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Abstract
Hannu Aurinko
Risk Assessment of Modern Landfill Structures in Finland
Acta Universitatis Lappeenrantaensis 657
Dissertation, Lappeenranta University of Technology
163 p.
Lappeenranta 2015
ISBN 978-952-265-843-2, ISBN 978-952-265-844-9 (PDF), ISSN-L 1456-4491,
ISSN 1456-4491

The purpose of this thesis was to investigate environmental permits of landfills
with respect to the appropriateness of risk assessments focusing on contaminant
migration, structures capable to protect the environment, waste and leachate
management and existing environmental impacts of landfills. According to the
requirements, a risk assessment is always required to demonstrate compliance
with environmental protection requirements if the environmental permit decision
deviates from the set requirements. However, there is a reason to doubt that all
relevant risk factors are identified in current risk assessment practices in order to
protect people end environment.
In this dissertation, risk factors were recognized in 12 randomly selected
landfills. Based on this analysis, a structural risk assessment method was created.
The method was verified with two case examples.
Several development needs were found in the risk assessments of the
environmental permit decisions. The risk analysis equations used in the decisions
did not adequately take into account all the determining factors like waste
prospects, total risk quantification or human delineated factors. Instead of
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focusing on crucial factors, the landfill environmental protection capability is
simply expressed via technical factors like hydraulic conductivity.
In this thesis, it could be shown, that using adequate risk assessment
approaches the most essential environmental impacts can be taken into account by
consideration of contaminant transport mechanisms, leachate effects, and artificial
landfill structures. The developed structural risk analysing (SRA) method shows,
that landfills structures could be designed in a more cost-efficient way taking
advantage of recycled or by-products. Additionally, the research results
demonstrate that the environmental protection requirements of landfills should be
updated to correspond to the capability to protect the environment instead of the
current simplified requirements related to advective transport only.
Keywords: landfill, contaminant transport, geological barrier, environmental
protection, EC Landfill Directive, Structural Risk Analysing method.
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Abbreviations
ASTM
CODMn
DepV
DIN
DOC
EC
EPA
EU
GCL
GLO -85
HDPE
ICT
LPR
MSW
NH4+-N
NO3-N
NO2-N
RVF
SRA
SBP
SFS-EN
TASi
TOC
VNp

The American Society for Testing and Materials
Chemical Oxygen Demand, oxidation with permanganate
Deutsche Gesellschaft für Geotechnik e.V., German
Geotechnical Society
Deutsches Institut für Normung e.V., German Institute for
Standardization
Dissolved Organic Carbon
European Council
United States Environmental Protection Agency
European Union
Geosynthetic Clay Liner
Geotekniset Laboratorio-ohjeet 1985, Geotechnical laboratory
instructions 1985
High Density Polyethylene
Intensive Compaction Tester
Lappeenranta
Municipal Solid Waste
Ammonium nitrogen
Nitrate nitrogen
Nitrite nitrogen
Renhållningsverksföreningen, Swedish Association of Waste
Management
The structural risk analyzing method
Sodium Bentonite Polymer
European Standard implemented in Finland
Technische Anleitung Siedlungsabfall, German Technical
Instructions on Municipal Waste
Total Organic Carbon
Valtioneuvoston päätös, Finnish Government decision
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Symbols
ΓB
ΓR
ΓS
βx
ϴ
dmax
sat
λ
ρd
τ
1D
2D
3D
1/t
A
C
C0
C(t)
d
D
Dx
e
g
h
hw
∆h
HT
i
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Biological decay constant
Radioactive decay constant
Volume of fluid removed/unit volume of soil/unit
Probability coefficient of unidentified risk
Volumetric water content
Maximum value of dry unit weight
Saturated unit weight
The first order decay constant
Dry density
Tortuosity factor
One Dimensional
Two Dimensional
Three Dimensional
-/time
Cross section area
Concentration of the solute
Concentration solute of time (0)
Concentration solute of time (t)
Thickness of the layer
Diffusion coefficient
Hydrodynamic dispersion coefficient in direction x
Void ratio
Acceleration due to gravity
Thickness of the layer
Hydraulic head
The elevations of fluid levels
Distance from groundwater
Hydraulic gradient

k
kleachate
K
Kd
L
m
n
N
Px
Q
Qx
R
Rid
Rud

Rtotal
S
Sm
Sr
t
v
vx,y,z
Vg
Vs
w
wopt

Hydraulic conductivity
Hydraulic conductivity determined by leachate
Intrinsic permeability
Distribution coefficient
Material layer thickness
Mass of contaminant transported into the soil
Porosity
Total number of measurements
Ranking value of a risk factor
Flow rate
Probability coefficient of identified risk
Retardation factor
Identified risk factor
Unidentified risk factor
The total risk level
Coefficient of Sorption
Quantity of medium sorption
Degree of saturation
Time
Darcy velocity
Velocity in x, y and z components
Velocity of groundwater
Seepage velocity
Water content
Optimum water content
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Glossary
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Active phase:

The time period during which waste is deposited at
a landfill.

Artificial barrier:

The constructed barrier to contain the landfilled
waste and emissions (bottom or surface).

Artificial layer:

The constructed layer of an artificial barrier at a
landfill (e.g. HDPE geomembrane).

Base ground:

The layer is consolidated rock or soil on which the
landfill is founded.

Design & construction:

The period when the landfill structural design is
developed, risk assessment and environmental
evaluation is done, as well as construction work is
carried out.

Disposal:

The deposition of waste in a landfill.

Geological barrier:

An artificial barrier or natural barrier or their
combination to protect the migration of leachate
and the migration of biogas to the environment, a
mechanical support to the waste and a geological
structure to ensure safety in the long term against
possible of base ground pollution.

Groundwater balance:

The groundwater balance is the balance of a
groundwater body in terms of incoming hydraulic
flow associated with groundwater inflow into the
groundwater body, associated with the outflow and
groundwater level.

Human delineated factors:
The human manufactured factors effecting on
landfill during the life-cycle e.g. built facilities, old
landfills, human effects to groundwater.
Hydraulic gradient:

The hydraulic gradient is a difference between two
or more hydraulic head measurements over the
flow path of the material.

Landfill operator:

The natural or legal person responsible for a
landfill in accordance with the internal legislation
and responsible for landfill management (Landfill
owner = landfill operator).

Municipal waste:

The waste from households and other waste which
has a composition similar to waste from
households.

Passive phase:

The management of a closed landfill, including
monitoring, maintenance, aftercare and treatment
of emissions, until no more monitoring measures
are necessary and landfill does not cause threat to
human or environment (Landfill post-closure
period = passive phase).

Protection capacity:

The environmental protection capacity to protect
the humans and the environment from landfill
emissions.
11

Waste management:
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Waste management includes the following
activities:
1. Generation of waste: Storage, collection,
transport, treatment and disposal of waste;
2. Waste treatment and environmental
considerations: Control, monitoring and
regulation of the production, collection,
transport, treatment and disposal of waste; and
3. Waste minimization: Prevention of waste
production through in-process modification,
reuse and recycling.
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1
1.1

Introduction
Background and motivation for the study

Since the 1970s, environmental consequences of waste materials and landfills
have become an increasing concern. This has highlighted the importance of the
design of landfills and environmental protection structures. In the 1990s,
Germany (Deutsche Gesellschaft für Geotechnik e.V., 1996) and the United
States Environmental Protection Agency (USEPA, 1995, updated 2008) launched
a large-scale project to develop the national requirements for landfill structures.
Partly based on these projects, in Europe and the United States, the requirements
were determined for landfill structures, waste classification and environmental
protection. In Europe, the European Union has set the latest requirements, the
European Commission Landfill directive (The European Union Waste Framework
Directive EC 98, 2008, The European Union Landfill Directive EC 31, 1999).
Finland had 561 landfills in end of the 1990s and in 2005 only 140 municipal
waste landfills. Today 35 modern landfills exist in Finland, and the rest are closed
according to EU the directives. None of the modern landfills have been sealed
yet.
The EC directives, the waste laws and decrees determine the location of
landfills, the terms of environmental protection and the structural dimensions of
bottom, sides and surface structures. These requirements set the principles of the
landfill management. “The Landfill Directive describes the general principles for
the acceptance of waste in the various classes of landfills upon which the waste
classification should be based”. In the directive EC 31 (1999), landfills have been
classified into three classes depending on the waste quality: inert, municipal and
hazardous waste landfills. In addition, the waste management, which is a part of
the landfill management, includes leachate control, collection and treatments and
gas control, which are determined in the related EC directive and local regulations
(EC 31, 1999; VNp, 1049 1999; VNp 861, 1997).
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“European Union member states were required to bring into force the laws,
regulations and administrative provisions necessary to comply with the Landfill
Directive no later than 16 July 2001. The directive sets requirements for the
authorization, design, operation, closure and aftercare of landfills”. (European
Commission, 2005; European Commission, 1999) The EC Landfill Directive
provides the framework for the national legislation, within which the member
states must operate. An EU member state may surpass the directives nationally
with requirements for the environmental protection of landfills that are stricter,
but not less strict, than the directive.
According to the national legislation, the landfill owner has to apply for an
environmental permit for landfilling, in which the environmental impacts of
landfilling are defined during its whole life-cycle. Landfill structures are licensed
by the local authorities, and the environmental permits have to be based on the
EC Landfill Directive and national laws. The Landfill Directive and Finnish
Government Decision on Landfills determine the framework and
recommendations according to which the landfill bottom and surface structures
have to be realized. Figure 1 presents a conceptual presentation of a typical
landfill structure based on the Finnish Government Decision on Landfills. (EC 31,
1999; VNp 861, 1997)
Surface layer ≥ 1.0 m
Geotextile
Drainage layer > 0.5 m
Artificial geological barrier ≥ 0.5 m
Geotextile
Gas collection layer
Precover layer
waste

Waste
Drainage pipes

Leachate level

Artificial geological barrier
Natural soil (geological barrier)

Ground surface

waste
Geotextile

Drainage layer > 0.5 m
Drainage pipes
Geotextile
Artificial barrier e.g. geomembrane 2 mm
Artificial geological barrier 1.0 m (K≤ 1E-9 m/s)

Natural soil (geological barrier)

Fig. 1. Conceptual presentation of the landfill structure (VNp 861, 1997).
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The objective of the environmental permit procedure is to ensure that the
landfill owner has prepared a plan to protect the landfill environment using the
Best Available Technique (BAT) and specialists with sufficient expertise. The plan
includes structures for the protection of the environment with the help of which
the environment, groundwater, surface water and the climate can be protected on
a sufficient protection level during the whole life-cycle of the landfill according to
the laws and regulations in force.
The Landfill Directive defines structural requirements for their surface and
bottom structures, the objective of which is to protect human health and the
environment from negative impacts of waste deposition. The directive admits of
possible exceptions to the structural requirements if the protection capability of
the deviations can be demonstrated to be corresponding with the help of risk
assessment. The objective of the risk assessment is to ensure that the planned
deviation will not cause an extra risk of environmental pollution due to the
landfill for at least 30 years or longer depending on protection demands.
The directive does not require the presence of a geological barrier if risk
assessment has been conducted and it can be demonstrated that the risk to soil,
groundwater or surface water is acceptable which means that it does not cause
any risk to humans. Risk assessments do not need to be conducted in MSW
landfills if a natural geological layer fulfilling the hydraulic conductivity values
(k≤1·10-9 m/s) can be utilised and if the thickness (1 meter) of the geological
barriers is in accordance with the directive. In hazardous landfills, the natural
geological barrier demands are for hydraulic conductivity (k≤1·10 -9 m/s) and the
thickness (5 meter).
“The second alternative is to enhance the geological barrier of the landfill by
providing an additional artificial layer to meet an attenuation protection capacity
equivalent to those provided by the hydraulic conductivity values and thickness
defined in the directive. The interpretation made by the Finnish Authorities was
that a 0.5 meter layer was considered as the minimum thickness to guarantee long
lasting hydraulic conductivity (k≤1·10-9 m/s) for artificial geological barriers.”
(EC 31 1999; VNp 861 1997)
Landfills also have to be sealed after the waste deposing period has passed.
MSW landfills receive biodegradable waste that formulates landfill gases.
Landfill gas has to be collected from the landfill and gas must be treated or used
e.g. to produce energy. According to the Government decision, the surface
17

structures of MSW landfills have to include a gas collection layer, a geological
barrier at least half a meter deep, and a drainage layer. In addition on the top a
surface layer with a depth of one meter for vegetation has to be installed. (EC 31
1999; VNp 861 1997)
The Landfill Directive defines explicit and unambiguous requirements for the
structures that can be realized without a need for separate risk assessment. In the
case of deviations, the risk assessment is obligatory. However, the directive does
not define unambiguous requirements or procedures for it. Based on the literature,
the risk factors affecting the landfill bottom structure can be divided into factors
related to the landfill operational environment and to the waste content (Guyonnet
et al. 2009; Cossu et al. 2003; Katsumi et al. 2001; Giroud et al. 2000; KorkkaNiemi & Salonen 1996; Christensen et al. 1994; Othman et al. 1994; Shackelford
& Daniel 1991). Figure 2 presents the division of the most common identifiable
factors related to the landfill operational environment and waste content, which
affect the environmental protection crucially.

Fig. 2. Effects of the most common identifiable factors related to the landfill
operational environment and waste content on the landfill life-cycle information
management and environmental protection (Ortner et al., 2014; Laner et al., 2012).

In Finland, there is not a single MSW or hazardous landfill with an
environmental permit that would have had a natural geological barrier according
to the requirements of the Landfill Directive or an artificial geological barrier
with a thickness. All realised structures are based on the authorities’
interpretation: for MSW landfills a 0.5 m and for hazardous landfills a 1.0 meter
or a corresponding additional layer. Based on the interpretation by the Authorities
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the design of the structures has been based on equivalently calculated transport of
harmful substances by clean water through a geological barrier caused by
advection in relation to the structure’s layer thickness. In addition to advection,
the effects of the ground water and its flowing direction, subsoil and its
background concentrations and previous structures on the life-cycle information
management have been typically identified in the design phase of the
environmental permit process. (Environmental permit registry, 2010)
Based on the literature, it can be concluded that determining factors related to
the transport of harmful substances such as the effects of the leachate quality and
quantity dominate (e.g. diffusion, advection, dispersion, sorption) (Cossu et al.,
2003; Katsumi et al., 2001; Christensen et al., 1997; Shackelford & Daniel,
1991). The dominant factors have unexceptionally been excluded from the
environmental permit process, According to environmental permits, only a part of
the factors affecting the environmental protection of a landfill are required or
identified in the environmental permit process (Environmental permit registry,
2010). However, the natural protection capacity defined in the Landfill Directive
has been analysed very briefly, and its effect on the total protection capacity of
the environment has not been examined widely enough in the permit process.
In this thesis, deviations in the environmental permits of the existing MSW
landfills are examined in relation to the EU Landfill Directive and Finnish
Government Decision on landfills, which affect the environmental protection
capacity of the landfill geological barrier essentially. In addition, it will be studied
whether sufficient data have been defined in the environmental permits, quality
control documents and designs of the landfills in the design phase to ensure that
the deviations will not influence the environmental protection capacity of the
landfill. Furthermore, this thesis highlights innovative final cover structures and
takes a stand on the future, e.g. the influence of landfill mining on structural
demands, the structural demands regarding incinerated waste and the reuse of
structures after landfill mining.
1.2

Objectives of the thesis and research questions

The objective of this thesis is to define the effects of the most essential
unidentified and unconsidered factors related to the landfill management and
environmental protection capability of the landfills. Typically these factors have
19

been analysed with risk assessment tools, but in Finland, risk assessment tools
have not been used during the landfill designing process.
The dissertation has two research questions that represent landfill quality
requirements during the life cycle, the design parameters’ role and impact on
environmental protection capability and focus on requirements for developing
life-cycle information management as a basis for sustainable landfilling. In
Europe, the landfill structures and quality demands are based on the Landfill
Directive EC 1999/31 that gives technical boundary conditions for landfill
management. This study also examines and evaluates the effects of crucial factors
on the landfill´s sustainability. In this work, the sustainability of landfilling is
assessed from a technical perspective using risk analysis.
Research questions:

1.3

RQ1

What are the most significant deficiencies of the present risk
analysis practices in Finland? This research question examines
which factors have been identified as the most essential factors that
affect the capability of the landfill structures to protect the
environment during the landfill life-cycle. Also which essential
factors have not been identified during the design phase as risk
factors that affect the capability of the landfill environmental
protection structures to protect the environment.

RQ2

How should the risk assessment process in the landfill
environmental permits and designs be developed to ensure the
landfill sustainability? This research question examines
unidentified factors that affect landfill protection structures
behaviour, environmental protection, environmental security and
landfill management. In addition, this objective also examines how
the technical requirements should be developed in order to optimize
the landfill management during the landfill life-cycle.

Delimitations of the thesis

This study concentrates exclusively on Finnish landfills since the comparison of
the Finnish landfills for example with the landfills of the Central Europe would
20

not be relevant because of the climatic factors or differences in the geological
conditions. The operation of the landfill surface structures in relation to the EC
Landfill Directive recommendations or Finnish Government Decree requirements
is also included in this thesis, even though none of the modern landfills have been
sealed yet.
The old landfills have not been examined because those have been closed for
such long times that enough post-closure results would not be available to
describe the change between the active and passive phase. The final covers of
existing landfills have no artificial bottom structures, and therefore, the mutual
comparison of landfills is not relevant. The observation of the landfill surface
structures presumes individualised information on the specific target because for
example the surface structure thickness, local rainfall and landfill location have a
substantial influence on the observation results.
The transport of the contaminants is examined based on the chemical
composition of materials on hazardous waste bottom structure. In addition, the
transport of the contaminants is not examined based on the chemical composition
of the materials, ion replacement or the absolute composition of the leachate on
the surface structure. Hydraulic conductivity tests have been carried out on the
leachate of one of the MSW landfills, typifying the Finnish leachate quality.
1.4

Outline of the thesis

This dissertation also aims to develop a risk assessment method that takes local
circumstances into account. At first, a literature review of the risk assessment or
analysing tools used commonly in the world was carried out during the risk
assessment method development process. Environmental permits, design and
quality control documents of local MSW landfills have been examined to analyse
and calculate the unidentified and unconsidered factors, which could have a
dominant effect on environmental protection. The developed risk assessment
method will be verified on one MSW landfill surface structure and one hazardous
waste landfill bottom structure during the environmental permit process.
In the experimental part, calculations for harmful substance migration
through the structures have been conducted for different equations to observe the
impact of the calculation method on the transit time. Also the influence of harmful
substances on environmental protection structures has been identified. Hydraulic
conductivity laboratory tests have been performed with clean water and leachate
21

to determine the need for environmental protection capacity. Hydraulic
conductivity tests have been done according to the ASTM D 5084 method by
ultra clean water and MSW leachate.
Chapter 1 presents the background and motivation for the research, a discussion
of the objectives and scope of the research and a discussion of the research
assumptions and process of the study.
Chapter 2 describes the theoretical background of the study. This chapter
includes a collection of viewpoints from the literature to enlighten the understanding
over the need and challenges of harmful substances’ flow through the landfill bottom
layer. The chapter presents relevant theories; that is, the essential calculations of
contaminant transport that should be considered in the landfill development projects.
The purpose of the theoretical part is to provide total perspectives on the landfill
design processes. A theory synthesis has been included at the end to highlight the
aspects essential for the purpose of this doctoral dissertation.
Chapter 3 discusses the material properties of this study. Also, the chapter
presents in detail the methods used for the analysis.
In Chapter 4, the empirical data and their analysis are described. Firstly, the main
results are introduced briefly. Then, the data are described and analysed. Finally, an
inductive analysis is performed and main findings of the results are presented as a
comparison of the obtained results to the literature.
Chapter 5 contains answers to the research questions, theoretical and practical
implications, and the evaluation of the research and a summary of the main findings
and defines directions for future research.
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2

Theory review

Municipal solid waste (MSW) landfills represent the typical waste disposal in
many parts of the world, especially in Europe. The proportionally high items of
expenditure of treatment and disposal alternatives are the significant reason for
the dependency on MSW landfills (Laner et al. 2012; Brunner & Fellner, 2007;
Hall et al. 2007). In the future, landfills role will be changed in Europe, because
recycling increases and a part of the waste will be burnt reducing the share of
direct landfilling. As a result also the content of the waste fraction disposed
changes (Feo & Williams, 2013; Mattiello et al., 2013).
A large number of adverse impacts of landfill management may occur from
landfill operations. Damage occurrence can include the infrastructure, for
example damage to artificial structures, and consequence of the local
environment, such as the contamination of groundwater by leakage, as well as
residual soil contamination during landfill life-cycle, after landfill pre-cover or
final closure. Also, landfill produces off-gassing of methane, generated by
decaying organic wastes, produces methane, which is 34 times more potent than
carbon dioxide and can itself be a danger to the inhabitants of an area during first
decades (Suopajärvi et al., 2014; IPCC 2013; Solomon et al., 2007; Townsend et
al., 2005). Landfill gas could migrate also horizontally, and in certain
circumstances gases could move along sewage pipes and cause an explosion (Xie
& Chen, 2014). Some damages can occur from harboring of disease-transmitting
animals such as rats and flies, particularly from improperly operated landfills
(Kumar & Sharma, 2014).
In the future the quality of waste will be changed, because most of the
municipal waste will be burnt in the incinerators according to EC laws. The
composition of the waste from incinerators differs compared with earlier MSW
landfill waste. Incinerator waste could change the composition of leachate
compared with typical MSW leachate and leachate migration through the landfill
bottom layer (Eichhorst et al., 2013). This sets new challenges for the capability
23

of landfill bottom structures to protect the environment from harmful substances
(Feo & Williams, 2013; Mattiello et al., 2013).
The waste in the old landfills could be recovered in the future for e.g. as reuse
derived fuel purpose or potential mineral source (Bosmans et al., 2014; Sormunen
et al., 2008; Hull et al., 2005). Landfill mining is a term for an approach of
excavating landfilled waste in order to utilise the recoverable resources (Bockreis
& Knapp, 2011; Otner et al., 2014). However, countries like the USA, Australia,
the UK and Finland, are largely depended on landfilling (Brunner & Fellner,
2007).The landfills contain plenty of recoverable or recyclable materials to
excavate which is expensive or limitedly utilised. Consequently, the excavation of
the old landfills has begun and it has been possible to separate valuable materials
from the waste with the help of new techniques (Frändegård et al., 2013).
Typically, landfill management includes six steps before the final completion,
and the time frame varies depending on for example the landfill type, disposal
period, waste type, waste content, observation demands and influences on the
environment (Fig. 3) (Laner et al., 2012). Landfills must be managed and
supervised to refrain harmful effects on human health and the environment. Based
on these factors, landfill environmental protection structures are typically
designed and made as constant structures because landfills can affect the
environment for a very long time after disposal. Therefore, actions during the
designing process have long-term impacts on the environment and landfill
management.
The definition of the MSW landfill life-cycle by Laner et al. (2012) has been
developed terminologically to correspond to the Landfill Directive in which the
landfill life-cycle is divided into two phases: active and passive phase. In
addition, Laner et al. (2012) handle the landfill construction as a unity. In this
thesis, the design phase is included to a construction phase.
Landfill management can also be described based on the landfill’s technical
and structural effectiveness to the environment. In this dissertation, the technical
management components are environmental permit, designing and the
constructed structures. The structural effectiveness has been divided in the
constructing structures, leachate management, waste management, gas and
emission management, water management, final coverage, after care monitoring
and landscaping (Laner et al., 2012).
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Fig. 3. Landfill management phases throughout the life-cycle; the time-frames are
typical for Finland and could vary case by case (Modified after Laner et al., 2012).

