
damage will it do?

FINAL REMARKS

In the precedent sections the characterization of solid
waste landfills and lining systems during static and seismic
conditions were presented. This information is very
important to assist the design engineer in incorporating the
adequate design measures to prevent deleterious effects of
earthquake shaking.

All the essential steps of good analyses, whatever the
type of material is involved shall be performed with a
sufficient degree of accuracy that the overall results can be
extremely useful in guiding the engineer in the final
assessment of seismic stability. This final assessment is not
made by numerical results but shall be made by experienced
engineers who are familiar with the difficulties in defining
the design earthquake and the material characteristics, who
are familiar with the strengths and limitations of analytical
procedures, and who have the necessary experience gained
from studies of past performance.

To progress and to reach our goals we need leadership,
development of news strategies, capacity and perseverance
to fight against conservative practices, implementation of
innovative solutions and courage to put in practice new
policies.

If a man will begin with certainties, he
shall end in doubts, but if he will be
content to begin with doubts, he shall
end in certainties.

(Francis Bacon - Advancement of Learning)
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