According to Laner et al. (2012), the time-frames consist of sectors that the
landfill owners have to operate in different stages of the landfill life-cycle. In
addition, these parts typically include construction work before final closing.
According to literature, landfill management consist of three life cycle stages. The
three stages are design and construction, operation (disposal phase) and postclosure period (pre-covery to completion), including the landfill surface, after
treatment and observation (Laner et al., 2012; Morris & Barlaz, 2011; Pivato,
2004; Christensen et al., 2001; Christensen et al., 2000; Othman et al., 1994;
Champerlain et al., 1990). In figure 4 crucial factors from the landfill
management point of view are divided to each stage. These do not include the
effect of climate-related, chemical or biological factors on landfills. Also these
factors are very important in the future because the MSW waste content will be
changed and landfills could be used over and over again based on e.g. landfill
mining (Feo & Williams, 2013; Mattiello et al., 2013).

25

Design and construction has a central role in the landfill life-cycle
information management process. In the designing process, the important factors
are decided along the landfill life-cycle. The environmental protection
requirements are realized according to the Landfill Directive, and the landfill lifecycle is defined based on structural dimensioning.

Fig. 4. MSW landfill environmental management divided into three management
periods during the life-cycle (Modified after Laner et al., 2012; Morris & Barlaz, 2011;
Pivato, 2004; Christensen et al., 2000).

After disposal, the next phase in the life-cycle of landfills is the post-closure
period that is much longer compared to the active phase. The aftercare
management of landfills in the passive phase includes typically the monitoring of
emissions (e.g. leachate and gas) and following-up (e.g. groundwater, surface
water, and soil) and maintenance and supervision of the final cover, leachate and
gas collection systems. Aftercare process causes costs to landfill owners, and in
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advance, the post-closure frame is a question mark. This leads to a situation in
which cost-effective strategies for the management of landfills are in the interest
of both authorities and landfill owners. (Laner et al., 2012; Pivato, 2004;
Christensen et al., 2000)
2.1

Review of risk assessment in landfills

Risk assessment is comprehensive process where the landfill operator is typically
deciding risk extent and acceptability. The target of the process is to evaluate
element of danger and risk factors. Risk analysis is typically included in risk
assessment process. Risk analysis identifies enabling factors that could cause
danger e.g. technical factors, human actions or environmental circumstances
(Zhou et al., 2014; Butt et al., 2008).
A risk could be quantifying as the probability of define dangerous occasion.
Environmental risk is common noun for risk, and in case it is realized it could
cause environmental damages. Danger is a situation where is a possible to cause
e.g. personal injury, property damage, environmental damage or combination of
these. (Butt et al., 2008)
According to Neshat et al. (2015) and Zaporozec (2004), the risk can be
determined by using the equation (1):
R

Risk  

Probability of event * Consequence of event

(1)

i 1

This event risk happens R times during its life cycle.
Risk assessment and risk analysing is a continually developing branch of
science that develops evaluation tools for environmental protection. There are
numerous different risk assessment tools for business fields like the construction
management or building contract selection. Risk assessment tools and also several
computer aided tools for the protection of groundwater from landfill leachate, of
landfill leachate liners and drainage systems, of natural hazards like flooding,
landslides and gas accumulation has been made for landfills (Butt et al., 2014;
Butt et al., 2011; Chowdhury, 2009; Giusti, 2009; Pollard et al., 2006; Aven &
Kristensen, 2005).
Monte Carlo Simulation (MCS) approach is one of the most typical applied
methods for modelling landfills´ risk level. In the MCS method to reach the
distribution of an unfamiliar problematic the tests have been done many times
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(Baeurle, 2009). Monte Carlo Simulation has been applied in many computeraided risk analysing programs (Butt et al., 2011; Aven & Kristensen, 2005).
Monte Carlo Simulation could be approach mathematically or as a novel method
for landfills risk assessment (Neshat et al., 2015).
Risk assessment processes are typically focused on landfills´ waste products
in three phases: solid waste (disposed waste), liquid waste (e.g. leachate) and gas
(landfill gas). Landfill may pollute the environment in three ways – atmosphere
(air), lithosphere (soil or base ground) and hydrosphere (water or groundwater)
(Butt et al., 2011). There is also risk analysing processes that is dependent on risk
reduction during waste treatment process (Butt et al., 2008).
Risk assessment is important issue for landfills during the design phase.
Characteristics may vary widely between case to case, not only in terms of
landfill but also management practices and regulations. In many countries, like
the USA and the Great Britain, risk assessment is included in environmental
regulation even if the EC landfill directive does not call risk assessment into play
in all cases (Butt et al., 2014; Coventry et al., 2012; Bonaparte et al., 2002). The
identification of risks can help to compare risks in the environmental protection of
landfills, and as a result, new landfills are safer than they have been so far.
The landfill structures are affected by a considerable amount of phenomena
and background factors that can change over time depending for example on
external factors or human delineation. However, the theory does not hold
solutions for taking all issues and their mutual complex effects on contaminant
migration into consideration. In addition, all factors like the freezing–thawing
phenomenon do not affect the landfill structures in all countries, and they have
typically been excluded from theoretical studies. The impacts of the artificial
environment are significant for example on groundwater levels and flowing, the
prognosis of which is reasonably impossible (Heikkinen et al. 2002; Mälkki 1999;
Korkka-Niemi & Salonen 1996; Lahermo et al. 1996). Figure 5 represents, based
on the theory, the most essential identifiable factors related to the landfill
operational environment and the MSW waste content and their effects on landfill
life-cycle information management and environmental protection (Laner et al.,
2012; Morris & Barlaz, 2011; Pivato, 2004; Christensen et al., 2000).
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Fig. 5. Identifiable effects related to the landfill operational environment and waste
content based on theory (Modified after Laner et al., 2012; Morris & Barlaz, 2011;
Pivato, 2004; Christensen et al., 2000).

2.1.1 Key components in landfills’ environmental risk assessment
In the landfill life-cycle, the most essential process is the design phase, in which
decisions are made about the landfill environmental protection level, landfill
related risks are identified, the length of the landfill life-cycle is defined or
evaluated and an assessment of the landfill impact on the environment is
compiled. In the design phase, the measures that manage risks identified have to
be decided and taken into account as a part of the landfill management, and these
identified factors have a direct impact on the protective structure requirements
and technical realization of the landfill environment. In the design phase,
information is produced for the environmental permit, and therefore, the effects of
the factors that have not been recognized or identified during it, will be included
in the environmental permit.
From the literature, the most important factors have been collected that have
an impact on the life-cycle operation of the landfill bottom layer structure.
According to several studies, including the studies of Butt et al. (2014 and 2011),
Cossu (2007), Mitchell & Soga (2005), Rowe et al. (2004), Katsumi et al. (2001)
and Freeze & Cherry (1979), and, the following issues are related to the landfill
life-cycle examination from the environmental protection perspective:
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Hydrogeological properties of soil
Migration mechanisms of contaminants
Contaminant properties and the examination of effects related to
contaminant retention and migration
Topography
Meteorology
Exposure, significance and uncertainty assessment
Life-cycle of structures
Risk quantification
The effects of the environment on protective structure operation, and
the effects of the soil on contaminant migration
Retention as well as the groundwater effects on contaminant
migration
Excavations
Storage and recovery.

From the landfill life-cycle information management perspective, the leachate
releasing or leaching from the waste is in the focal point of the landfill’s
environmental protection. The leachate content and quantity includes storm water
and generation during different activities such as temperature changes inside the
landfill or landfill mining. The quantity and quality of leachate affect the
structural dimensioning, the landfill internal and external water management and
the length of the landfill life-cycle. Leachate management is a crucial factor in
landfill management in all the landfill environmental protection phases. The
aftercare process includes many different features that have to be focused on
separately. (Laner et al., 2012; Barlaz et al., 2002)
Hydrogeological environment has an influence on contaminant transport in
soil layers and groundwater due to groundwater movements and flow gradient
(Rowe et al., 1995). In Finland, hydrogeological conditions can be divided into a
few types based on the groundwater level and its annual variation, soil properties
and groundwater flow gradients (Heikkinen et al., 2002; Jokela, 2002; Mälkki,
1999; Korkka-Niemi & Salonen, 1996; Lahermo et al., 1996). In some landfill
cases, groundwater is close to the ground surface and simultaneously close to the
landfill bottom layer. Alternatively, groundwater is a few meters below the
ground surface and varies significantly during the year.
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The seasonal variation of groundwater level and short distances between the
groundwater and ground surface may in leakage situations result in the migration
of leachate from the landfill into groundwater causing soil and groundwater
pollution. In Finland, the groundwater surface level may vary, depending on the
location, with the range of variation of over 1 m during different seasons
(Korkka-Niemi & Salonen, 1996). In the Northern Europe, the special features
include, in addition to soil and groundwater features, the annual soil freezing in
autumn and thawing in spring, which can affect the long-term durability of the
protective structures.
The freezing–thawing cycles are related to the wetting–drying phenomenon
since when the soil freezes, it absorbs moisture and expands (Guyonnet et al.,
2009; Othman et al,. 1994). Based on the literature, the freezing–thawing
phenomenon does not affect the well compressed soil layers, but the influence of
the phenomenon on Finnish landfills has not been examined thoroughly (Othman
et al., 1994; Zimmie, 1992; Champerlain et al., 1990). According to the previous
researches, the wetting–drying phenomenon has a remarkable impact on the longterm protection features of expanding mineral structures (Guyonnet et al., 2009;
Othman et al., 1994).
However, wetting-drying and freezing-thawing phenomena are typically
excluded in substance migration models such as HELP or LandSim (widely used
in landfill design) (Wang, 2011; Giroud et al., 2000).
Giroud’s model Landfill liner system checklist (2000) and Landfill
design.com (2000) checklists is a checklist containing a collection of properties,
excluding the effects of soil- and groundwater related and cyclic phenomena.
Corresponding models are geotechnical calculation models, material-related
dimensioning applications and migration modelling applications.
Based on the literature review, not a single theoretical model exists that
would cover the above described factors comprehensively, taking all the cyclic
phenomena into account (Leeson et al., 2003; Bonaparte et al., 2002). Landfill
management can focus on various perspectives. Models and reviews with larger
perspectives have been prepared of the landfill environmental impacts and mainly
the realization of surface protective structures. Typical perspectives include the
human health and ecological risk and the life-cycle based assessing (Laner et al.,
2012; Morris & Barlaz, 2011). These perspectives are observed in more detail in
the following sections.
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2.1.2 Methods and tools used in landfills risk assessment
In this part of thesis typical methods and tools used in landfills risk assessing
processes have been analysed. Methods and tools have been developed or
modified in different cases or purposes.
Performance-based managing is focusing on landfill monitoring and
performance data. The performance data is in important role when evaluating the
landfill conditions, effects on the surrounding environment with guide to
appropriate active and passive phase activities (Laner et al,. 2012; Barlaz et al.,
2002). The evaluation procedures are landfill-specific and provide guidance on
landfill managing, protection processes and in long term the reduction of aftercare
intensity.
Morris and Barlaz (2011) used a modular approach as a methodology for the
evaluation of environmental and human health risk. Modules included data
collection in leachate, gas and groundwater contents and content changing after
final closing. Evaluation is focused on to reduce aftercare activities and also to
protect the environment before completion. Morris and Barlaz (2011) used the
performance-based method for defining aftercare requirements at MSW landfills
and verified requirements to the evaluation of post-closure care (EPCC)
methodology. This methodology provides specific on-time protocols for longterm landfill management. The EPCC method focuses aspects like landfill
aftercare monitoring and maintenance. Maintenance includes e.g. leachate and gas
management, groundwater protection and final closing.
The methodology establishes landfill site information for further decisions on
maintaining, extending, reducing or modifying aftercare activities while
sustaining the environmental protection follow-up regulations. Diagrams, which
are based on on-time measurements, are produced for each part of aftercare (e.g.
leachate, gas, groundwater and structural sustainability). The methodology
application requires the waste prospects and demands of the landfill to be
considered as advance. The application of the methodology is analysing
measurements results and trends like leachate, landfill gas generation and
groundwater quality. When the aftercare is realized, the landfill owner should
verify the effect of monitoring results. (Laner et al., 2012; Morris & Barlaz 2011)
The EPCC methodology consist three levels of analysis. These all produces
different outcome of landfills (Morris & Barlaz, 2011):
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(a) Source evaluation; the compliance with target values may be
demonstrated at the source (e.g. leachate quality < drinking water
standards),
(b) Point of compliance (POC) evaluation; it is demonstrated that the landfill
does not pose an unacceptable impact on the POC and
(c) Point of exposure (POE) evaluation; it is demonstrated that the landfill
does not pose an unacceptable risk at the POE.
The EPCC method determines a level of care program that is equivalent with
requirements of the landfill. The surrounding environment requirements are based
on the combination of target values and risk assessment results. The evaluation
leads to custodial care program and activities as basis for reducing the aftercare
time period (Laner et al., 2012; Morris & Barlaz, 2011; Pivato & Morris, 2005).
Sizirici (2009) developed a set of relevant parameters of leachate criteria:
ammonia–nitrogen, chloride, iron, VOCs or landfill gas. Sizirici et al. (2011) and
Sizirici & Tansel (2010) presented a procedure of closed landfills. The procedure
is based on expert evaluation scale from 1 to 10 of site-specific parameters. The
evaluation is included for example climate, operational factors, leachate
management and gas management. The parameters is based on a ranking
algorithm and assigning weights to different factors. The ranking algorithm
includes 11 categories of parameters identifying critical areas which could affect
post-closure care (PPC) needs in the future. Each category was further analysed
by detailed questions on the site history, location, and specific characteristics.
Each question was scored (on a scale of 1-10, 1 being the best and 10 being the
worst). The result from the algorithm is used to classify the landfill circumstances
as critical, acceptable or good level (Sizirici et al., 2011).
The EPCC method presents the most real time and present situation based on
the evaluation procedure, providing operative assessment information to decide
on an appropriate level of aftercare, to reduce landfill impact on environment and
to get information for risk assessments (Laner et al., 2012; Morris & Barlaz,
2011; Pivato & Morris, 2005). When using the EPCC method, the evaluation
requires a high level of expertise because performance-based approaches focus on
the landfill life-cycle as a management process instead of authorities requiring
financial provisions for a minimum aftercare period.
The LandSim software model has been developed to provide quantitative risk
assessments (Environment Agency, 2003). Therefore, the LandSim software could
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be only a part of total landfill risk assessment. This tool estimates concentrations
of leachate and time frame when leachate pollutants reach groundwater or a given
point in the base ground. Calculation estimation includes lots of features that
could influence to pollutant migration, but model does not observe quantification
aspects like groundwater and exposure for people. (Butt et al., 2008)
The model includes two stages; landfill hydraulics and predict the impact on
groundwater quality. Hydraulics evaluates whether the drainage system could
retain the leachate below the determined maximum level, and anticipate the
impact on groundwater quality from the landfill calculated contaminant
concentration at the specified receptor over time. Model contaminant transport
and transit time calculation is based on LaPlace transform technique to work out
the advection-diffusion transport equation that is based on Freeze & Cherry
(1979) equation for saturated flow and Van Genuchten (1980) equation for
unsaturated flow thru the porous fraction (Butt et al., 2011; Aven & Kristensen,
2005; Environment Agency, 2003).
The LandSim model calculation is based on ready design structures and base
ground types that does not exists in Nordic countries. Ground water models could
keep as an example, the model assumes base ground typically contain aquifer. In
Nordic countries groundwater is typically very close under the ground surface and
therefore there exists only very few places where aquifers could have been
formulated (Mälkki, 1999; Korkka-Niemi & Salonen, 1996). Hall (2007) has used
the LandSim model for the hydraulic modelling calculations. According to this
example, the LandSim model results have to be critically evaluated and there
could be cases in which this model cannot be applied because all factors are not
included to calculate models for example the total amount of percolation for
snow. This method is focusing only on the probability of risk and identifies the
possible of risks.
The purpose of the landfill liner system checklist is to lead the designer or
reviewer to consider the aspects of design for the different components of landfill
liner systems including leachate collection, leachate removal and leak detection
(Giroud et al., 2000). The checklist is valid for landfill bottom liners all over the
world. Industrial Parks have been developed and different models, but the base
ground protection demands have been the same. This check list have been
modified and updated during this thesis.
The checklist contains ten main points with a significant weight value,
according to which it will be defined whether the property has been identified and
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is a part of the landfill and whether the property is relevant to the specific landfill.
Table 2 describes the main properties and their descriptions in the Landfill liner
system checklist.
In addition to the main points described in Table 2, the Landfill liner system
checklist defines at many points the contract document requirements and
installation requirements. Although the method requirements have been compiled
for each material, each material is not used in every landfill; for example, the
drainage structure is realized either with granular material or geocomposite
material. Correspondingly, in the compacted layer, typically neither an artificial
compacted structure nor geosynthetic clay liner is used (Giroud et al., 2000).
The checklist made by Giroud et al. (2000) is one example of these types of
methods. Landfill design.com webpage is includes similar kind of lists for landfill
design. Purpose of these lists is to observe the critical factors of the landfill
designing process to identify the consequences.
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Table 2. Landfill liner system checklist (Giroud et al., 2000).
Property

Property main description

Protective soil cover/
select waste layer

this site? Does this layer meet the minimum thickness

Will a protective soil cover or select waste layer be used at

requirement if any? Is the material selected available in the
vicinity? Is compaction specified using low ground pressure
equipment?
Granular drainage
layer, leachate
collection and
removal system
Geocomposite drainage layer, leachate
collection and
removal system

Has the granular drainage layer been designed to limit the
head build-up to less than 300 mm (12 in.) on top of the
liner? Is the hydraulic conductivity of the drainage material
greater than 1×10−4 m/s?
Has the transmissivity of the geocomposite been evaluated
to limit the head within its thickness thus to ensure an
unconfined flow)? Have the reduction factors for creep,
intrusion, particulate clogging, biological and chemical
clogging been considered in the hydraulic assessment of
the geocomposite? Have load, gradient, seating period and
boundary conditions been specified in the transmissivity
requirements of the geocomposite?

Geomembrane

Does the membrane need to be textured?
Is the minimum geomembrane thickness met if any

Compacted clay liner
(CCL)

Does the clay layer have a saturated hydraulic conductivity
of 1×10−9 m/s or less? Is the clay layer a minimum of 600 mm
(2 ft) in thickness? Has a clay borrow source been identified
and tested?

Geosynthetic clay
liner (GCL)

Will regulators allow the use of a GCL at this site?

Geonet/ geocomposite drainage layer,
Leak Detection Layer
Granular
drainage
layer

Have the soil retention, filtration, survivability, transmissivity
properties of the geotextile been evaluated?
Has the granular drainage layer been designed to limit the
head build-up to less than 300 mm (12 in.) on top of the
liner? Is the hydraulic conductivity of the drainage material
greater than 1×10−4 m/s?

Subgrade

Is stabilizing the subgrade using geogrids need to be
considered?
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According to Cormier et al. (2008), the assessments of human health and
ecological risk method evaluate multiplex types and sources of information,
analysing wide range of evidence before conclusions. Risk assessors of the US
Environmental Protection Agency (USEPA) make use of weight-of-evidence:
“(WOE) approaches to carry out the integration, whether integrating evidence
concerning potential carcinogenicity, toxicity and exposure from chemicals at a
contaminated site or evaluating processes concerned with habitat loss or
modification when managing a natural resource” (USEPA, 2008). WOE is one of
the most commonly used and applied methods for risk assessing. (USEPA, 2008;
Cormier et al., 2008)
The WOE “approach can be defined as a framework for synthesising
individual lines of evidence, using methods that are either qualitative (examining
distinguishing attributes) or quantitative (measuring aspects in terms of
magnitude) to develop conclusions regarding questions concerned with the degree
of impairment or risk. In general, qualitative methods include the presentation of
individual lines of evidence without an attempt at integration or integration
through a standardised evaluation of individual lines of evidence based on
qualitative considerations. Quantitative methods include integration of multiple
lines of evidence using weighting, ranking or indexing as well as structured
decision or statistical models” (Table 3). (Chapman et al., 2002)
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Table 3. Weight of evidence method (Chapman et al., 2002).
Method

Method description

Listing Evidence

Presentation of individual line of evidence without attempt at
integration
Qualitative integration of multiple lines of evidence

Best Professional
Judgement
Causal Criteria
Logic
Scoring
Indexing
Quantification

2.2

A criteria-based methodology for determining cause and
effect relationships
Standardised evaluation of individual line of evidence based
on qualitative logic models
Quantitative integration of multiple lines of evidence using
simple weighting or ranking
Integration of lines of evidence into a single measure based
on empirical models
Integrated assessment using formal decision analysis and
statistical methods

Human delineated factors related to landfills

The EC Landfill Directive sets the general requirements for all classes of landfills
in Europe. The essential requirements for landfills are location, water control and
leachate management, protection of soil and water, gas control, nuisances and
hazards, stability and barriers. This dissertation focuses on the location and
protection requirements and also partly on water control and leachate
management requirements. (EC 31, 1999)
One of the general principles of the Landfill Directive is that:
“The composition, leachability, long-term behaviour and general properties
of a waste to be landfilled must be known as precisely as possible. Waste
acceptance at a landfill can be based either on lists of accepted or refused waste,
defined by nature and origin, and on waste analysis methods and limit values for
the properties of the waste to be accepted. The future waste acceptance
procedures described in this Directive shall as far as possible be based on
standardised waste analysis methods and limit values for the properties of waste
to be accepted.” In addition, during the designing process, criteria for landfill
structural acceptance must be based on considerations for the concern to the
protection of the surrounding environment (e.g. groundwater and surface water,
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geological barriers and leachate management), the desired waste stabilisation
processes and protection against human health hazards (EC 31, 1999).
The EC Landfill Directive determines requirements for the bottom structure.
The directive 1999/31/EC states the following, “the landfill base and sides shall
consist of a mineral layer which satisfies permeability and thickness requirements
with a combined effect in terms of protection of soil, groundwater and surface
water at least equivalent to the one resulting from the following requirements:
- Landfill for hazardous waste: K ≤ 1.0×10− 9 m/s; thickness ≥ 5 m,
- Landfill for non-hazardous waste: K ≤ 1.0×10− 9 m/s; thickness ≥1 m,
- Landfill for inert waste: K ≤ 1.0×10− 7 m/s; thickness ≥ 1 m.
- Artificial liner is required hazardous and non-hazardous waste landfills
Where the geological barrier does not naturally meet the above conditions it
can be completed artificially and reinforced by other means giving equivalent
protection. An artificially established geological barrier should be no less than
0.5 metres thick.”
The EC Landfill Directive gives only recommendations for surface sealing. The
local authorities decide after consideration the demands of the surface structures.
The recommendations are presented in Table 4.

Table 4. MSW EC Landfill Directive recommendations for surface structures (VNp 861,
1997; EC 1999/31).

Landfill category

non-hazardous

Hazardous

Gas drainage layer

Required

not required

Artificial sealing liner

not required

Required

Impermeable mineral layer

Required

Required

Drainage layer > 0.5 m

Required

Required

Top soil cover > 1.0 m

Required

required

The landfill active phase means the time when the waste will be laid into the
landfill. The bottom structure consists of an artificial layer, for example
geomembrane and the geological barrier. The artificial layer is designed to protect
primary the soil and groundwater below the filling of the waste (Cossu et al.,
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2003; Rowe et al., 1995). Drainage structure is constructed over the artificial
structure, which leads the leachate into the collection and treatment system. It is
generally known that an artificial layer is not fully consistent with the structure of
the material properties and the structure implemented from causing damage to
individual leaking points in the artificial layer. The geological barrier below the
geomembrane structure is ensuring that no leachate could flow into the soil or
groundwater under the landfill (Forget et al., 2005; Rowe & Orsini, 2003; EC 31,
1999; VNp 861, 1997; Rowe et al., 1995).
In the landfill post-closure period, surface layers have been installed over the
landfill. The surface structure’s role as a cap over the waste is to protect the soil
and groundwater by preventing the infiltration of surface waters into the waste at
unacceptable rates. During the post-closure period in Finland, it is supposed that
an artificial layer cannot totally protect the geological barrier on the long term,
and the environmental and groundwater protection is based on the geological
barrier (EC 31, 1999; VNp 861, 1997).
The Landfill Directive defines the requirements for surface and bottom
structures according to environmental protection. The permeability and thickness
of the geological barrier are mentioned as the major requirements for protecting
landfill environments. The term geological barrier is applied in the directive when
assessing landfill bottom layer conditions. A geological barrier has been defined
based on landfill geological and hydrogeological conditions (VNp 1049, 1999;
EC 31, 1999; VNp 861, 1997).
In addition, the directive requires an adequate risk analysis on soil and
groundwater pollution and the EC directive includes the following requirements:
“The location of a landfill must take into consideration requirements
relating to:
(a) The distances from the boundary of the site to residential and recreation
areas, waterways, water bodies and other agricultural or urban sites;
(b) The existence of groundwater, coastal water or nature protection zones in
the area;
(c) The geological and hydrogeological conditions in the area;
(d) The risk of flooding, subsidence, landslides or avalanches on the site;
(e) The protection of the nature or cultural patrimony in the area”
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Government Decision 861/1997 mentions that authorities alleviate the
requirements if the landfill owner shows that there are no harmful effects to health
and the environment in the long term (VNp 861, 1997).
2.2.1 Legislative guidance’s impact on environmental protection
The EC Landfill Directive state that the protection capacity of the bottom
structure shall satisfies permeability and thickness requirements. The main
requirements for the permeability and layer thickness of the soil layer are based
on the classification of the waste in the landfill. Neither the EC directive nor the
Government Decision VNp (861/1999) provides further specifications as to which
factors, such as diffusion, dispersion, or hydraulic gradient over the waste, should
be taken into account when defining the protection capacity of a structure or how
such factors should be assessed. Existing research, for example by Forget et al.
(2005), Rowe & Orsini (2003) and Katsumi et al. (2001), on the topic does not
cover, as a whole, those critical factors that most affect the protection capacity of
a soil layer in the Nordic countries.
The wording of the Landfill Directive is not explicit and straightforward in
aspects relevant to the design of artificial geological barriers. At MSW landfills,
this word that refers to construction has been interpreted so that building a mere
0.5 meter thick additional layer would be enough to satisfy the protection
requirements set in the directive for layer thickness. The permeability with a
combined effect of the interpretation means only the advection, instead of
focusing the permeability of the contaminant by all transit mechanisms (Hansen,
2009; Christensen et al., 1994).
According to literature, structures should be designed acknowledging all
transport mechanisms (the total amount of mass transport in the cubic element,
e.g. diffusion, dispersion, advection, sorption, decay) to protect soil, groundwater
and surface water (Rowe et al., 2004). Transport times through landfill layers
vary depending on artificial layer transport mechanisms that are related to
material hydrogeological properties determining the amount of harmful
substances flowing through landfill bottom layers (Varank et al., 2011; Ramke,
2009; Cossu et al., 2003; Shackelford & Daniel, 1991).
The leachate migration transit time through bottom layers is considerably
shorter if all the contaminant transport mechanisms have been taken into account
instead of the advection only (Sangam, 2005; Katsumi et al., 2001). The
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contaminant migration to the environment in different time frames depends on the
structures, quality and quantity of waste, structural functionality, leachate treating,
collection or circulating system operations (Varank et al., 2011; Morris et al.,
2009; Olivier et al., 2009; Cossu et al., 2003).
This type of landfill management has resulted in an elemental analysis, which
assumes to fulfil the municipal solid waste landfill (MSW) EC directive
requirements. The interpretation identifies only the hydraulic conductivity and
thickness of the structure and the structural dimensioning are designed according
to equivalent calculation. Consequently, based on this type of calculation
acknowledging only advection, the bottom layer structure is expected to meet the
Landfill Directive requirements. This is a typical national interpretation of the
Landfill Directive (e.g. Environmental decisions Dnro PSA-2005-Y-243-121,
2005; Dnro 0800Y0307-111, 2001; Dnro 0295Y0226-124, 1996).
2.2.2 Interpretations of the Landfill Directive
The principle of the EC Landfill Directive is that the landfill has to be located in a
place where the soil below the waste meets the directive requirements (EC
1999/31). The soil prevents leachate, which is derived from the waste, from
reaching adverse effects on the environment. Leachate will not accumulate over
the bottom structure, but it will flow via drainage structure to the cleaning process
or water treatment. (EC 1999/31; Christensen et al., 1994)
Figure 5 presents a conceptual structural requirement of MSW landfill´s
bottom structures based the on EC 1999/31 Landfill Directive and the
interpretations of Germany, Sweden, the Netherlands and Finland. In Germany,
German Technical Instructions on Municipal Waste, TASi (TA Siedlungsabfall,
1993) determines that the mineral layer has to be at least a three layered structure,
the strength of which should be 0.75 m. German Geotechnical Society, DepV
(Deutsche Gesellschaft für Geotechnik e.V.) (2002) reduced the requirement to a
double layer with a thickness of 0.5 m. Mineral layer hydraulic conductivity
should be designed in a laboratory based on DIN 18130 standard. Drainage layer
permeability and thickness can be with a minimum height of 0.5 m (Fig. 6). The
Swedish interpretation of the Landfill Directive is almost equal to the German.
Departing from the German instruction, in the Swedish interpretation the
geological barrier is determined based on the operating time and amount of flux
to the environment during operating time.
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The landfill bottom structure in the Netherlands was governed by the
Environmental Management Act (1993) before the Landfill Directive. In 2001,
the Landfill Directive determined a change, which was included in the national
law. In the Netherlands, landfills have to build a pipeline system below the
mineral layer structure because the ground water (or sea water) can be on a higher
level than the bottom structure. Departing from German and Swedish
interpretations, the mineral layer permeability has to be less than 20 mm per year
(k< 1·10-9 m/s) when the water pressure is equal to the height of a 0.8 m water
column (50 mbar on the surface and 50 mbar below the surface) and the water has
an opportunity to flow out below the layer (Fig. 6) (the Landfill Directive
1999/3i, in Germany (DepV, 2002), in Sweden (SFS nr 2001: 512), in the
Netherlands (Richtlijnen onderafdichtingsconstructies voor stort- en opslagplaatsen) and in Finland (VNp 861/97)).
According to the Netherlands’ interpretation of the EC Landfill Directive,
high density polyethylene (HDPE) geomembrane has to be at least 2 mm thick.
Mineral layer and geosynthetic barrier contaminant permeability can be 5 mm per
year at the maximum (Boels et al., 1993). The drainage layer has to consist of
sand (and gravel), and a drainpipe system has to be installed in it. Waste filling
must be at least 0.7 m on the average above ground water (den Ouden &
Backhuijs, 1999; Boels et al., 1993). If the waste filling and the highest ground
water height difference is less than 0.5 m, an extra mineral layer with a thickness
of at least 0.5 m has to be built. The above described mineral layer structure can
be replaced by an alternative structure, which has an equivalent protection to the
groundwater. Layer thickness can have different values based on the hydraulic
conductivity, provided that the equivalent protection capability is achieved. (den
Ouden & Backhuijs, 1999; Boels et al., 1993)
The interpretations of the Landfill Directive vary greatly between different
countries. This has led to variation in the dimensions and bottom layer
proportions of built structures.
However, there is no derogation from the EC landfill directive Article 3.1, so
a geological barrier must always be present. In Sweden, there is an example of
hazardous waste landfill in Avesta. Hazardous waste landfill has been established
directly on the soil based on the directive without external artificial layer (Avesta,
2004). The soil has been determined to be a 3 –5 m layer thick low permeability clay
layer, the hydraulic conductivity of which is ranging from 10−8 m/s to 10−10 m/s. In
this case, the authorities have followed the principle of the Landfill Directive that
43

artificial structures do not have to be built if the soil meets the requirements of the
geological barrier. Also the authorities are obliged to carry out a risk assessment.
(Avesta, 2004)

Fig. 6. MSW landfill bottom layer conceptual structural demands based on the Landfill
Directive 1999/3i, in Germany (DepV, 2002), in Sweden (SFS nr 2001: 512), in the
Netherlands (Richtlijnen onderafdichtingsconstructies voor stort- en opslagplaatsen)
and in Finland (VNp 861/97) (K is the hydraulic conductivity, d the thickness).

The interpretations of the directive differ from each other in Finland and
Denmark. An artificially geological barrier consists of a 0.01 meter bentonite liner
and membrane where the hydraulic gradient is 6, and there is a 15 cm leachate on
the liner. During the passive phase (when leachate pumping has been stopped),
based on the Danish interpretation, several meters of leachate is assumed to be on
top of the barrier. Also, assuming that a 5 meter leachate layer is over a 1 meter
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geological barrier, the hydraulic gradient is 6, and for a 5 meter barrier, the
hydraulic gradient is 2. For a 0.01 meter bentonite membrane structure, the
hydraulic gradient is 500. This means that a 1 cm bentonite liner must have a
hydraulic conductivity that is hundreds of times smaller than the clay barrier to
have the same flow through in the passive phase.
According to Hansen (2009), the Danish model of calculation indicates that
the diffusion of pollutants through a 0.01 m bentonite liner is the dominant fluxcomponent. Assuming the hydraulic conductivity is 5×10−11 m/s for a 0.01 m
bentonite liner and 0.6 m of leachate on the liner, the flux based on advection was
calculated to be 96 mm/year while the diffusive flux (for chloride) was equivalent
to a water flux of 770 mm/year (Hansen, 2009).
Examples of the Swedish and Danish interpretations of the EC Landfill
Directive show the extent to which the interpretations of these two Nordic
countries differ from those in Finland and the bottom structures typically
constructed in Finland. In Sweden, according to this example, landfills are
purposefully located on soil where the existing base ground can be employed as a
part of the geological barrier. In the Danish example, the migration of
contaminants due to diffusion, which significantly increases contaminant
migration through bottom structures, has also been taken into account in the
implementation of the structure.
2.3

Environmental factors´ influence on landfills

In the Nordic countries, environmental circumstances like groundwater balance,
wetting-drying and freezing-thawing have an effect on landfills. The influence of
these critical circumstances on landfills has not been typically dealt with in risk
assessments or environmental permits. Risk assessment tools, e.g. HELP and
LandSim, do not take the circumstances of Nordic countries into account (Butt et
al., 2014; Wang, 2011; Giroud et al., 2000). In this part of the thesis
environmental circumstances influence on the risk assessment is opened.
2.3.1 Groundwater balance and base ground
In Europe, the geological environment varies in different areas and this has to be
noticed as an impact on the landfill bottom layer’s design. Groundwater levels,
seepage gradients and types depend on the hydrogeological condition (Heikkinen
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et al., 2002; Smith, 1984). This leads to a situation in which a general allinclusive instruction cannot be determined to cover all the European regions.
Hydrogeological environment has to be defined nationally according to the
national specific circumstances following the Landfill Directive demands (EC 31,
1999).
There are several factors that affect the landfill hydrogeological environment,
which could be categorised as local, regional and temporal factors (Heikkinen et
al., 2002; Korkka-Niemi & Salonen, 1996; Mälkki, 1999, Lahermo et al., 1996).
These factors and their effectiveness are listed in Table 5.
In Finland, the artificially geological barriers are constructed usually on
natural soils or a 0.3–0.5 m layer gravel is used over the natural soil
(Environmental decision registry, 2010). The geological barrier may be required
retarding the movement of the contaminant along the fractures or through pore
holes if the natural soil is fractured or the porosity is high, like with clay or silt
based materials (Varank et al., 2011; Cossu et al., 2003). According to this
assumption, two of conceptual outward flowing situations are presented in Figure
7a and Figure 7b.
The hydrogeological conditions in Finland comprise typically a natural soil
that is till-based material and can be in fully saturated unit weight condition
because of till-based material’s low permeability, and the groundwater is very
close to the ground surface [HT] and there are changes during the season
depending for example on weather conditions (Mälkki, 1999; Korkka-Niemi &
Salonen, 1996; Lahermo et al., 1996). In a structure presented in Figure 7a, HT is
over 4.0 m, the hydraulic conductivity kt is 1×10−6 m/s and the seepage velocity
Vs > 0 m/s. Harmful substances flow through the landfill bottom structure during
a long time by the dominant effect of hydrodynamic dispersion. Groundwater
becomes contaminated through the region when harmful substance flow occurs in
groundwater (Katsumi et al., 2001). This kind of structure has a very long impact
on the environment, and the impacts persevere decades after the landfill has been
closed (Cossu et al., 2003).
In a structure presented in Figure 7b, HT < 1.0 m (HT is groundwater distance
from the bottom structure base), kt is 1×10−6 m/s (kt is hydraulic conductivity) and
Vs > 0 m/s (Vs is seepage velocity). Harmful substances flow through the landfill
bottom structure during a short time, and the dominant transport mechanism is the
hydrodynamic dispersion (Varank et al., 2011; Rowe et al., 1995). Groundwater
becomes contaminated throughout the region when the flow occurs in
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groundwater (Varank et al., 2011; Cossu et al., 2003; Heikkinen et al., 2002;
Katsumi et al., 2001). In addition, this kind of structure has a very long impact on
the environment, and the effects persevere until decades after the landfill has been
closed or even during the active phase (Cossu et al., 2003).
The permeable layer (natural soil) may operate like a hydraulic control layer
as in Figure 6a if the natural soil has relatively low hydraulic conductivity (e.g.
1×10−9 m/s or below). According to this concept, the natural soil is saturated and
maintained at a soil pressure below the landfill. This creates an outward hydraulic
gradient and an advective-diffusive flow (Varank et al., 2011; Cossu et al., 2003;
Katsumi et al., 2001). In areas where groundwater is near the landfill bottom
structure, as shown in Figure 7b, the advective flow might become a dominant
transport mechanism if the hydraulic conductivity is relatively high (e.g.
1×10−7 m/s or above). This situation is possible in environments where the load
capacity has been increased by using a bearing layer that is made with the gravel
of relatively high hydraulic conductivity (El-Zein & Rowe, 2008; Kamon et al.,
2005).
The purpose of the landfill base ground is to function as a load-bearing
support layer under the environment protection structures. During the passive
phase of a landfill, the base ground can function as a protective structure,
depending on the suitability of its hydrogeological characteristics (Heikkinen et
al., 2002; Mälkki, 1999; Korkka-Niemi & Salonen, 1996; Lahermo et al., 1996).
During the passive phase, external water pressure is no longer directed to the
waste fill, and if the drying mechanism of the base ground maintains its functions
until the end of the landfill’s lifespan, its geological barrier should not be subject
to the load caused by hydraulic gradient.
In this case, a contaminant migrates via diffusion to the lower layers of the
structure where the base ground acts as a contaminant retentive layer. At present,
however, the retention and adsorption capacities of the base ground are measured
only for particle size distribution and, in some cases, hydraulic conductivity
(Environmental decisions 2007, 2005, 2005 and 2001). Recognizing the
protective characteristics of the base ground would make it easier to define the
dimensions of a requisite geological barrier because the long-term protective
effects of the base ground could be taken into account as an additional protective
factor. Therefore, it would be reasonable to investigate the environment protective
effects of the base ground and take them into account when determining structural
dimensions.
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Table 5. Hydrogeological condition effect on contaminant transport in different
categories in Finland (Heikkinen et al., 2002; Korkka-Niemi & Salonen, 1996).

Factor

Reason

Consequence

Local

Groundwater distance from

Transit time is depending

the structure

on the distance

Base ground material (till,

Different contaminant

sand, silt etc.)

transport time

Groundwater regional level

Groundwater level ranges

Regional

in different areas in Finland
Groundwater flow gradient

Harmful substances pass
with groundwater
movements

Temporal

Groundwater level variation

Groundwater level could

during the year

move up few meters during
the year

Hydrogeological structure a

Hydrogeological structure b

Fig. 7. A typical conceptual hydrogeological conditions in Finland. In Fig. 7a, the
distance between groundwater and the bottom of the landfill liners is over 4 meters,
and groundwater could reach the bottom of the landfill during the range of its
movement. In Fig. 7b, the distance between groundwater and the bottom of the landfill
liners is less than 1 meter, and groundwater could reach the bottom structures during
the range of its movements. (Mälkki, 1999; Korkka-Niemi & Salonen, 1996; Lahermo et
al., 1996)
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Hydrogeological environment’s influence on the landfill design and
environmental protection has been one of the main principles in the Landfill
Directive because the artificial layer does not have to exist if the natural soil
below the landfill protects the environment as the Landfill Directive demands (EC
31, 1999).
2.3.2 Wetting and drying phenomenon
During the landfill lifespan, its structures may be subjected to the effects of a
wide range of different fluids and contaminants (Christensen et al., 1994). The
bentonite qualities used in mineral structures typically contain sodium bentonite.
Leachate contains typically fluids which have a greater ion-exchange capacity
than sodium (ion value 1). Due to ion energy charge e.g. calcium (ion value 2) is
more active than sodium (Guyonnet et al., 2003). Ion-exchange is known to affect
particularly those structures that have high bentonite content in relation to the
total amount of material (in relation to geosynthetic clay liner (GCL), for
instance), in which case ion exchange often leads to increased hydraulic
conductivity (Benson et al., 2007; Guyonnet et al., 2005; Petrov et al., 1997). In
ion exchange, two sodium ions with a value of one, for example, are replaced by a
single sodium ion with a value of two, which leads to a single ion opening in the
lattice space, which affects a change in the migration of matter.
Fluid load is a crucial factor in the functioning of bentonite clay. Soil
bentonite mixes usually contain sodium bentonite, which is an ion with a plus one
(+1) charge that can form a bond with a fluid, such as clean water, after which
pore volume is filled due to the expansion of bentonite (He & Song, 2011;
Guyonnet, 2009; Benson et al., 2007). If clean water is replaced with a calcium
chloride solution, the calcium, being an ion with a value of plus two (2+), will
detach sodium from its bond with water and, as a result of ion exchange, the bond
structure of the bentonite changes, leading to an increase in hydraulic
conductivity (Bouazza et al., 2008; Katsumi et al., 2008). In his study, Bouazza
(2008) used a calcium chloride solution with a solution of 0.0125 M, which
caused a tenfold increase in hydraulic conductivity in a geosynthetic clay liner
compared to the effects of de-ionized water when tested in permeameter.
Structure designs do not take into account, for instance, the effects of leachate
on hydraulic conductivity. The design of landfill bottom layers is based on the
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advection of a sample soil saturated with clean water. The thickness of the bottom
structure is calculated equivalently based on hydraulic conductivity relative to
layer thickness determined in laboratory conditions and is guided by
Governmental decisions (Environmental decisions 2007, 2005 a, 2005 b and
2001).
Based on Guyonnet et al. (2009), the impact of NaCl and CaCl2 liquids on
swelling based materials and a geosynthetic clay liner have been tested (GCL) over a
385-day period. The influence of the change of fluid from NaCl to CaCl2 was seen to
be significant. Hydraulic conductivities have increased from 1.5×10−11 m/s on average
to 7.2×10−10 m/s at the end of the test. The effect of the divalent cation-rich fluid has
been an increase in hydraulic conductivity by 48 hours or more (Guyonnet et al.,
2009). Based on Benson et al. (2007), MSW leachate typically includes di-, triand tetravalent cations that cause cation exchange, which influences the hydraulic
conductivity of bentonite mixtures.
When used in a structure, the effectiveness of bentonite is mainly determined
by tensions resulting from the structures above it. The saturation level of the
structure and changes in the level as well as thermal and fluid load changes in the
structure in which the bentonite is located (He & Song, 2011; Guyonnet, 2009;
Benson et al., 2007; Guyonnet et al., 2005; Petrov et al., 1997). Since a state of
tension (caused by load) compresses matter, tension reduces porosity. According
to Eid (2011), increasing load affects saturation levels, and thus, the structure’s
load-bearing capacity. Variable saturation levels may cause tension changes in
bentonite structures, which may result in local fracturing, that is, due to maximum
shear. Fractures reduce the load-bearing capacity of bentonite structures, after
which the partially saturated bentonite cannot withstand shear as well as the fully
saturated structure (Eid, 2011). This factor is particularly significant in partially
saturated conditions. Thus, the bentonite structure is liable to fracture locally, and
alteration or change in saturation levels can cause a stability problem in an
acclivity even though the structure would, according to measurements, appear to
work normally when fully saturated.
Changes in saturation levels also affect the hydraulic conductivity
characteristics of bentonite structures. The wetting–drying cycle affects the
expansion of bentonite clay, and even after a few cycles, their degree of hydration
is reduced, resulting in an increase in hydraulic conductivity (Bouazza et al.,
2008; Katsumi et al., 2008). This is a factor that affects the suitability of
structures for different uses, and according to Bouazza et al. (2008), hydraulic
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conductivity may become 10 times higher when compared to the situation before
the wetting–drying cycle.
Malusis et al. (2011) has researched the behaviour of bentonite soil during
wetting–drying cycles for two different bentonite content values (2.7% and 5.6%
of dry volume-weight) in identical conditions with identical saturation and load
(effective stress being 24 kPa). In the results, the water retention capacity of soil
bentonite begun to decrease after three (3) cycles and correlated with the decrease
in saturation with relation to the number of cycles (Malusis et al., 2011). On the
basis of this, it can be concluded that bentonite clay behaves in like manner
regardless of the content value or external conditions. In typical usages of
bentonite clay, that is, in landfill bottom and sealing structures, the saturation
level of bentonite varies seasonally, due to which the structure’s protective
properties may decrease after as little as one year of cyclic behaviour.
Rowe et al. (2011) have examined the impact of daily thermal variation on
the moisture balance of bentonite mats. In isothermal conditions, daily variation
may cause a moisture reduction of 15% in a bentonite mat (Rowe et al., 2011).
When fully saturated, the moisture content in a bentonite mat is between 113%
and 127%, depending on the mat type used. Changes in the moisture content
affect the way in which a structure constricts, whereas constricting in turn affects
the water retention capacity of a material and the hydraulic conductivity of a
bentonite mat (Rowe et al., 2011). From the perspective of structural design, this
new information is significant because the variation in conditions between
seasons in Finland is very pronounced.
In many cases, these factors take effect simultaneously, and for this reason, it
is worthwhile to examine their combined impact. In landfill protective structures
(including the bottom of a landfill at the early phase of its lifespan), for instance,
partially saturated bentonite structures are exposed to wetting–drying cycles as
well as to changes caused by ion-exchange and thermal variation. On the basis of
the existing research, there are no studies regarding the scale of the combined
effect of the said factors. The combined effects take place almost without
exception due to the conditions in Finland. Furthermore, these structures may
deteriorate quite rapidly due to cyclic changes in loads, variation in moisture
balance and ion-exchange. (Henken-Mellies & Schweizer, 2011; He & Song,
2011; Guyonnet, 2009; Bouazza et al., 2008; Katsumi et al., 2008; Benson et al.,
2007; Meer & Benson, 2007)
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Existing studies indicate that it is prudent to take into account the conditions
that affect the functioning of a protective structure throughout its lifespan as
realistically as possible (Bouazza et al., 2008; Katsumi et al., 2008). On the basis
of recent studies, it can be said that, in general, the use of bentonite as a
compacted element in the structure of a landfill is not a satisfactory solution when
the life expectancy of the structure is taken into account; this is because the
structure is subject to cyclic changes in both saturation and thermal variation. In
addition, due to structural changes, the analysis of hydraulic conductivity in a
fully saturated state does not reveal the actual situation during the early stage in
the lifespan of a landfill.
According to Henken-Mellies and Schweizer (2011) and Meer and Benson
(2007), research into bentonite structures should focus on the stability of
saturation rather than on hydraulic conductivity because variation in saturation
has a significant impact on the long-term functioning of environment-protecting
structures and the protective effect of structures. The hydraulic conductivity of
bentonite mats or bentonite soil mix increases 5- to 40-fold even when there is a
one-meter-thick soil layer on top of the structure (Meer & Benson, 2007). On the
basis of existing studies, it should be possible to protect bentonite-based
environmental protection structures against drying by means of a highly
compacted soil layer or a geomembrane (Henken-Mellies & Schweizer, 2011;
Meer & Benson, 2007).
2.3.3 Freezing and thawing phenomenon
Seppälä (1999) presented the frost depths in Finland as a function of frost sum for
various soil materials. Based on Seppälä´s data, frost depths average value is 2.25
m in sand and 1.8 m in silt. Also Venäläinen (2001) studied the maximum frost
depths of road maintenance depots in Finland from 1974 to 1990. The
measurements were made in Pudasjärvi, located at approximately the same
latitude as Oulu in Finland, Luleå in Sweden and Mo I Rana in Norway. The
result showed that the minimum frost penetration is less than 1.2 m and the
maximum is more than 2.8 m depending on between-year variations. According
to Venäläinen (2001) and Seppälä (1999), it is not possible to give unambiguous
recommendations when the landfill structures are protected from freezingthawing phenomena. Typically, the frozen layer will reach the earth's surface
during the winter to the depth of two meters in most of Finland and Northern
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Sweden. The winter is typically shorter and the frozen layer does not reach as
deep near the Baltic Sea in the south and south-west compared to Northern
Finland (Heikkinen et al., 2002).
This phenomenon appears typically on surface structures because landfill
surface structures are thinner than 2.0 meter e.g. leachate reservoirs. According to
Hansson and Lundin (2006), hydraulic conductivity in partly saturated structures
could be 100% lower compared with fully saturated structures.
Freezing and thawing could take place when the new bottom structure has
been built, but there is no waste above the substructure before the winter period.
Also leachate reservoirs are under the open sky at least over the high water level,
and the leachate level could vary depending on the leachate content during the
reservoir life-cycle. Freezing-thawing cycles could be numerous during the year.
In most part of Finland and north part of Sweden this problem could be
appear during normal winter, when freezing and thawing begins during autumn
when the nights are below 0 °C and the temperature rises during the day time.
Also in spring time during the normal winter the phenomenon is the same.
(Mälkki, 1999; Korkka-Niemi & Salonen, 1996; Lahermo et al., 1996)
This phenomenon could appear during the landfill mining as well. If the
landfill will be opened regularly, the landfill owner has to be aware that the
demanding protection layer over the landfill bottom layer is retained. This is a
phenomenon that none of the risk assessment method or programs does take a
part, but at least in Finland cold climate have to be observed while doing risk
assessment in landfills.
The impact of the freezing–thawing phenomenon on the conductivity of till
based, silt, loam and sand structures has been studied with regard to both partly
saturated and fully saturated structures. This phenomenon can be called as annual
changes. As the temperature decreases below 0 °C, ice and ice crystals begin to
form inside larger pores in soil (Hansson & Lundin, 2006). As water freezes in the
pore holes, its volume increases by approximately 9% as a result of ice lens
growth. According to Andersland & Anderson (1978) “an ice lens attracts water
from unfrozen layers, thus forming parallel ice lenses of various sizes and shapes,
which are defined by the amount of unfrozen water available.”
Benson and Othman (1993) conducted a series of tests in which water was
added to a soil layer simultaneously with the formation of a layer of ice, and
thawing water was observed to exit the soil layer during thawing. In another test,
the soil layer drew the water available in the unfrozen layer in a process of ice53

lens formation. Neither freezing type has played a significant role in the results of
long-term conductivity measurements performed on compacted clay and soil
layers (Othman et al., 1994; Zimmie, 1992; Champerlain et al., 1990). Due to the
fact that an unsaturated compacted structure cannot yield enough water for the
formation of ice-lenses and because the changes in the volume of a partially
saturated structure are considerably smaller when compared to a fully saturated
structure, the freezing–thawing phenomenon has no significant long-term effect
on the conductivity of a partly saturated soil layer. Porosity, saturation and
compactness all affect conductivity, and the effects are further emphasized in
landfill bottom structures. Typically, since vacant pore volume allows the
structure to change and return to shape, changes in compacted structures are
significantly smaller compared to ordinary soil because the amount of saturated
pores in compacter layers is smaller (Champerlain, 1992).
According to Othman (1994), “when soils are permeated with water after
freezing and thawing, flow preferentially occurs through the crack network and
secondary porosity. Thus, cracks that develop during freeze–thaw cycling
increase the hydraulic conductivity of the soil.” The literature shows that natural
and compacted clay soils that have hydraulic conductivities in the range from 10-9
m/s to 10-11 m/s before freeze–thaw typically have hydraulic conductivities in the
order of 10-8 m/s after freeze–thaw (Othman, 1994). Othman and Benson (1992)
found that “faster freezing rates increased the hydraulic conductivity, but the
effect of the rate of freezing on hydraulic conductivity after freeze–thaw was less
than one order on magnitude”.
According to Hewitt and Daniel (1997), “tests on natural and compacted
clays show that increases in the hydraulic conductivity of greater than one order
of magnitude typically occur during the first cycle of freeze–thaw. Subsequent
cycles result in smaller increases in the hydraulic conductivity, with minimal
changes occurring after 3–10 cycles”. Based on the available literature, 3–5
freeze–thaw cycles are sufficient to determine the effects of freeze–thaw (Hewitt
& Daniel 1997; Othman et al., 1994; Othman & Benson, 1992; Wong & Haug,
1991; Chamberlain et al., 1990; Zimmie & La Plante, 1990). According to Hewitt
and Daniel (1997), “changes in hydraulic conductivity are similar when samples
are frozen one-dimensionally and three-dimensionally”. Hydraulic conductivity
increases less at high effective stress and effective stress influences the
predisposition of clays to freeze–thaw damage influences more (Hewitt & Daniel
1997; Omidi et al., 1996; Trast and Benson, 1995; Othman & Benson, 1991).
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Freeze–thaw phenomenon can cause increases in hydraulic conductivity in
the landfill bottom layer if the landfill is just constructed and there is not yet
waste layer on the bottom structures (Othman et al., 1994; Othman & Benson,
1992). The problem could be indicated by measuring hydraulic conductivity. The
increased hydraulic conductivity occurs during the first years after construction
and has a relationship with thickness of waste that covers and insulates the bottom
layer. If the landfill bottom layer has been expanding, there is a possibility to
move the existing waste onto a new bottom layer and build an isolation layer
above the existing bottom layer. Given the typical conditions in established
landfills, a two meters amount of waste usually precludes the possibility of
building the isolation layer in most part of Finland (Mälkki, 1999; Korkka-Niemi
& Salonen, 1996; Lahermo et al., 1996).
2.4

Technical factors impact on hazard migration

Flow through porous media can occur if there is a potential difference between
the interface of masses caused by fluid head, temperature, voltage or chemical
potential (Mitchell, 1993). Conduction phenomena can be presented as four flow
types for a cross section area A (Mitchell, 1993):





Water flow, based on the Darcy´s law
Heat flow, based on the Fourier´s law
Electrical flow, based on the Ohm´s law
Chemical flow, based on the Fick´s law

Water flow through the soil plays an important role in problems like seepage,
consolidation and stability. Heat flow is relevant for example to frost actions,
insulation and thermal pollution. Electrical flow is important to the transport of
water and ground stabilisation for example by electro-osmosis, insulation and
corrosion. Chemical flow or transport through the soil or ground is related to
problems like groundwater pollution, waste disposal and storage, remediation of
contaminated sites, leaching phenomena and soil stabilisation. The four types of
flow above can be combined to form several types of coupled flows which are
important under a variety of circumstances. (Mitchell, 1993)
In the landfill bottom layer, the most important flow phenomena are the water
flow caused by the hydraulic gradient and the chemical flow caused by the
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concentration gradient (Benson et al., 2007; Katsumi et al., 2001; Rowe et al.,
1995). Electrical and heat flows can exist too, but they do not dominate over the
conduction phenomena (Mitchell, 1993). Water and chemical flows are caused by
leachate that is stored in the waste and over the landfill bottom layer (Ramke,
2009; Rowe et al., 1995).
2.4.1 Mathematical formulation of contaminant migration
The theoretical equation derived here is a statement of the law of conservation of
mass, energy and momentum. Landfill bottom layer contaminant transport
mechanisms are advection, dispersion, diffusion, sorption and decays (Sharma &
Lewis, 1994). The mechanisms for contaminant transport are discussed in the
following subsections. The primary transport mechanisms through the saturated
barriers, for example clay or soil based mixtures, are advection and diffusion
(Rowe et al., 1995).
Solute transport analyses for geological barrier materials, such as compacted
clay liners and soil based on material, are typically performed using solutions to
the advective–dispersive equation (Shackelford & Daniel, 1991). In these
analyses, the advective term is based on the Darcy law for solution flux in
response to a hydraulic gradient, and the solute of diffusion is described by the
Fick’s first law for diffusive flux in response to a concentration gradient.
Freeze and Cherry (1979) and Ogata (1970) have described the analytical
solution of the derivation of the advection–dispersion equation for solute transport
in a saturated porous medium. The analytical solution of transport equation is
based on the derivation of Ogata and Banks (1961). The saturated porous medium
is assumed homogenous and isotropic, the flow is steady-state and the Darcy´s
law applies and the Reynolds number is between 1 and 10 (Bear & Palmer, 1972).
In this derivation, the porous medium is assumed to be homogenous and isotropic,
the flow is steady state, and the Darcy´s law equation will be valid when the
hydraulic gradient is low and the flow is laminar.
Based on Freeze and Cherry (1979), “the law of conservation of mass for a
steady-state flow through a saturated porous medium requires that the rate of
fluid mass flow into any elemental control volume is equal to the rate of fluid
mass flow out of any elemental control volume”. To establish the mathematical
statement of the conservations of mass, the solute flux into and out of a small
elemental volume in the porous medium will be considered in Equation (3). In co56

ordinates the specific discharge v has components (vx, vy, vz), the average linear
velocity v = v/n has components (vx, vy, vz) and n is the porosity. The rate of
advective transport is equal to v . The concentration of the solute C is defined as
the mass of solute per unit volume of solution. The mass of solute per unit volume
of saturated porous media is therefore nC. For a homogenous non-compressible
medium, the porosity n is a constant, and ∂(nC)/∂x = n ∂C/∂x. The mass of solute
transported in the x direction by the two mechanisms of solute transport can be
represented as follows:
Mass transport per unit area by advection

=

v x nCdA

mass transport per unit area by dispersion =

nDx

and

(2)

C
dA, (3)
x

Where C is the concentration of the solute,
n is the porosity,
Dx is the hydrodynamic dispersion coefficient,
x is the thickness of the layer and
dA is the elemental cross-sectional area of the cubic element.
The Darcy´s law states that there is a direct proportionality between the Darcy
velocity v or flow rate Q and the hydraulic gradient i for different materials
having a different hydraulic conductivity k. Equation (4) present the Darcy´s law

Q~ A

h
h
Q
 Q  Ak
  ki  v,
L
L
A

(4)

Where Q is the flow rate,
A is the cross section area is normal in the direction of flow,
∆h represents the elevations of fluid levels,
L is the material layer thickness and
k is the coefficient of permeability or the hydraulic conductivity.
Based on Mitchell (1993), the linearity between the flow rate and the
hydraulic gradient is the most significant in the lower range of gradients. In the
field, the hydraulic gradient is seldom greater than one (Olivier et al., 2009).
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However, in a landfill, over the bottom structure, leachate could cause higher
gradients than in the field (Olivier et al., 2009). Based on Ramke (2009) and
Olivier et al. (2009), high gradients could cause flow channels or deform the
structure of soil.
In the diffusion process, there is an ionic or molecular constituent conduct in
the direction of their concentration gradients. The diffusion does not require
movement due to hydraulic gradient. This process stops when concentration
gradients become negligible.
From the Fick´s first law and the equation of continuity, the rate at which
solute could diffuse in porous materials can be given by the following expression
(Freeze & Cherry, 1979). Diffusion could be equating the rate at which solute will
diffuse in time and is known as the Fick´s second law presented in Equation (5):

C
 2C
D 2 ,
t
z
(5)
Where C is the concentration content,
t is time,
D is the diffusion coefficient and
z is the thickness of the layer.
Diffusion is not related to an advective transport direction, and diffusion can
occur for example in the opposite direction compared to advective transport
(Binns et al., 2008; Rowe et al., 1995).
It is possible for the contaminant to migrate from a landfill through the
groundwater flow if the flow is directed to the landfill. In this study, groundwater
flow is not directed to the landfill. The velocity v s is positive if the flow is out of
the landfill and negative if it is into the landfill (Rowe et al., 1995; Sharma &
Lewis, 1994).
Fx is the total solute mass entering an element and Fx = ∂Fx/∂x is the mass
loss, the difference between the total amount of solute entering the mass. This is
shown in Equation (6):
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Fx  v x nC  nDx

C
.
x

(6)

A negative sign before a dispersive term indicates that the solute moves
toward the zone of the lower concentration (Rowe et al., 1995; Sharma & Lewis,
1994). Similarly, expressions in the other two directions y and z are written.
Because the dissolved substance is assumed to be nonreactive, the difference
between the flux into the element and the flux out of the element equals the
amount of dissolved substance accumulated in the element (Rowe et al., 1995).
The complete conservation of mass expression can be written as Equation (7):

Fx Fy Fz
C



.
x
y
z
t

(7)

In a homogenous medium in which the seepage velocity v is steady and
uniform, dispersion coefficients Dx, Dy and Dz do not vary through space and in
one dimension, the result will be in the following Equation (8):

  2C
 2C
 2C   C
C
C  C
D

D

D
 vx
 vy
 vz

.
y
z
 x x 2
2
2 
y
z   x
y
z  t


(8)

Equation (9) is the one-dimensional form of the advection–dispersion
equation for nonreactive solute transport in saturated soil. According to Sharma
and Lewis (1994), this equation can be modified if the dissolved contaminant is
removed from the solution due to sorption and biodegradation processes. The
resulting equation can be presented in the form:

Dx

 2C
C
C
 vx
R
,
2
x
x
t

R  1

d
n

Kd ,

(9)

(10)
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Where

Kd is the distribution coefficient,
n the porosity of the transport medium,
ρd the dry density and
R the retardation factor.

Dispersion is a mathematical term in the solute transport equation accounting
for dilution or mixing according to concentration gradients (Freeze & Cherry,
1979). Mechanical dispersion is commonly negligible relative to molecular
diffusion for the low-flow conditions and short distances of transport (≤ 1 m)
typically associated with engineered containment barriers (Mitchell, 1993;
Shackelford, 1988). Solute spreading is caused by mechanical dispersion that can
arise at the pore-scale due to fluids moving faster at pore centres due to less
friction (Freeze & Cherry, 1979). Larger pores allowing faster fluid movement
and the flow are varying depending on tortuosity around grains. At a larger scale,
macro dispersion is controlled by the distribution of hydraulic conductivity (Fatta
et al., 2000).
The sorption can be defined as linear or nonlinear, irreversible or reversible,
and therefore, the mass of contaminants removed from solution is proportional to
the concentration in the solutions (Rowe et al., 1995). Adsorption describes watersoluble substance attachment to soil surfaces based on the electronic forces.
Absorption describes the substance pile inside of soil. Absorption and adsorption are
normally concerned with the same process: sorption (Freeze & Cherry, 1979).
The relationship between the sorption quantity of medium Sm [mg/kg] and the
concentration content C [mg/dm3] has been used for adsorption isotherm and can
be either nonlinear or linear (Freeze & Cherry, 1979). Distribution between refined
and soluble content has been described by the distribution coefficient Kd [dm3/kg].
Adsorption isotherm is a linear function when Kd is constant (Bear & Palmer, 1972).
In the simplest case, shown in Equation (11), the sorption processes can be
defined as linear and reversible, and therefore, the mass of the contaminant removed
from solution, S is proportional to the concentration in solution, C:

S  K d C,

(11)

Where S is the mass of solute removed from solution per unit mass of solid and
other terms are defined above.
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A plot of the variation in the solid-phase concentration S versus the solutionphase concentration under equilibrium is called an isotherm. The case represented by
Equation (11) is a linear isotherm and is usually regarded as a reasonable
approximation for low concentrations of contaminant. At high concentrations,
sorption is non-linear, and more complex relationships between the solid-phase
concentration S and the solution concentration have been devised. (Rowe & Booker,
1995)
The half-life describes the time during which the concentration is to be reduced to
a half of the original concentration. The substances that undergo first order decay, the
rate of reduction of concentration is proportional to the current concentration that is
presented in Equation (12):

C
  C ,
t

(12)

Where λ is the first order decay constant [1/t].
The first order decay constant λ has three components due to radioactive
decay, biological decay and fluid withdrawal, respectively, as shown in Equation
(13):

  R  B  s ,

(13)

Where

ΓR is the radioactive decay constant,
ΓB is the biological decay constant and
ΓS is the volume of fluid removed per unit volume of soil per unit
time.
This equation has the analytical solution that is show in Equation (14):

C (t )  C0 e t ,
Where

(14)

C0 is the concentration solute of time (0),
C(t) is the concentration solute of time (t) and
e is the void ratio.
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Radioactive decay is controlled by an element´s atomic structure and is
essentially independent of the environment in which there are substantial
available data that can be used to estimate the decay constant ΓR. Biological decay
depends on many factors such as the presence of appropriate bacteria, substrate,
temperature, chemical conditions, pH, etc. The rate of decay will be specific to a
given environment. (Rowe et al. 1995)
2.4.2 Factors affecting contaminant migration
Landfill contaminant transport could be focused on at least in three time
categories: short term (0–30 years), medium term (30–100 years) and long term
(> 100 years) (Huber-Humer & Lechner, 2009; Cossu et al., 2003; Katsumi et al.,
2001). The contaminant migration to the environment in a different time frame is
depending on the structures, quality and quantity of waste and structural
functionality, for example drainage system performance (Varank et al., 2011;
Morris et al., 2009; Olivier et al., 2009). In short and medium term, flow could be
illustrating infinity flow, but in long term, flow illustrates finite flow (Kamon et
al., 2002; Katsumi et al., 2001).
Based on the literature, the concentration of potential contaminants generally
increases during the operation of the disposal facility, reaches the peak and then
declines (Morris et al., 2009; Rowe et al., 2004). The increase in concentration
may be related to 1) the physical processes of the leaching of the contaminant
from solid waste as water infiltrates through the waste or 2) the chemical and
biological processes, which generate the chemical species of interest from the
synthesis, or breakdown, of existing chemical species in the waste (Hudson et al.,
2009; Morris et al., 2009; Olivier et al., 2009; Rowe et al., 2004). The decrease in
concentration with time may be related to 1) the physical process of removal of
the contaminant from the landfill (in the form of leachate) or 2) chemical and
biochemical processes, which result in precipitation or the synthesis or
breakdown of the chemical species of interest into other chemical forms (Hudson
et al., 2009; Morris et al., 2009; Olivier et al., 2009; Rowe et al., 2004).
In many cases, the terms dispersion, diffusion and hydrodynamic dispersion
are often used to describe the same phenomenon. In this case, dispersion has been
used for the general phenomenon of the scatter. Molecular diffusion is then due to
concentration gradient and mechanical or hydrodynamic dispersion is due to
advection. (Lo, 2003 and Lo, 1996)
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Advection transport is the dominant means for chemical flow for soils having
a hydraulic conductivity greater than about 1×10−9 m/s (Katsumi et al., 2001;
Rowe et al., 1995). Chemical transport by diffusion becomes significant relative
to advective chemical transport in soils with hydraulic conductivity values less
than 1×10−9 m/s. According to literature, for most soils, the molecular diffusion is
in the range from 2×10−10 m2/s to 2×10−9 m2/s (Rowe et al. 1995; Mitchell, 1993).
However, affecting a change in the molecular diffusion of soils is quite difficult,
assuming that the layer is homogeneous and isotropic. (Mitchell, 1993)
Soil hydraulic conductivity may be affected by factors such as increasing the
bentonite content of the mixture or increasing the compaction work. However, to
affect a change in the molecular diffusion of soils is quite difficult, assuming that
the layer is homogeneous and isotropic. (Mitchell, 1993; Rowe, 1988; Freeze and
Cherry, 1979; Ogata, 1970)
Permeability and layer thickness are the most important properties of a
landfill’s bottom layer artificial geological barrier design, based on the Landfill
Directive. Permeability has been defined in the Landfill Directive (EC 31, 1999)
as the hydraulic conductivity requirement. Hydraulic conductivity is related to
permeability and fluid and solid matrix properties. The relevant fluid properties
are the density ρ and the viscosity μ. The relevant solid matrix properties are the
fabric or fraction, the shape of the grains, tortuosity, specific surface and porosity
(Bear & Palmer, 1972). Hydraulic conductivity can be expressed as (Nutting,
1930) in Equation (15):

k  Kg /  ,
Where

(15)

k is the hydraulic conductivity and
K is the intrinsic permeability.

Many models have been developed for the prediction of the hydraulic
conductivity of soil materials based on water content and dry density or saturated
unit weight, for example by Atuahene (2008), Boardman and Daniel (1996),
Benson and Daniel (1994), Acar and Haider (1990), Kozeny-Carmen (1972),
Harleman et al. (1963), Krumbein and Monk (1943) and Hazen (1911).
The deviation of the results varies depending on the materials and
experimental arrangements. The variation is greater when the materials are
compared in field and laboratory tests (Purdy & Suryasamita, 2006; Folkes,
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1982). Based on the study of Purdy and Suryasamita (2006), a single hydraulic
conductivity test does not provide a sufficiently reliable view of the structure.
Parallel determinations can be used to achieve a reliable picture of the structure of
hydraulic conductivity.
One of the main reasons for different results between laboratory and field
tests is the goal of determining the lowest hydraulic conductivity of material,
which invariably leads to far-processed frames of production and, consequently,
results of small mutual dispersal. Based on Folkes (1982), laboratory tests give
typically lower hydraulic conductive results than field tests.
Hydraulic conductivity is not related to hydraulic gradient, assuming that the
Darcy law applies (Mitchell, 1993). Hydraulic gradient plays an important role in
regard to contaminant migration through the landfill bottom layer. Flow velocity
is directly related to hydraulic gradient, and gradient changes also influence the
quantity of flow. In the laboratory, tests use higher hydraulic gradients, commonly
over 10, but also up to several hundreds, speeding up the test and increasing the
utility suitability of the laboratory test results (Sharma & Lewis, 1994).
A high hydraulic gradient can cause loading intensity on the thin samples, and
at the same time the loaded sample consolidates in the cell. In this case, hydraulic
gradient can reduce hydraulic conductivity, and the sample consolidation can
cause significant differences between laboratory-measured and field-measured
hydraulic conductivities (Mitchell, 1993). An important aspect of hydraulic
conductivity determination is that the linearity of the laboratory conditions versus
field conditions provided no changes in the sample fabric during the testing of the
water-saturated samples (Rowe et al., 1995).
The degree of saturation and porosity or the total number of pore classes are
parts of an equation in which the hydraulic conductivity of partly saturated soils is
dependent on the degree of saturation caused by the negative pore water pressure
(Mitchell, 1993). This causes the different degrees of hydraulic conductivity in
soils, compared with fully saturated situation.
Based on Rowe et al. (1995), inactive liners will be nearly saturated
compressible on loading, which are compacted with water contents higher than
the standard Proctor optimum moisture content and not allowed subsequently to
dry out. Liners should be behaving like a fully saturated barrier. This leads to a
situation in which the primary transport mechanism through a well-designed
compacted liner will be molecular diffusion (Rowe et al., 1995). Unsaturated
hydraulic conductivity is the mainstay, modulating water and chemical transport in
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the field (van Genuchten et al., 1980). Significant events such as runoff, drainage, soil
reclamation and chemical transport are related to unsaturated water transport, and this
requires advanced knowledge of water flux under unsaturated conditions and spatial
variation of this flux. Especially contaminant transport under unsaturated conditions is
affected by soil hydraulic and chemical properties and process in soil. (Thomasson &
Wierenga, 2003)
The advective–diffusive movement of contaminants through partly saturated
soil is more complicated than through saturated soils. The partial differential
equation governing one-dimensional movement is given in Equation (16) by:


nC     nD C    nv x C   nC,
t
x 
x  C

(16)

Where n is the effective porosity of the soil (ϴ volumetric water content
equal to the porosity for a saturated soil)
All other terms are as previously defined. The movement of contaminants
through the partly saturated soils is a very complex phenomenon. The simplest
case is when there is negligible advective transport through the partly saturated
soil. This situation can only arise when the net infiltration is negligible for
example below the geomembrane. Under these circumstances the migration of the
contaminant in a solution will be very slow because the migration will be pure by
diffusion and it has been very slow (Rowe et al., 2004).
The partly saturated soil will be usually hydraulically active, and advective
transport must be taken into account. The advective transport depends on the
hydraulic conductivity of the soil. This tends to increase with the volumetric
water content of the soil up to a maximum value for a saturated soil (van
Genuchten et al., 1991; van Genuchten, 1980). The hydraulic conductivity of
partly saturated soil will be more sensitive to point-to-point variations in grains
size distribution than saturated soils, and this makes the determination of
representative hydraulic conductivities substantially more difficult (Rowe et al.,
2004).
A literature review of the effect of chemicals on hydraulic conductivity
related that chemicals or leachates may, for example, influence clays through
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their effects on the composition of the clay, and hydraulic conductivity can
increase or decrease depending on the chemical and fabric (King et al., 1993;
Bowders & Daniel, 1987; Mitchell & Madsen, 1987).
2.4.3 Artificial structures’ impact on contaminant migration
The bottom layer receives the effective stress via the waste, and thus, long-term
impacts on advection increase are in most cases impossible (Bouazza et al., 2008;
Katsumi et al., 2008). Therefore, the effect on contaminant transport is not so
significant because advection is not the dominant transport mechanism in the
bottom layer. Cracks, migration and porosity changes, in most cases, are shortterm effects because effective stress impacts the bottom layer and the structure
returns to its original form.
The essential guiding principle in estimating the serviceable life of landfill
bottom structures is the protection of the landfill environment from the effects of
a waste fill. Making an estimate like this requires information and assumptions
about the amount and type of waste that will be brought into the landfill in the
future, changes in environmental legislation and the methods of waste
management and landfill environment requirements. Furthermore, a landfill
bottom structure is typically a permanent structure that cannot be modified or
repaired during its lifespan.
Estimates on the life expectancy of a landfill bottom structure must be made
with regard to the different structures and materials that it consists of, taking into
account contaminants, migration mechanisms, environmental conditions and the
stability and durability of underlying structures. Due to interaction between and
variation in the materials used in protective structures constructed out of natural
materials, it is very difficult to form estimates about mineral protective structures.
The effects of migration, retention and conduction of materials as well as the
phenomena that affect structures have been discussed earlier in the present study.
In equivalency comparisons between materials used in structures, it must be
acknowledged that, in different structural solutions, different factors interact, and
their combined effect may have a detrimental impact on the functioning of a
structure. (Bouazza et al., 2008; Katsumi et al., 2008)
By means of a risk analysis of environmental protection structures, it is
possible to examine a situation during the design phase in which a geological
barrier functions as an environmental protection structure. In addition, it is
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possible to predict the lifespan of a protective structure or artificial layer above
the geological barrier as well as the end of its serviceable life and resulting
contaminant penetration into the geological barrier (Fig. 8). The leak area size and
leak amount variations can be used when identifying a situation in which
contaminants have penetrated protective structures due to various migration
mechanisms and reached the structures below, such as groundwater. Regarding
protective structures, contaminant retention capacity should be examined in
addition to defining the migration of contaminants, taking into account, among
other things, the effects of diffusion. The functioning of a structure throughout its
entire life expectancy should be ascertained by making an estimate of the
serviceable life of the structure that includes the effects of contaminant migration
(Fig. 8). (Bouazza et al., 2008; Katsumi et al., 2008)

Fig. 8. Katsumi leakage model (Modified after Katsumi et al., 2001).

The migration of contaminants is mainly affected by the number and size of
calculated leakage areas, leachate gradient and concentration, as well as the
hydrogeological characteristics of the geological barrier and structure thickness
(Xie et al., 2010, Foose et al., 2002; Kalbe et al., 2002). The number of factors is
very high; additionally, they interact and depend on each other. Furthermore, the
mechanisms affecting migration do not all the time function in the same way. On
the basis of this, it can be said that accomplishing an absolutely accurate
modelling of the phenomena is extremely difficult as the number of factors is
high and needs to be limited when making a model (Xie et al., 2010).
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According to Foose et al. (1999), Rowe (1998) and Park et al. (1996), the
molecular diffusion is a more significant factor in contaminant migration when
compared to leakage because organic substances have access to and can affect the
entire area of the geomembrane in a bottom structure and, in the long term,
contaminant leakage through the geomembrane is significant. The significance of
the layers beneath the geomembrane is emphasised because, in some leakage
situations in which the leakage area is large in size or the adhesion area between
the geomembrane and the structure beneath it is inadequate, flow can become
strong enough to increase the effect of advection due to hydraulic gradient. At the
present time, design processes and risk estimates do not adequately acknowledge
the effects of molecular diffusion during the serviceable life of a bottom structure.
According to Forget et al. (2005), artificial structures, e.g. geomembranes,
could cause mechanical strain or stress during installation, transport or
production. The amount of leaks or holes depends on the material thickness and
quality control procedures during the installation process. Typically, leaks are
very small and locating them with the eye is not possible without using e.g. an
electrical conductivity detector. According to Grellier et al. (2006), temperature
changes could influence leachate conductivity. During landfill mining, HDPE
liner could cause a leakage peak under the landfill because of leachate
temperature and liner temperature changes. It could increase the amount of holes
in the liner, extend the size of holes, liner degradation during the life-span and
accelerate the leachate movements (Grellier et al., 2006).
2.5

Typically used risk assessment tools in landfills

Butt et al. (2014) have introduced the baseline study modules and its position in
relation to overall risk assessment structure. It is a review of critical factors
related to environmental risk assessment. It contains the state of the art of the
previous studies and illuminates the reliance between the overall risk assessments.
It is a model of landfills risk assessment parts, but without the baseline study
modification could not be used in practice. The baseline study modules give
extensive knowledge, but it has to be relinked between the aspects and factors.
One of the famous risk assessment methods is the US EPA risk assessment
forum. The US EPA has used e.g. the Monte Carlo method as a tool in risk
assessments. This method has been used as a starting point for the development of
other risk assessment methods like LandSim.
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2.5.1 Computer-aided landfill risk assessment tools
This literature review focuses on landfill risk assessment tools that approach
landfills as a combination of soil, groundwater, protection structures, leachate, gas
emissions and local risk assessment elements. The relevant computer-aided
approaches that are recognised to be closely related to those are (the list modified
after Butt et al. 2014):








FRAMES-3MRA (Environment Agency, 2002)
LandSim (Environment Agency, 2003, 2001, 1996)
HELP – Hydro-geological Evaluation of Landfill Performance
(Scientific) Software (water balance calculations)
GasSim (Attenborough et al., 2002; Golder Associates, 2003)
GasSimLite (Environment Agency, 2002)
LandGEM (Landfill Gas Emissions Model, Enrivonment Agency
2005)
RIP – Repository Integration Programme (Landcare Research,
2003; Golder associates, 1998)

FRAMES-3MRA is a software model developed by the US EPA for assessing
hazardous waste risks and risk management. This model includes 17 modules
which can be used to simulate the effects of risks on the environment.
(Babendreier & Castleton, 2005)
The LandSim model focuses on leachate production and collection,
chemistry, harmful substances migration and leakage through artificial barrier to
geological barrier and base ground. LandSim model allows landfill operators and
authorities to consider and observe the environmental performance of different
artificial barrier/liners and leachate collection systems, and to take account of the
large variety of geological and hydrogeological conditions. The model analyses
leachate migration through the unsaturated zone to the ground by assessing the
impact on the aquifer. LandSim also includes finished design models which can
be used to model the harmful substance migration. The model uses Monte Carlo
probabilistic performance assessment and could be used for new or existing
landfills. The LandSim software model has been developed to provide
probabilistic quantitative risk assessments of the performance of specific landfill
sites in relation to groundwater protection. (Environment Agency, 2003)
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The HELP model (Hydro-geological Evaluation of Landfill Performance) is a
programme to design, evaluate and optimise landfill hydrology and groundwater
recharge. The HELP model is used and recognised all over the world as the
accepted standard for modelling landfill hydrology, and has become an integral
component for projects involving landfill operating and closure permits.
(Schroeder et al., 1994) LandSim is an advanced method of HELP.
GasSim, GasSim lite and LandGEM simulate the emission of landfill gas.
“The models use information on waste composition and quantity, landfill
engineering, and landfill gas management techniques to enable assessment of the
best combination of control measures for a particular design and rate of filling”.
The model could be used as a part of a total risk assessment and cases where
landfill gas emission could cause disadvantages to the environment.
(Attenborough et al., 2002; Golder Associates, 2003)
2.5.2 Risk assessment tools for environmental systems
Some computer-aided software programmes have an integrated probabilistic
simulator for environmental systems and assessing risks to human health and the
environment. These methods, such as the RIP – Repository Integration
Programme, GoldSim, ConSim, the Contaminant Land Exposure Assessment
(CLEA), Spatial Analysis and Decision Assistance (SADA), have not been
developed for landfill risk assessment (Butt et al., 2011; Leavesley & Nicholson,
2005; Whittaker et al., 2001; Riggenbach et al., 1991).
All computer-aided software typically contains only some part or aspects of
landfill risk assessment, instead of overall examination (Butt et al., 2011). These
models or methods could be used as design tools for landfill structures. Methods
or models could also be combined to obtain a more relevant risk assessment of
specific cases (Chowdhury, 2009; Giusti, 2009; Pollard et al., 2006).
2.6

Summary of landfill risk assessment

This section includes essential risk factors affecting landfill structures in Finland.
Table 6 represents four essential factors which have to be focused and the factors
relevance to the landfills´ structures. The factors have been ranked depending on
the relevance to landfill bottom, surface and reservoir structures. The approach
cannot be applied without modification.
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Table 6. The essential factors focused depending on the relevance to landfills
structures.

Structure type
Landfill
bottom
Landfill
surface
Reservoir

Contaminant
migration
***

Groundwater
balance
***

Wettingdrying
*

Freezingthawing
*

*

*

**

**

***

***

***

***

Note. *** is ranked more important than *.
Contaminant migration affects the surrounding environment during the
landfills life cycle. Landfill bottom layers´ and leachate reservoirs´ function are to
prevent the leachate influence and protect the environment. Surface structures
typically prevent only rainwater migration to waste and therefore the relevance is
not so essential.
Groundwater balance is in the essential role in landfills risk assessment.
Several national Environment Agency has produced guidance documentation to
assist the waste management and authorities’ interpretation of groundwater
protection (Bonaparte et al. 2002). Typically, guidance provides the requirements
for groundwater risk assessment and the setting of groundwater control and
trigger levels. These documents contain a technical guidance to landfill operators,
designers and authorities. The guidance describes a complex approach to landfill
risk assessment according to e.g. England hydrogeological requirements.
Wetting-drying and freezing-thawing phenomenon has essential relevance for
deforming materials like bentonite soil materials or clay. Reservoirs´ top part is
unprotected during the structures whole life cycle. Climate changes and annual
changes could cause huge amount of cyclic loads to the reservoirs and transform
the fabric of the artificial materials. Typically, surface and bottom structures are
protected by soil layers after construction and e.g. cold climate areas annual
changes could cause cyclic load to the structures.
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3

Materials and methods

The EC Landfill Directive and the Finnish Government decision determine the
grounds for the implementation of the environmental permit procedure,
requirements for the environmental protection structures and the grounds based
on which deviations from the requirements are possible. The most important
possibilities for deviations are provided by the risk assessment in the designing
phase in which the effects of the deviations have to be compared with the
environmental protection capability of structures that are in accordance with the
requirements (VNp 861/1997; EC 31/1999; VNp 1049/1999). Figure 9 presents a
simplified flowchart of the environmental permit process depending on whether
the permit application meets the landfill structure requirements as such or whether
risk assessment is needed for the approval of the landfill structures.

Fig. 9. Flowchart of the environmental permits process in Finland.
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3.1 Comparing scientific literature against Landfills’ environmental
decisions made
The environmental permit defines, in addition to the environmental protection
structures, obligations for the landfill owner, for example technological
monitoring obligations and economical obligations. The environmental permit
decisions of 12 MSW landfills that differ from the Finnish Government decision
86/1997 were chosen for the source material for this study. The information of
landfills is based on existing data from the building plans and environmental
decisions (all the bottom layer structures are described in Figure 13 and are based
on structure 2, 3 or 4). In these environmental permit decisions, factors affecting
the structures, contaminant retention capacity and life-cycle are studied, along
with their effects. The selected landfills environmental decisions has been made
between the years 1996 and 2004 without identifying the decisions, and the
information was wanted to be kept anonymous. These environmental decisions
were focused on the basis of technical requirements, the bottom structure
thickness and hydraulic conductivity. In addition, the bottom structures’ hydraulic
conductivities are calculated according to an advection equivalent calculation
without any other transport mechanisms, which are the main reasons why these
landfills have been chosen. The environmental permit decisions have been
collected from the Internet where they are freely available. Source material data
has been compiled and classified into three main categories:
i)
ii)
iii)

Human delineated factors related to risk assessment
Environmental factors effects to risk assessment
Technical factors impacts to risk assessment

In this thesis, the risk factors identified during the MSW landfill
environmental permit processes are compared to the environmental risks that are,
based on the literature, the most significant (Varank et al., 2011; Ramke, 2009;
Guyonnet et al., 2009; Cossu et al., 2003; Giroud et al., 2000; Korkka-Niemi &
Salonen, 1996; Rowe et al., 1995; Shackelford & Daniel, 1991). The reference
data will be used to identify the effects of the most important factors and the
relation to the current conventions.
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Data processing was realized utilizing inductive reasoning, in which premises
lead to true conclusions. The reasoning proceeds by conclusions from a general
statement into a specific conclusion (Fig. 10) (Eskola & Suoranta, 1996).

Fig. 10. Research data processing using the inductive method in this thesis.

Structural risk assessment method (SRA method) has been developed and
verified with two environmental cases in this thesis. One of the structures is
surface structure and the other one hazardous waste bottom structure. The surface
structure has had the environmental permit during 2013 and the hazardous waste
structure 2014.
The modern MSW landfill is located in Ostrobothnia and verified structure is
surface structure. The landfill infrastructure and bottom structures have been
made 2001-2003. The bottom structure includes HDPE membrane and half meter
thick gravel and polymer sand-bentonite structure over the base ground. The
waste was typical MSW waste, waste embankment height was 22 meters, the
slope angle was 14 degrees, inside the waste was gas collection system and over
the bottom layer leachate collection system leading leachate to reservoir. Landfill
is located in the forest natural environment and the closest neighbour is over 500
meters. In the landfill area does not exits any built environment influencing
landfill hydrogeology or causing human influence.
The hazardous waste landfill will be located near the Gulf of Bothnia. The
existing landfill bottom structure includes HDPE membrane and 60 cent meter
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thick compacted peat structure over the base ground. The waste was steel mill
hazardous waste, waste embankment height was 44 meters, the slope angle was
14 degrees, the waste was does not formulate any landfill gas and over the bottom
layer leachate collection system leading leachate to the reservoir. Landfill is
located in the industrial area and the closest neighbour is over one-kilo meters.
The premise of the risk assessment process was to find a solution for costeffective structure that is fulfilling the environmental protection demands and
could be able to use steel mill by-product as much as possible. A part of the mills
by-products have been CE-marked.
3.2

Literature review for developing SRA method

SRA method has been tested before it was finalized in this dissertation. SRA
method has been developed based on the theory review, observing local
circumstances and special features of the climate and soil. This method is partly
based on the same elements as the study (Butt et al. (2014). The SRA method is
also partly based on the Landfill liner system checklist, evaluation of post-closure
care (EPCC) methodology and weight-of-evidence (WOE) approaches (Laner et
al., 2012; Morris & Barlaz, 2011; Sizirici et al., 2011; Pivato & Morris, 2005;
Giroud et al., 2000).
The Monte Carlo simulation (MCS) was applied as a novel method to analyse
risk assessing sections uncertainty and to assess the environment pollution
occurrence (Neshat et al., 2015). The Monte Carlo simulation is used for
sensitivity analysis and quantified probabilistic analysis (Baeurle, 2009). MCS is
useful for simulating curtain phenomena significant uncertainty, like hazards
migration thru the landfill bottom layer (Caflisch, 1998).
The developed method differs from other management methodologies by
focusing also on the design management requirements like freezing–thawing and
wetting–drying phenomena, leachate content, hydrogeology, meteorology and soil
effect as a part of the risk management. Despite local weather and soil variations
compared to Central Europe or the United States, most of the methods do not take
these issues into consideration.
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3.3

Methods for calculating contaminant migration times

This study focuses on landfills with fully saturated geological barriers and
concentrates only on considering leachate flows through geological barriers. In
addition, the hydraulic gradient is assumed constant over geological barriers.
Based on literature, in the worst case, there may be a couple of meters leachate
stored in the waste over the bottom layer (Hudson et al., 2009; Morris et al.,
2009; Olivier et al., 2009; Ramke, 2009). The transit time through the bottom
layer has been calculated according to horizontal equivalent hydraulic
conductivity caused by advection equation and one dimensional form of
advection-dispersion equation.
The effect of landfill environmental protection structures on the
environmental protection capability is examined by comparing the contaminant
migration times in bottom structures using two different calculation models. It
will be possible to estimate the migration time comparison whether the currently
used calculation model in risk assessment produces similar results with the total
migration equation.
The environmental protection capability of the landfill bottom structure is
examined by comparing the contaminant migration times computationally using
the advection and Ogata-Bank’s equations one dimensionally for four different
bottom structure types. The Ogata-Bank’s equation was selected because it has
been commonly used for proving contaminant migration computationally.
(Sangam & Rowe, 2005; Katsumi et al., 2001)
In the advection calculation, it will be calculated how long it will take for the
contaminant to migrate through the landfill bottom structures with different
thickness values and different hydraulic conductivity values. Based on Ogata and
Banks (1961), an analytical solution of contaminant transport was made for
Equation (17). This equation can be written in the form:

 h  vt 
 h  vt 
C 1
vh
  exp erfc

 erfc
1/ 2 
 2Dt 1 / 2 ,
C0 2 
D
 2Dt  
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(17)

Where

C is the concentration at time t,
C0 is the concentration at time=0,
h is the thickness of the layer,
v is the Darcy velocity(m/s),
t is time and
D is the diffusion coefficient.

Based on the comparison results, it can be concluded whether the calculation
practice influences the contaminant migration time. Also it can be demonstrated if
the bottom structure will achieve a sufficient environmental protection impact
from the perspective of landfill management during the whole landfill life-cycle
by the migration based solely on advection. In the analysis of the results, it is
taken into account that, based on the literature, advection is not the dominant
transport mechanism if the hydraulic conductivity value is below 1×10 −9 m/s.
(Katsumi et al., 2001; Rowe, 1995)
In the data processing, explanations or validations are searched for in the
theory to support the interpretations of the findings from the data. Based on the
source data, a hypothesis was formed according to the contaminant migration
transit times thru the landfill bottom structures should be similar independent of
the calculation method. Pulse or continuous flow situation can be calculated
analytically only on limited conditions. The boundary conditions can demonstrate
the worst case on the landfill bottom, and on these bases, the harmful
contaminants’ influence on the environment could be less than the results prove.
Hydrogeological conditions, the type of flow and contaminant characteristics are
related to the calculation (Rowe et al., 1995). Typical boundary conditions that
have been adapted as source data in this work will be discussed in the following.
The surfaces of geological barriers are assumed to be impermeable, and the
contaminant flux is considered as one dimensional (1 D) and the flow across
barriers to be zero. The partial water vapour pressure in pores is equal to the
atmospheric pressure that is fully saturated. In addition, the steady state situation
is reached, there is no change in the effective stress and the barrier will undergo
neither deformation nor volume change. Furthermore, mass balances in landfills
are assumed to be stable. Also, the temperature is assumed to be constant and not
causing any influence on the results.
In addition, when the contaminants distribution is assumed to be stable and
that there will be no environmental changes such as changes in advective velocity
77

or any other conditions within the landfill. Groundwater conditions and flow
gradients are assumed to be constant. Also, this study assumes that the
contaminants will not react with each other; that is, the contaminants are assumed
to be conservative solute and dispersions not impacting contaminant migration.
Thermal or electrical flows are assumed not to influence the conditions or
particles inside or outside landfills.
Based on the experiments and the literature flows through geological barriers
are assumed to be one dimensional (Mitchell, 1993; Ogata, 1970). Below the
geological barrier, the flow may be 1–3 D depending on the hydrogeological
conditions, quantity or quality of contaminants and base ground materials (Rowe
et al., 2004). Analytical calculations are based on constant leachate flows from
landfills though the bottom structures. Only 1 D flow was considered, because
horizontal flow can be expected to be negligible in relatively thin layers (Hall et
al., 2007). Hydraulic water pressure and chemical gradients are assumed to be
caused by advection and hydrodynamic dispersion (Rowe et al., 2004).
In Figure 11, the first structure describes the EC directive type of structure
(Sarkkila et al., 2006; EC 31, 1991). The other three structures are based on a 0.5
meter thick artificial geological barrier; the double thin layer structure and the
triple thin layer structures that are typical bottom layer structures in Finland
(Sarkkila et al., 2006; Finnish Environment Institute, 2002).
The analysis assumes that the drainage structure was fully saturated with
leachate. The landfill was assumed to be in the passive phase, or that the artificial
geomembrane structure is damaged or does not operate properly. Fluid properties
are assumed to be equal in all structures. Criteria of the structures are listed in
Table 7.
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Fig. 11. Four different conceptual bottom layer structures and dimensions used in this
study. 1) EC directive and 2) 0.5-meter layer has single homogenous material as a
mineral layer, 3) double layer has very thin and low hydraulic conductivity layer and
below higher hydraulic conductivity layer, 4) triple layer has two very thin and quite
low hydraulic conductivity layers and below higher hydraulic conductivity layer.
(Environmental permit registry, 2010)
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Table 7. The criteria of four different conceptual liners, dimensions, hydraulic and
diffusion coefficients values based on Fig. 11. Liner 1 is based on the EC directive and
the other three liners are typical bottom layer structures in Finland.

Criteria/type of liner

Liner 1

Liner 2

Hydraulic
conductivity k1 [m/s]

1×10−9

60.67×10−10

4.9×10−10

Thickness h1 [m]

1.0

00.5

0.09

Hydraulic
conductivity k2 [m/s]

-

-

1×10−8

Thickness h2 [m]

-

-

0.21

0.06

Hydraulic
conductivity k3 [m/s]

-

-

-

6,67×10−10

Thickness h3 [m]

-

-

-

0.25

Diffusion coefficient
D1 [m2/s]

2×10−10* 22×10−10*

2×10−10*

6×10−12**

Diffusion coefficient
D2 [m2/s]

-

2×10−10*

6×10−12**

-

Liner 3

Liner 4
4.6×10−11 (air
void 2.5%)
0.05
1.5×10−9 (air
void 3.1%)

Diffusion coefficient 2×10−10*
D3 [m2/s]
Note. * is based on Katsumi (2001), dependent on the contaminant, and ** is
based on Deponieverordnung (2002). Hydraulic conductivity values are based on
hydraulic conductivity tests made with leachate.

3.4

Materials and fluids used in hydraulic conductivity tests

The EC Landfill and the Finnish Government decision define a value requirement
for hydraulic conductivity (EC 31/1999; VNp 861/1997). In hydraulic
conductivity tests, ultra clean water is typically used as a fluid. Unlike clear
water, leachate causes a contaminant burden on the geological barrier of the
landfill bottom structure.
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This dissertation focuses on the hydraulic conductivity of selected mineral
liners and identifies the main factors affecting the hydraulic conductivity
phenomena. The laboratory hydraulic conductivity determinations have been
made, and the results are collated for various tested different mineral liners, an
industry-made geosynthetic clay liner and various sodium-bentonites with
different mineralogical characteristics. The empirical tests for this dissertation
have been conducted using both clear water and MSW landfill leachate. The
studied materials were typically used in bottom layers as artificial geological
barriers in Finnish landfills (Finnish Environment Institute, 2002).
In research data processing, inductive reasoning has been applied, in which
tests with the same material should end up into same end results, independent of
the test materials or reference sample. Table 8 presents the studied material and
the amount of tests using clean water and leachate.

Table 8. Tested materials and number of hydraulic conductivity tests with clean water
and leachate (N=18).

Material

Clean water [n]

Leachate [n]

Sand mixed with polymer
bentonite (spb)
Geosynthetic Clay liner (GCL)

2

2

5

2

Natural Clay (Jämsä) (Clay 1)

1

1

Natural Clay (LPR) (Clay 2)

3

2

Note. Abbreviation LPR refers to Lappeenranta.
Table 9 and Table 10 illustrate the main characteristics of the materials.
Granulation was determined by the material manufacturer. The grain size
distribution curves of sand and till mixed with polymer bentonite materials are
presented in Figure 12.
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Table 9. Main characteristics of swelling clay material.

Water

Maximum dry

Grain size

unit weight

< 0.063 mm

dmax

[%]

content wopt

Materials

[%]

Porosity

(kN/m3]
Sand mixed with

8.4

16.52

5

0.42

polymer bentonite
1

Clay

Silt

Sand

Gravel

100
90
80

70
60
50
40
30
Till mixed with polymer
bentonite 2

20

Sand mixed with
polymer bentonite 1

10
0
0.002

0.006

0.02

0.063

0.125

0.25

0.5

1

2

4

8

16

32

64

Fig. 12. Grain size distribution curves of sand and till mixed with polymer bentonite
material.
Table 10. Main characteristics of natural clay materials.

Water
Materials

content wopt
[%]

Maximum dry

Grain size < 2

unit weight

m

dmax

[%]

Porosity

[ kN/m3]
Clay 1

27 *)

15.15

35

0.58

Clay 2

*)

15.55

29

0.56

32

Note. *) natural water content
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Figure 13 and Figure 14 illustrate the grain size distribution curves of
materials Clay 1 and Clay 2.

Clay

Silt

Sand

Gravel

100
90
80

70
60
50
40
30
20

Clay 1

10

Clay 1

0
0.002

0.006

0.02

0.063

0.125

0.25

0.5

1

2

4

8

16

32

Fig. 13. Grain size distribution curves of Clay 1.

Clay

Silt

Sand

Gravel

100
90
80

70
60
50
40
30

20

Clay 2
Clay 2

10

Clay 2

0

0.002

0.006

0.02

0.063

0.125

0.25

0.5

1

2

4

8

16

32

Fig. 14. Grain size distribution curves of Clay 2.

The tested liquids were chosen to correspond to the actual situation in the
MSW landfill bottom. After the leachate tests, all the equipment had to be
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disinfected properly, and usually some part of the equipment was no longer
usable due to the influence of leachate. No pH analysis was made for the ultrapure water. Table 11 presents the MSW leachate and clean water contents. Ultraclean water was manufactured for laboratory test purposes.

Table 11. MSW leachate and clean water contents.

Measured parameter
pH
Electrical conductivity
Redox-potential
CODMn
Total P
Total N
NO2 and NO3
NH4 –N
Chloride
Arsenic
Cadmium
Chromium
Soluble Chromium
Zinc
Lead
Mercury
Soluble Molybdenum
Nickel content
TOC content
DOC content

unit
(mS/m)
(mV)
(mg/l)
(mg/l)
(mg/l)
(µg/l)
(mg/l)
(mg/l)
(µg/l)
(µg/l)
(µg/l)
(mg/l)
(mg/l)
(µg/l)
(µg/l)
(mg/l)
(mg/l)
(mg/l)
(mg/l)

MSW leachate***
6.5 **
903 **

(ultra) clean water
0.00005

817 **
7 **
605**
85 **
490 **
612 **
7*
<1*
322 *
1.46 *
<5*
< 0.1 *

<0.00001

Note. * Average of three analysis determinations, ** Average of six analysis
determinations. *** The MSW leachate represents typical landfill leachate in
Finland and the tests are made by the same leachate.
3.5

Hydraulic conductivity testing provisions

In this dissertation, the hydraulic conductivity of all the samples, with the
exception of GCL, was measured with flexible wall and a backpressure
permeameter according to ASTM D 5084 (2000) standard. The test properties,
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that is, pressures, varied depending on material and sample dimension, for
example height. The back pressure was between 60 kPa and 128 kPa during the
whole measurement and was increased up to 250 kPa. The front and cell pressures
were changed as the experiment continued, front pressure ranging between 81 kPa
and 360 kPa and cell pressure between 131 kPa and 375 kPa. At the end of the
experiment, the effective stress was 30.0 kPa or 50.0 kPa. The hydraulic gradient
ranged between 1 cm H2O/cm and 30 cm H2 O/cm. During the saturation of the
sample, the gradient was 1–7, and during the measurement, 10–30, 50 or 100. The
saturation section of the experiment lasted 7–165 days and the measurement
phase 13–307 days. The temperature was at a constant 22 °C in the laboratory
during the test experiments.
The hydraulic conductivity of the swelling clay product (GCL) samples was
measured with a solid wall permeameter according to ASTM D 5887 (1999)
standard. Test samples were placed in the measuring cell inside a cylinder. During
the test, the sample was under water pressure so that the solid wall squeezed the
sample tightly, preventing potential edge flow. The samples were saturated with
clean water, and after the saturation the samples were conducted with clean water
or leachate.
The hydraulic conductivity was calculated based on the Darcy's law.
Hydraulic conductivity was analysed from the samples by measuring the water
volume that passed through the sample and experiment time. A total pressure of
550 kPa and a back pressure of 515 kPa were used during the measurements. The
front pressure was increased to 530 kPa. The pressure differential was 15 kPa
throughout the measurement process.
The swelling clay product hydraulic conductivity was determined for both
clean water and leachate (ASTM D 5887, 1999). The test sample was produced
by cutting a 0.3 m×0.3 m size out of the test sample. A 100 mm diameter sample
was cut from the GCL piece, and water was led to the sample edges during the
trimming. The averaged diameter of two and four height measurements was
determined for the samples on a pusher scale, and the mass was measured with a
laboratory scale. Figure 15 illustrates a typical flexible wall permeameter sample.
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Extra loading

σ1 (front pressure)

Cell pressure

Sample

σ2 (cell pressure)

Cell cylinder
Front pressure

End cap
Samble hat

σ2 (cell pressure)
u’( effective stress)

σ3 (back pressure)
Back pressure

Porous
stone
Sample
Porous
stone
Sample
plate
End cap

Back pressure
Front pressure Cell
charging/
run down

Back pressure/ air exhaustion
Front pressure/air exhaustion

Fig. 15. The sample has been in a flexible wall permeameter under water pressure to
squeeze rubber ring tightly against the sample, preventing potential edge flow
(Modified after Virtanen, 2001).

The standard Proctor compaction test was made on the swelling clay material
(GLO, 1985) to determine the moisture content (W is 9.8% sand mixed with
polymer bentonite). The samples were made using the ICT equipment (Intensive
compaction tester) at 92% of the greatest density of the maximum dry weight
volume. Working pressure was 4.0 bar. The required density was reached after 15
rounds of work with the ICT equipment (Nordtest Build 427, 1994).
During the test, the sample was measured for test duration [d], saturated unit
weight [sat] (GLO, 1985), dry density [ρd] (GLO, 1985) and water content [w]
(GLO, 1985) (which were determined before and after the hydraulic conductivity
test), hydraulic conductivity [k] and hydraulic gradient [i]. The samples were
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measured for the degree of saturation [Sr] (ASTM C 566, 2004) before and after
the test.
The natural clay samples were saturated using clean water or leachate, and
after the saturation the samples were conducted with clean water or leachate.
During the tests on the natural clay material (Clay), the following were measured:
test duration [d], saturated unit weight [sat] (GLO, 1985), dry density [ρd] (GLO,
1985) and water content [w] (GLO, 1985) (which were determined before and
after the hydraulic conductivity test), hydraulic conductivity [k] and [kleachate] and
hydraulic gradient [i]. For the samples the degree of saturation was defined [Sr]
(ASTM C 566, 2004) before and after the test. Clay samples were summarized in
the standard Proctor compaction test in 3–5 layers, and compaction of the
intermediate layers were scratched (GLO, 1985).
The diameter and height average over four measurements was measured for
the samples on a pusher scale, and the weight was determined with a laboratory
scale. The water content was measured from the compacted mass using oven
drying (GLO, 1985).
The samples were saturated using clean water or leachate, and after the
saturation the samples were conducted with clean water or leachate. Hydraulic
conductivity was monitored for 357 days.

87

4

Results and discussion

This dissertation analyses the inadequacy of the environmental permits and risk
assessments of 12 arbitrarily chosen modern landfills. The risk assessments the
landfills were compared with a theory review, observing local circumstances and
special features of the climate and ground. Also a risk assessment tool, the
Structural Risk Assessment (SRA) method has been developed. The aim of the
SRA method is to identify and minimise environmental pollution, assess the
protection capability of landfill structures and the consequences of the chosen
solution. In this dissertation, two environmental permit risk assessments
performed with the SRA method have been verified with risk assessment methods
typically applied in Finland.
4.1

Deficiencies in environmental permit risk assessment

In Finland, landfill risk assessment is currently based on the evaluation of
environmental effects included in the environmental permit process. However, in
the environmental effect evaluation should be included and defined issues like
topography, hydrogeology, meteorology or tools computer-aided models. General
instructions for risk assessment are included in the Landfill Directive and
Government Decision, and these instructions have formed the conventions for
their implementation within the field.
The EU Landfill Directive (1999) “defines that in the case of deviations from
the minimum structures defined in the directive, the applicant for the
environmental permit has to be able to demonstrate based on risk analysing that
the deviating structures will not cause problems for the environment and that their
protection capability is corresponding with the minimum requirements of the
directive”. Landfills could cause problems and pollute the environment in three
main areas: the air, the lithosphere and the hydrosphere (Fig. 16). However, the
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Directive leaves the responsibility for analysing the landfill risk assessment to the
applicant without taking a stand on how to demonstrate it.

Fig. 16. Main areas where landfills could cause problems and pollute the environment.
(Modified after Butt et al., 2014 and Moriarty et al., 1993).

The data collected from the environmental permits has been compiled into
tables 11, 12, and 13 in which the central risk factors are compared with the
environmental permit decisions’ risk assessment. The landfills, which are all
MSW landfills, are labelled from A to L and all the landfills are active. The targets
of the comparison are the differences between the selected and the identified risk
factors that have been defined in the theory (Butt et al. 2014) (Fig. 17). In
addition, it will be examined how the risk assessment procedure is defined in the
EC landfill directive as mentioned in General Requirements for all Classes of
Landfills:
“The location of a landfill must take into consideration requirements relating
to: (a) the distances from the boundary of the site to residential and recreation
areas, waterways, water bodies and other agricultural or urban sites; (b) the
existence of groundwater, coastal water or nature protection zones in the area; (c)
the geological and hydrogeological conditions in the area; (d) the risk of
flooding, subsidence, landslides or avalanches on the site; (e) the protection of
the nature or cultural patrimony in the area.”
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Fig. 17. Impact of the identified factors on the landfill bottom structure risk
assessment and life-cycle information management (Modified after Butt et al. 2014).

4.1.1 Human delineated factors related to risk assessment
The effects have been divided into six areas: the effect of humans, the natural and
built environment, the structure’s life-cycle, the requirements of the monitoring
method from the environmental protection perspective, and aftercare demands.
Table 12 includes the long-term effects of the existing landfill.
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Table 12. Comparison of the factors of landfill environmental permits and the minimum
requirements of structures in relation to existing environment, life-time expectancy,
monitoring method and aftercare phase.
Examined item

A

B

C

D

E

F

G

H

I

J

K

L

Human influence

-

-

-

-

-

-

-

-

-

-

-

-

Natural

-

-

-

-

-

-

-

-

-

-

-

-

−

−

−

−

−

−

−

−

−

−

−

−

+

+

+

+

+

+

+

+

+

+

+

+

M

M

M

M

M

M

M

M

M

M

M

M

30

30

30

30

30

30

30

30

30

30

30

30

-

-

-

-

-

-

-

-

-

-

-

-

environment
Built environment
and structures
Life time
expectancy
Monitoring
method
Aftercare
demands (years) a
and methods e.g.
landfill mining

Note: + determined, − not determined; monitoring method: M manual.
Typically, the risk assessment for the environmental permits does not take
into consideration the impact of the landfills on the contaminant load of the new
building areas, such as residential areas. Additionally, the evaluation of an old
landfills’ impact on humans and the built environment is absent from the current
risk assessment procedure. Similarly, the effects on new areas near the landfill,
life-time expectancy and the monitoring method are inadequately determined.
In the life-time expectancy calculation of the risk assessment method,
attention should be paid to the structure’s capability to protect the environment
from the landfill leachate. Also, the life-time expectancy was only 30 years after
the sealing structures have been built. Nevertheless, landfills could influence the
environment 50-300 years depending on waste prospects and new techniques.
During that period, the built environment could expand and become adjacent to
the landfill, which could cause e.g. gas emissions or groundwater pollution to the
environment.
The monitoring method can produce real-time information on the water
balance changes in the landfill area and on their impacts on landfill management.
From the environmental protection perspective, the aim is to achieve a sustainable
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landfill environment optimising the structures’ operation cost-effectively during
the whole life cycle. Consequently, a monitoring method should become a
requirement, yielding measurement results from the soil and groundwater.
Landfill mining as a method for aftercare will be adopted in Finland and has
therefore been excluded from the consideration during the design and
environmental permit phase. Similarly, all the other waste prospects or
possibilities for reuse have been ignored. Typically, landfill aftercare was based
on the assumption that the waste in the landfill is a permanent structure after the
landfill is sealed.
Risk assessments have focused in great detail on human delineated factors for
landfills. Typically, landfills have a negative influence to the environment, but
waste embankment could have a positive one. Near the city center of Oulu in
Northern Finland, an old landfill has been made a downhill skiing center.
4.1.2 Effect of environmental factors on risk assessment
Environmental factor source data is presented in Table 13. The source data is
defined from soil, groundwater and meteorology. The comparison results
demonstrate that in all landfills, the basic soil characteristics have been
determined from soil samples, and the levels and amounts of groundwater and
surface waters have been determined. In addition, the groundwater content has
been determined, and in 9 cases of 12, also the groundwater flux direction.
However, based on the literature, it is reasonable to argue that both the
groundwater gradient and flux direction should be measured to obtain a more
realistic idea of the landfill groundwater movements. Also, annual seasonal and
rainfall changes have been ignored in all cases. In addition, the sample amounts
used in the definitions are typically small, which affects the reliability of the
evaluation results since small amounts of samples may result in human errors in
the sample taking or analysis.
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Table 13. Comparison of the environmental factors of landfill environmental permits
and the minimum requirements of structures in relation to soil content, ground and
surface water and meteorology.
Examined item

A

B

C

D

E

F

G

H

I

J

K

L

Soil content

+

+

+

+

+

+

+

+

+

+

+

+

Soil fraction

+

+

+

+

+

+

+

+

+

+

+

+

Soil background

-

-

-

-

-

-

-

-

-

-

-

-

+

+

+

+

+

+

+

+

+

+

+

+

Groundwater content

+

+

+

+

+

+

+

+

+

+

+

+

Groundwater

−

−

+

−

−

+

+

+

+

+

−

+

Groundwater flux

−

−

+

−

−

+

+

+

+

+

−

+

Groundwater flux

+

+

+

−

−

+

+

+

+

+

−

+

-

-

-

-

-

-

-

-

-

-

-

-

content
Ground and surface
water level and
amount

gradient

direction
Meteorology

Note: + determined, − not determined
The results demonstrate that the background content of the soil has not been
determined in any of the landfills and that all contaminant transport modelling is
based on the hypothesis that advection is the dominant transport mechanism
(Table 13). The purpose of the background content definition is to model the
initial situation comprehensively enough to define the environmental protection
requirements, contaminant concentration limits and monitoring procedures. In
addition, the soil characteristics have not been determined in the landfill risk
assessment broadly enough to include the soil in the environmental protection
modelling as a part of the geological barrier.
4.1.3 Impact of technical factors on risk assessment
Technical factors have been divided into five categories: 1) analysis of the
dominant transport mechanism, 2) leachate collection, 3) gas collection, 4) hazard
identification and 5) uncertainty assessment (Table 14). The analysis of the
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dominant transport mechanism covers diffusion, sorption and advection, and the
test amount used in their analysis. The hazard assessment studies whether the
modelling is carried out with clean water or with a typical MSW landfill leachate
content. Uncertainty assessment focuses on critical phenomena such as drying –
wetting.
Table 14 presents a comparison of the landfill environmental permits with the
requirements of the EU Landfill Directive and Government decision and analyses
the reasons for the deviations from the minimum requirements. The analysis
includes a comparison of the deviations from the minimum requirements based on
the methods in which equivalent calculations and calculations including total
transport mechanisms have been applied.
The general requirements for all classes of landfills in the EC Landfill
Directive state the following:
“Where the geological barrier does not naturally meet the above conditions it
can be completed artificially and reinforced by other means giving equivalent
protection. An artificially established geological barrier should be no less than
0,5 metres thick.”
The results show that typically in Finland the geological barrier is only a 0.3
m–0.5 m thick artificial extra layer, and the natural geological barrier, soil, has not
been recognised, not even as a part of the geological barrier (Table 14). The
inclusion of soil would have required a more extensive examination of its
characteristics to act as a natural geological barrier.
The hydraulic conductivity of the structures met the minimum requirements
in the environmental permits of all landfills. In equivalent calculations, the
hydraulic conductivity had to be lowered to the level 6×10 −10 m/s–7×10−10 m/s, so
that the 0.5 m thick geological barrier would computationally meet the EU
directive requirement.
In the geological barrier properties, deviations from the EU directive and
Government decree are possible if it can be reliably demonstrated that the
structure provides protection corresponding to that defined in the directive and
Government decree. Laws and decrees do not take a stand on how the
corresponding protection should be demonstrated and which factors should be
taken into account, but the authority can make the decision case-specifically,
considering the local conditions.
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Table 14. Comparison of the technical factors of landfill environmental permits and the
minimum requirements of risk quantification.
Examined item

A B

C

D

E

F

G

H

I

J

K

L

-Transport mech. advection

+ +

+

+

+

+

+

+

+

+

+

+

-Transport mech. sorption

− −

−

−

−

−

−

−

−

−

−

−

-Transport mech. diffusion

− −

−

−

−

−

−

−

−

−

−

−

- Artificial layer thickness

* *

***

**

**

**

**

***

**

**

**

**

Leachate collection

+ +

+

+

+

+

+

+

+

+

+

+

Gas collection

W W

W

W

S

S

W

S

W

W

S

S

- Contaminant permeability

− −

−

−

−

−

−

−

−

−

−

−

- Protection demands

− −

−

−

−

−

−

−

−

−

−

−

− −

−

−

−

−

−

−

−

−

−

−

− −

−

−

−

−

−

−

−

−

−

−

Migration assessment

Hazards identification

Uncertainly assessment
- Drying–wetting
phenomenon
- Freezing–thawing
phenomenon

Note: + determined, − not determined, * < 0.5 m, ** ≥ 0.5 m, *** ≥ 1.0 m, W
gas collection is inside the waste filling, S gas collection layer is under the sealing
structure.
In all analysed landfills, the thickness of the geological barrier is below the
1.0 m thickness defined in the EU directive, and in two landfills, even the
additional layer is thinner than the 0.5 m minimum thickness of the artificial
geological barrier. According to the EU directive and Government decree, this is
absolutely allowable if it can be demonstrated that the structure is capable of
protecting the environment correspondingly to the structures defined in the
directive and Government decision (Table 14). According to Malusis et al. (2003),
Katsumi et al. (2001) and Christensen et al. (1994), the total amount of mass
transport should have been used as the dominant transport mechanism because the
hydraulic conductivity k has been defined to be below 1×10 −9 m/s for the
material. Similarly, structural dimensioning calculated equivalently taking only
advection into account is not relevant in these cases.
All the selected landfills have the required gas collection systems for waste
filling or a gas collection layer on top of the waste before sealing. Similarly,
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leachate collection pipes or systems have been set up to collect leachate into the
reservoir or directly into the treatment plant. Every modern MSW landfill in
Finland has been designed the same protection structures to the waste filling
areas, leachate reservoir or recycled waste treatment areas. Also, all the protection
structures have been designed by equivalent calculations focusing on advection,
and the tests have been conducted with clean water instead of leachate.
In all landfills, the equivalently calculated relation between the advectionbased hydraulic conductivity and the layer thickness has been computationally
determined to be the reason for the deviation of the geological barrier. In
structures deviating from the requirements, the correspondence with the set
requirements can be the most reliably demonstrated when the deviating structure
is based, in addition to the total transport equation, also on the inclusion of the
soil as a part of the geological barrier. The calculation of the structure’s
environmental protection capability according to the total transport equation is a
more reliable calculation method than the equivalently calculated examination of
advection because the factors affecting the contaminant transport in a dominant
manner are taken into consideration more thoroughly.
The boundary condition for the investigation of the factors is that the
protection structure is presumed to be a layer through which a minimal amount of
fluids can pass. Also, the direction of flow is obviously vertical, and the
horizontal flow in the protecting structure is presumed to be zero. Nevertheless,
from the perspective of environmental protection, hydrodynamic dispersion is
often a significant factor when estimating the migration of contaminant
mechanisms beside hydraulic conductivity. These factors are generally not
considered or included in the quality requirements for mineral protection
structures.
In other words, the structure is in a passive phase, which implies that the
artificial layer has protected the bottom structure and withheld contaminants until
the landfill sealing structures are constructed. After this, the assumption is that the
life expectancy of the artificial layer comes to its end. The results of this
dissertation shows, the bottom structure of the landfill is not presumed to prevent
contaminant migration through it since this is theoretically impossible.
Contaminants penetrate or migrate through all protective layers, depending on the
characteristics of the contaminant and migration mechanisms.
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Inadequate identification of the transport mechanism affects the structural
dimensioning and can provide an excessively optimistic idea of the capability of
the geological barrier to protect the environment in the long run.
In addition, in Finland, the analysis of the drying–wetting and freezing–
thawing phenomena has been ignored. In a landfill, protective, partially saturated
bentonite structures are exposed to wetting–drying cycles as well as to changes
caused by ion-exchange and thermal variation. The presumption is that the
drainage layer and the waste filling prevent these phenomena. The structural
dimensioning of landfills is rather complex, and the effect of the drying–wetting
phenomenon on the dimensioning can be examined using Equation (18).
In all landfills, the risk analysis carried out for the environmental permit is so
simplified that it cannot be used as a basis for determining whether the protection
properties correspond with the minimum requirements of the EU directive. Based
on these results, the assumption in the risk assessment has been that the artificial
layer, e.g. the geomembrane, is completely secure although it has not been
required in any environmental permit. In addition, in every landfill, it has been
presumed that the geological barrier operates mainly in the passive phase of the
structure’s life-cycle, which based on the literature is not very probable, but the
artificial layer will leach contaminants already during the active phase. Therefore,
the estimation of the bottom structure life expectancy is absolutely impossible
because of the lack of essential dimensioning information and because the
structures can during their life-cycle cause unpredictable stress to the environment
and groundwater.
4.1.4 Discussion on environmental permits’ inadequacy
The risk assessments conducted for the environmental permits of the selected and
existing 12 MSW landfills were compared based on the literature to the most
important factors affecting environmental protection, which are the EC Landfill
Directive and the Government decision. All 12 MSW landfills were permitted
after the EC directive was issued. Of all the analysed landfills, two central factors
arose that deviated from the requirements: the hydraulic conductivity and layer
thickness of the mineral barrier. Their impact has been examined in the following
sections from the perspectives of contaminant migration and factors affecting the
hydraulic conductivity. The examined structures are based on the landfill bottom
structures that have been realised according to the studied environmental permits.
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In the present study, landfill management refers to the critical factors in the
environmental safety of the features of the design and dimensions of a landfill.
This affects the functioning of the bottom structure of the landfill as well as other
phenomena that contribute significantly to the long-term functioning of the
bottom structure and compliance with the level of protection described in the EC
Landfill Directive. One of the most important criteria is the mineral liner ’s
effectiveness in protecting the environment from contaminants when selecting a
material for a landfill bottom structure. The required level of protection is often
expressed in terms of hydraulic conductivity (environmental decisions between
2003 and 1997).
In this dissertation, four different types of structure options were examined.
These four structures are 12 randomly selected corresponding landfill bottom
structures. The calculation principals for horizontal equivalent hydraulic conductivity
were observed by advection and calculated by Ogata-Bank’s equation. The
calculations assume that the structure can be represented by horizontal equivalent
hydraulic conductivity and that the transport process is caused by advection.
The transit time calculations are based on studied hydraulic conductivity values
so that the results can demonstrate the real situation in the landfill bottom. In these
calculations, it was assumed that the harmful substance flux through the bottom layer
is caused by the hydraulic gradient.
Figure 18 illustrates the horizontal equivalent calculation transit times based on
advection. Structure 1 had a layer thickness of 1 m, and the other three structures had
thicknesses of 0.3 m or 0.5 m. Based on the equivalent calculation, the layer
thicknesses were directly related to the transit time. Structure 3 had the shortest transit
time, which is due to it being the thinnest of the structures. The transit times of all the
other structures were over 45 years based on advection equivalent calculation.
The same four different types of structure options were examined by emphasising
diffusion as the dominant transport mechanism. The contaminant transport
mechanisms of the first and second structure are expected to operate in the same way
through the whole structure. The transit time calculations are based on the hydraulic
conductivity values tested in this dissertation so that the results can demonstrate the
real situation in the landfill bottom. In these calculations, it was assumed that the
hydraulic and concentration gradient causes harmful substance flux through the
bottom layer.
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The structures 1 and 2 were equal in terms of material, soil and fluid properties,
but they differ in thickness. The thickness of the structure 2 is only half of that of
the structure 1.
In the structure 3, the advection is assumed to pause over the upper layer under
the assumption that the structure is intact and the layer thickness is the same in the
whole structure. The lower layer cannot get enough flux from the upper layer due to
advection. The advection effect should be focused on only when the overhead
structure is fully saturated and flux slowly leaks to the lower structure. This transit
time was much longer compared to the diffusion transit time. The diffusion
coefficient was based on literature where the polymerbentonite and silt-based
materials were at the same level (Table 15) (Mitchell, 1993). The calculations were
based on the assumption that the structure 3 is as one equivalent.
For the structure 4, dense asphalt, the primary transport mechanism was
advection because the dense asphalt had a small diffusion coefficient. Based on this,
the diffusion was the secondary transport mechanism (Sarkkila et al., 2006). Below
the dense asphalt layers, the silt-based layer was calculated to function like the
structure 1. (Fig. 18)
The results of this study indicate that all the structure examinations emphasised
that the landfill was in the passive phase. The geomembrane or artificial layer was
unable to arrest the adverse material or was damaged. The access of harmful
substances to the artificial geological barrier was caused by the hydraulic and
concentration gradient. Sorption was assumed to be uniform in all barriers (R=1) and
calculations were conducted with two concentration contents: C/C0 = 0.1 and C/C0 =
0.5.
The calculation results of transit times varied greatly in different structures (Table
15). The results show that the layer thickness is clearly related to the transit time. The
layer 2 has thinned to half compare to the structure 1, and the transit time decreased
from 11 years to 4.3 years when the concentration content C/C0 was 0.1.
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Equivalent hydraulic conductivity [m/s]

9,10E-09
8,10E-09
7,10E-09
6,10E-09

Structure 1 (1.0 m)

5,10E-09

Structure 2 (0.5 m)

4,10E-09
3,10E-09

Structure 3 (0.3 m)

2,10E-09

Structure 4 (0.36 m)

1,10E-09
1,00E-10
0
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40

60

80

100

Transit time [a]
Fig. 18. Transit times of four different structures have been calculated based on the
equivalent calculation caused by advection. Hydraulic conductivity values were the
examined hydraulic conductivity values in this study.

The structure 3 transit time was less than one year (R is 1) (Table 15). Diffusion
was a more dominating influence on the transit time compared to the low hydraulic
conductivity of the thin upper structure. According to this dissertation and Katsumi et
al. (2001), a low advection coefficient could not protect the lower layers.
In the structure 4, dense asphalt structure, the air void volume was influenced
by hydraulic conductivity and total transit time. If the air void volume were 2.5%
or less, it would reduce the hydraulic conductivity value 10–15 times. The theory
supports this study in that the effects of the low diffusion coefficient of dense
asphalt on harmful substance transport are based on hydrodynamic dispersion that
will become the primary transport mechanism.
Table 15. Contaminant transit times of four different bottom structures in two
concentrations based on hydraulic and concentration gradients. R is 1, D is
2×10−10 m2/s, v and h depend on the liner type, Hf is 1.0 m.

Type of structure
T c/co = 0.1 [a]
T c/co = 0.5 [a]

1
11
68

Note. * Transit time is less than a year.
100

2
4.3
51

3
< 1*
7.8

4
4.1
51

In this study, 18 hydraulic conductivity tests were conducted on a clay liner
(GCL), sand mixed with polymer bentonites and clay. The tests were carried out
with both clean water and leachate. For the geosynthetic clay liner (GCL) and
sand mixed with polymer bentonite, 11 hydraulic conductivity tests were carried
out with clean water and seven with leachate.
The geosynthetic clay liner hydraulic conductivity was designed for level
1×10−11 m/s. The hydraulic conductivity varied between 1.7×10 −11 and
9.5×10−12m/s. Hydraulic conductivity was 1.7–1.9 times higher when leachate
was used as a test liquid compared with clean water (Fig. 19).
The hydraulic conductivity of the sand mixed with polymer bentonite (SPB)
ranged between 5.7×10−11 m/s and 5.9×10−11 m/s with clean water and with
leachate ranged between 4.6×10−10 m/s and 5.1×10−10 m/s (Fig. 20). This indicates
that the results of the samples vary very little. These samples were also created
using the same material path as the clean water-tested samples.
Comparing the hydraulic conductivity and saturated unit weight results of the
SPB, leachate increased the hydraulic conductivity eight to nine times more than
clean water, but it did not influence the saturated unit weight (Fig. 20). The
results show that the effect of leachate increased the hydraulic conductivity of the
SPB.

Hydraulic conductivity [m/s]

2,00E-11
1,80E-11
1,60E-11

1,40E-11

Clear water

1,20E-11

Leachate

1,00E-11
8,00E-12
1,00E-09

2,00E-09

3,00E-09

Flow of water

4,00E-09

5,00E-09

[m3 /m2 s]

Fig. 19. Geosynthetic clay liner hydraulic conductivity results tested with clean water
and leachate.
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For natural clay, four hydraulic conductivity tests were conducted with clean
water and three with leachate. The hydraulic conductivity of natural clay
materials ranged between 1.3×10−10 and 1.9×10−10 m/s for clean water tests, and
between 1.1×10−10 and 1.3×10−10 m/s for leachate (Fig. 21). Based on the results,
the interpretation can be made that the effect of leachate did not increase the
hydraulic conductivity of the samples during the 357-day test. Also Figure 21
supports this interpretation, but the amount of samples is not statistically relevant
for the analysis.
The results of the study show that hydraulic conductivity increased for all tested
materials when leachate was led to the permeameter as a substitute for clean water.
The hydraulic conductivity in sand and till mixed with polymer bentonite materials
was approximately 11 times higher for leachate compared with clean water.
Guyonnet’s et al. (2009) research supports the results of this dissertation, that is, when
the test liquid was used as leachate or a leachate substitute for soil mixed with
polymer bentonite material. The literature also supports the results of this study that
the effect of leachate increases hydraulic conductivity when bentonite inside GCL is
prehydratated via soil moisture. This is a typical saturation phenomenon in landfill
bottom structures, providing that the geomembrane does not leak and was not
damaged during installation.

Hydraulic conductivity [m/s]

6,10E-10
5,10E-10
4,10E-10

3,10E-10

Spb clean water

2,10E-10

Spb leachate

1,10E-10
1,00E-11
18,5

19

19,5

20

20,5

21

21,5

Saturated unit weight [kN/m 3 ]

Fig. 20. Sand mixed with polymer bentonite hydraulic conductivity (m/s) results
testing with clean water and leachate.
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Hydraulic conductivity [m/s]

9,10E-10
8,10E-10
7,10E-10
6,10E-10

5,10E-10

Clean water

4,10E-10

Leachate

3,10E-10
2,10E-10
1,10E-10
1,00E-11
19,2

19,25

19,3

19,35

19,4

Saturated unit weight [kN/m 3 ]

Fig. 21. Hydraulic conductivity of natural clay materials tested with clean water and
leachate.

According to Ashmawy et al. (2002) polymer treatment is believed to render
clay or soil non-reactive to many organic and inorganic chemicals. The literature
supports this dissertation, indicating that polymer treatment is more beneficial in
general if the clay is first saturated by water before coming in direct contact with
leachate (Guyonnet et al., 2009). Bentonites have a high swelling potential,
resulting in polymer treatment being more advantageous, especially when low
hydraulic conductivity is required.
According to Guyonnet et al. (2009), and in agreement with this study, the
hydraulic conductivity of sand mixed with polymer bentonite increases when
using leachate as the test liquid in hydraulic conductivity tests. The number of
samples was not sufficient for statistical analysis, but the results for both tests
showed similar results. On the other hand, the duration of these tests was 306
days, which increases the reliability of the results.
The literature is in line with the main finding of this study, that leachate
increases the hydraulic conductivity of GCL (Lee et al., 2005; Norotte et al.,
2004; Egloffstein, 2001; Jo et al., 2001). According to the literature, the swelling
capacity and hydraulic conductivity are related to the size of hydrated monovalent
cations.
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Based on the calculations in this dissertation, the examined structures may leak
contaminants in low concentrations already after a couple of years during their
passive phase, depending on the hydraulic water pressure, geological barrier
permeability, sorption, decay, and groundwater surface levels and movements. The
equation results of Acer and Haider (1990) support this study in maintaining that in
the long term (50–300 years), landfills are a risk factor for the environment and the
groundwater depending on the properties, thickness and hydrogeological conditions
of the landfill’s bottom layer structures. Harmful substances inside a landfill can flux
to the lower layers during the first couple of decades, should it not be adequately
protected. This result must be acknowledged when designing landfill structures, for
example MSW landfills, in order to protect the surrounding environment even after
the landfill has been closed.
This dissertation highlights how harmful substance transport is largely related
to material thickness. The Dutch Waste Management Association also supports
this view. Also experts Gronow (2008), Hansen (2008), Hjelmar (2008) and van
der Sloot (2008), from three member states that “were involved in drafting the
Landfill Directive have confirmed that their intention was to regulate hydraulic
conductivity instead of permeability, and hydraulic conductivity applies to the
entire geological barrier rather than a specific artificial layer material property.”
The interpretation of the Dutch Waste Management Association on the
Landfill Directive states the following: “Article 3.4 tells us that member states do
not have to abide by the values given in articles 3.2 and 3.3, if they carry out a
risk assessment of a proposal for engineering and the assessment demonstrates
there is no unacceptable risk to soil, groundwater or surface water. However,
there is no derogation from article 3.1, so a geological barrier must always be
present. If you do not intend to carry out a risk assessment then either you can
profit from a natural geological (mineral) layer fulfilling the K values and
thickness provided in the Directive, or you need to enhance the geological barrier
by providing an additional artificial one of at least 0.5 meter thick to provide an
attenuation capacity equivalent to those provided by the K values and thickness
provided in the Directive. At the time 0.5 meter was considered a minimum
thickness to guarantee the long lasting K < 10−9 m/s for engineered artificial
geological barriers.”
In order to meet the EC requirements, all transport mechanisms are to be
taken into account in the risk assessments if the artificial geological barrier
thickness is considered less than 0.5 meters and the hydraulic conductivity for any
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part of an artificial bottom layer is less than 1×10−9 m/s. Decreasing hydraulic
conductivity does not result in reduced soil hydrodynamic dispersion. According
to Rowe et al. (1995), diffusion is the dominant transport mechanism, and
consequently decreasing hydraulic conductivity (k ≤ 1×10−9 m/s) does not justify
thinner layers. The results of the calculations show that leachate migration
modelling by advection equation gives excessively optimistic results compared
with Ogata-Bank’s equation calculations.
Misinterpretations of the Landfill Directive are partially caused by the
directive itself being somewhat unclear. The current Landfill Directive could be
improved by specifying the maximum leachate infiltration. This type of addition
would make the directive less ambiguous. The directive intends to regulate
leachate infiltration by providing limit values for hydraulic conductivity, but fails
to specify the maximum infiltration.
The Dutch Waste Management Association states that “the intention to
clearly describe and regulate a limited infiltration of leachate into soil and
groundwater has not been fully achieved. Annex 1 paragraph 3 requires that if a
geological barrier of less than 0.5 meter thickness is built, this can only be
acceptable after a risk assessment that not only addresses the limitation of
infiltration but also the attenuation capacity of the engineered construction. For
some constructions diffusion is an issue to address as part of the risk assessment.
Based on the different national regulations that are in place and the constructions
that member states allow, it can be questioned whether this has been sufficiently
understood.”
It could also be highlighted that current Finnish risk assessment practices do
not take into account all of the crucial factors affecting environmental protection.
For example, the waste filling bottom structure has been typically designed
similarly to leachate reservoirs. However, the metrological conditions vary in
leachate reservoir during the year and could cause e.g. freezing-thawing because
part of the reservoir surface is open without any insulation layer.
Also, the hydraulic gradient could vary between the leachate reservoir and the
waste filling structures. The protection structure in a reservoir could have a
leachate head of several meters. In contrast, in the waste filling area, the leachate
head is designed to be less than a half meter. These critical matters have not been
taken into account in any of the 12 landfill designs and environmental permits.
In addition, from recycling and composting fields the landfilled waste will be
moved after processing for further use, and the compost will no longer protect the
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field. The temperature inside the compost could rise during the composting
process and fall after moving the processed compost away from the composting
field. This could cause temperature and moisture content changes inside the
bottom protection structures. Such landfill mining affects to protection structures
have not been identified in any risk analyses in Finland.
4.2

Development of a landfill risk assessment method

Based on the inadequate results of landfill risk assessment, it can be stated
necessary to introduce further developed landfill risk assessment methods. The
Structural Risk Assessment (SRA) method has been developed in this
dissertation. This method helps to define the risk factors, which have been
identified in the designing phase and how their impact has been taken into
account. The SRA method is a tool for a sustainable landfill designing process.
The SRA method gives substantially more information for landfill management,
risk management and risk identification compared to the risk assessments
conducted in the environmental permit processes.
The SRA method has been verified in the environmental permit processes of
two landfills. The first verified case was an innovative surface structure and the
second one a hazardous waste bottom structure. These verified structures used
local products, by-products or recycled materials as much as possible to supplant
natural materials and offer a substitute to expensive materials, such as sand
bentonite. Also, these materials have to fulfil environmental regulations;
otherwise authorities may not issue an environmental permit.
4.2.1 Introduction of the Structural Risk Assessment method
The SRA method is useful to all landfill stakeholders: owners, designers,
authorities and residents in the vicinity of the landfill. However, its most essential
task involves design. The SRA method a tool for landfills risk assessment, which
can be divided into three main categories (Fig. 22):
1) Human factors
2) Environmental factors
3) Technical factors.
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In the first phase, the identification of the current operational environment
begins by evaluating source information, i.e. by comparing monitoring
information, which can be called reference data, and test results. The second
phase concentrates on the impact of various mechanisms, local conditions and
phenomena in the design phase in relation to the required environmental
protection level. In addition, during the design process, the initial conditions in
the current operational environment and their impact on the environmental
protection requirements will be taken into account. In the third phase, the
achieved total result of the design phase will be compared to the minimum
environmental protection requirements that are based on laws and decrees. In the
last phase, the planned landfill life-cycle length will be examined in relation to the
monitoring system with the help of which the changes or damages in the
structures can be predicted, along with their environmental impacts. Also the risk
quantification safety factors and the ranking between the risk assessment factors
have to be defined. The risk quantification safety factors are based on all
heretofore made risk assessments, findings and environmental influence
evaluations. Sections 4.2.2 and 4.2.3 present two examples of risk assessments
conducted with the SRA method. The ranking between the risk assessments
factors has been made by the landfill operator. The operator is responsible for the
landfill and also the risk level.
Each category item has been further divided into sub-categories. The risk
quantification can be identified more easily in the design phase with the help of
the classification. In the risk analysis, the selected factors are examined based on
the hypothesis that unidentified risk management does not exist but only
identified risks could be accepted. The method emphasises the observation of
every single factor, but examines analytically whether the factor is identified as a
risk or not. Based on the reference data, it can be analysed whether the important
factors have been identified in the design phase. Also, the identified factors
impact the life-cycle information from the management perspective. In addition,
the classification would have indicated how much and what type of essential
additional information would have to be produced with the help of the evaluation
procedure.
The SRA method begins with the identification of the source data out of each
entity of affecting factors, based on which it can be confirmed in the designing
phase that there is enough source data available for decision-making in the design
process. The minimum amount of source data depends on the target: is the landfill
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new or old, will the risk assessment being full or partial? Typically, the source
data would be more reliable if statistics could be calculated or the frequency of
the data could be evaluated.

Fig. 22. Risk assessment according to the SRA method.

Unidentified risk factors will not necessarily cause risks during the whole
landfill life-cycle, but the risk assessment is challenging if a risk has not been
identified and its impacts have not been acknowledged in the design phase. The
method does not guarantee risk-free environmental protection at the chosen risk
level, because it is mainly a tool for the design phase. Errors during the
construction phase may result in deviations in the selected life-cycle information
management risk level and cause problems to the environment. For this reason,
monitoring information should be utilised in the life-cycle information
management after the design and construction phases.
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Risk factors have to be ranked (Px) after identifying them from the source
data. Px is the ranking value of an identified risk factor. Also, the landfill
management or the designer has to determine the acceptable total risk level
(Rtotal). The total risk level includes identified risk factors (R id) and unidentified
risk factors Rud. The risk factor ranking depends on the structure protection
demands, regulations, protection environment and human factors. This will lead
to the situation that every risk assessment process has to be determined case by
case. In addition, all the dominant risk factors are not included in regulations and
environmental permits. Landfill management must identify the risk level (R ud) of
these unidentified risk factors.
The total risk level calculation is shown in Equation 18:
n

n

x 1

x 1

Rtotal   Rid   Rud

(18)

The identified risk level (Rid) can be determined by using Equation 19:
n

Rid   Px * Qx

(19)

x 1

Qx is the probability coefficient of the identified risk.
The unidentified risk level (Rud) can be determined by using Equation 20:
n

Rud   Px *  x
x 1

(20)

β is the probability coefficient of the unidentified risk.
The probability coefficient Qx of identified risk factors is always higher than
demanded in regulations or environmental permits. The probability coefficient of
unidentified risk factors could vary because increasing the reliability of the other
risk factors could compensate for it. For example, the drainage layer risk
probability is due to the fact that the soil is not being able to protect environment
by increasing contaminant migration. Furthermore, the total risk level has to fulfil
the demanded risk level. Figure 23 presents an example of a landfill risk
assessment with the SRA method.
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Human delineated factors

Environmental factors

-Surrounding areas
-Waste reuse
-Life time expectancy
-After care

Qx
1
1
1
1

Identified factors(Px)
-Surrounding areas (0.1)
-Groundwater changes (0.3)
-Waste reuse (1)
-Harmful substances mig. (1)

Calculate
n

Rid   Px * Qx
x 1

-Base ground
-Groundwater changes
-Hydrogeology
-Rainfall annual changes

Technical factors
-Wetting-Drying
-Freezing-Thawing
-Reservoir
-Harmful substances migration

Unidentified factors(Px)
-Hydrogeology (0)
-Rainfall annual chages (1)
-Wetting-Drying (1)
-Freezing-Thawing (1)
-Reservoir (1)

Risk factor

No Impact or eliminated
- Waste reuse
- Life time expactancy
- Base ground
- Hydrogeology
- After care
n

n

x 1

x 1

Risk factor

βx
0
0.3
0.2
0.2
1

Calculate
n

Rud   Px *  x
x 1

Rtotal   Rid   Rud

Fig. 23. An example of landfill risk assessment with the SRA method.

Figure 24 presents an example flowchart of a landfill bottom structure
dimensioning using the SRA method. Structural dimensioning was begun by
examining whether the selected structure is in accordance with the requirements.
If the structure is in accordance with the requirements, the SRA method does not
cause additional data evaluation. In the risk analysis, the structure will be
analysed to determine the dominant transport factor or the factors based on which
the structural dimensions are defined, and if necessary, their calculation principles
will be defined in a laboratory. Laboratory determinations are always based on
material-specific requirements and the burdening contaminant, and thus, the risk
analysis corresponds with the realistic situation. Dimensions can be altered when
needed with the aim that the structure will meet the landfill bottom structure
requirements. The dominant factors should also be ranked e.g. depending on the
natural environmental demands if the structure is close to sensitive areas.
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Fig. 24. Flowchart showing the landfill bottom structure risk analysis with the SRA
method.

The utilisation of the SRA method as a tool for landfill life-cycle
management improves the current risk management practices essentially in the
landfill environmental permit phase. In the SRA method, significantly more data
must be produced for decision-making processes to support the current, rather
simplified risk assessment. Thus, from the environmental protection perspective,
more important data will be available on the landfill environmental impacts to
support the landfill management.
The construction of geoenvironmental technology has lacked requirements
for the functionality or estimations of structure life expectancy in relation to
materials or structures. The technical requirements for structures are based on
requirements for functionality and not on the interaction of causal relationships.
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This is further emphasised in structures in which the effects of technological
innovation and the application thereof have been very limited.
4.2.2 Landfill surface structure risk assessment with the SRA
method
The objective of the risk assessment process was to find a solution for a
lightweight structure that fulfils the environmental protection demands and is
cost-effective. The incinerator has been activated recently and the surface
structure should be possible to open for landfill mining purposes. The life
expectancy exceeded 50 years because of the incinerator, landfill mining and the
separation of waste. Landfill gases generate undesired odours in the vicinity of
the landfill, and this could be avoided after the surface structures have been
installed. Near the landfill site is a moraine area that has been tested during the
landfill site construction, and the material could be used in the sealing structures.
According to measurements by the Finnish Meteorological institute, the average
drainage capacity is 548 mm/year. The temperature is below 0 degrees Celsius for
158 days a year. Figure 25 represents the structural dimensioning of the surface
structure.
The study was initiated with laboratory tests, calculations of gas emissions
and water migration through porous media in a partly saturated situation. The risk
quantification for uncertain assessment calculations had to be at least 1.5. The
exposure assessment demands were set to control the water migration and
electrical conductivity measurement results outside the landfill site in real time.
The significance of electrical conductivity measurements is to control and secure
that surface structures do not affect the surrounding environment. Electrical
conductivity was chosen because the measurements easily indicate if harmful
substances increase in the landfill areas, and comprehensive advance material is
available as a reference (Fig. 26) (Grellier et al., 2006).
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Fig. 25. The structural dimensioning of the surface structure.

The hydrogeological properties, drying and shrinkage factors, insulation
properties, frost resistance and mechanical properties of till were tested in
laboratory conditions. The calculations of mineral layer hydraulic properties were
simulated according to the Van Genuchten equation for partially saturated soils,
the drainage system capacity according to the unit gradient method and the
bearing capacity with the general shear failure method. A drainage core was
included in the gas collection layer.
Table 16 illustrates the laboratory tests. Tables 17 and 18 include mineral
layer calculation results of dimensioning and safety factors. The dimensioning is
calculated including and excluding safety factors. According to calculations, the
environmental protection capacity of a mineral layer with a thickness of 0.09
meters could meet Government recommendation if fully saturated. Laboratory
tests substantiate that the mineral layer could not reach full saturation in any
meteorology condition. Consequently, partial saturation is a relevant calculation
principal. Tammirinne et al. (2004) have made a model for surface structure
drainage, but this model assumes that the temperature above 0 degrees Celsius
throughout the year. The assumption is meteorologically irrelevant, but the model
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has been modified to be more realistic and relate to weather conditions in the
landfill area.

Fig. 26. Electrical conductivity results between 2005 and 2010 in four measurement
points (HP means measurement point).

Table 16. Till’s laboratory tests results.
Property, [unit]

test 1

test 2

test 3

Hydraulic conductivity [m/s]

2.2 E-8

1.7 E-8

6.6E-9

Effective stress [kPa]

26

40

20

Water content [w %]

5.2*

5.0*

9.5*

Dry unit weight [kN/m ]

20.11

20.49

21.26

Volume shrinkage [%]

0

0

0

Compression strength [kPa]

73

75

72

Shearing strength [kPa]

36.5

34

37.2

3

Note. * Till optimum water content is 2.6%.
The layer thickness has been increased form 0.09 meters to 0.2 meters
because of construction and dimensioning problems. A very thin-layer
construction over the angle slope would be challenging to excavate. Under
Finnish regulations, the maximum fraction size of soil material, such as till, has to
be at least five times smaller than the constructed structure thickness. The
maximum fraction size of till is 32 mm. Based on these factors, the 32 mm
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fraction size is a good reason for the thickness of the layer. According to frost
resistant tests, water sources could not determine the freezing-thawing
phenomenon for the mineral layer structure. The calculated total risk factor value
was 2.43. The total risk factor value is the sum of the identified risk factors, and
the sum of the ranking of the risk factors of this structure is (1). Table 19
represents the calculation details of the total risk factor.

Table 17. Risk acceptance calculation results for a surface structure mineral layer.
Property,[unit]
Hydraulic conductivity[m/s],

Including safety factor
4.6·10

Maximum safety factor

-11

1.3·10

-11

Risk factor
3.5

(partly saturated
conductivity)
Effective stress [kPa]

26

13.7

1.9

Saturation degree [%]

40

30…50

---

Mineral layer thickness [m]

0.2

0.09

2.2

Table 18. Risk acceptance calculation results of the surface structure drainage layer.
Property,[unit]
2

Flow rate [l/m s]
Effective stress [kPa]
Gradient [-]

Including risk factor
2.38 10

-1

Excluding risk factor
7.26·10

-2

Risk factor
3.3

20

13.3

1.5

0.25

0.14

1.8

Table 19. The calculation details of the total risk factor.
Substance

Identified risk factor

Ranking factor

Risk factor

Hydraulic conductivity

3.5

0.2

0.70

Effective stress

1.9

0.2

0.38

Mineral layer thickness

2.2

0.1

0.22

Flow rate

3.3

0.18

0.59

Effective stress

1.5

0.12

0.18

Gradient

1.8

0.2

Total Risk Factor [Σ]

0.36
2.43*

Note: * Total risk factor of the SRA method.
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The freezing-thawing phenomena have been focused in the risk assessment
process. The till based material has been tested by the freezing-thawing, the
maximum deformation and the maximum shrinkage tests. Any of these test results
did not indicate that freezing-thawing cycles could cause changes on the till
material during the life cycle. The phenomena were not determining the factor of
used till based material and have been ignored of final risk assessment.
The cost-efficiency of the structure compared with Government
recommendations is 14% more affordability per hectare. The cost-efficiency will
increase if the structure is opened in the future, because the structures are thinner
and easier to excavate.
The collected data was based on at least triplicate tests or test series. Also
during the experiments the changes emulate the circumstances as far as possible
to be able to evaluate the reliability of the risk assessment. The test result
dispersion has been low, and none of the test results have been rejected e.g. based
on the Dixon test. This testifies to the high reliability and quality of the test
results. In consequence, risk assessments on a landfill surface structure could be
based on a reliable source of information and are an important issue for landfill
management as well as environmental regulators.
In the SRA analysis of mineral structures, the functional role of the protective
structures is slightly altered compared to the current concept. At the moment, the
focus of the structural dimensioning is on hydraulic conductivity and its
computational demonstration according to equivalent calculations. In the SRA
method, the factors related to contaminant migration through the unsaturated
layer are identified and recognised more comprehensively. Additionally, the
mutual dependence and impacts of the identified mechanisms related to migration
are analysed using the total transport equation. Therefore, the structure life
expectancy can be calculated more reliably.
4.2.3 Risk assessment of the bottom structure of a hazardous landfill
with the SRA method
The objective of the risk assessment process was to find a solution for a
sustainable structure that fulfils the environmental protection demands and the
life-cycle expectancy exceeded 50 years. The structural dimensioning was partly
based on meteorological background information. Also, the result of the
absorption tests was essential.
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The average drainage capacity, founded on the precipitation statistics of the
Finnish Meteorological Institute, is 513 mm/year. By 2012, the maximum
precipitation during the preceding 40 years was 900.5 mm/year. The air
temperature was below 0 degrees Celsius for 108 days and the soil temperature
217 days. Figure 27 represents the structural dimensioning of the innovative
bottom structure.
The background research included laboratory tests, a site investigation by
boring drill holes into the solid base rock, taking samples from the drill holes, and
absorption tests of water sludge made from existing landfill leachate. The
objective of the absorption experiments was to examine the absorption capacity of
water sludge and leachate, the impact of leachate on electrical conductivity, pH,
and the chromium, molybdenum and nickel liquid-solid content. The chosen
parameters are based on the heretofore made research results and the estimation
of the most critical components that could cause impact to the groundwater and
environment. The risk quantification for uncertain assessment calculation had to
be a minimum of 1.5 or at the same level as the frame of reference values. The
exposure assessment demands were to control the electrical conductivity
measurement results outside the landfill site in real time.
One of the primary principles was to make sure that the HDPE geomembrane
does not include any holes after installation. There are several methods to confirm
the integrity of the membrane. In this case, the electrical tension difference
method has been used. The integrity of the membrane was crucial for structural
dimensioning.

117

Fig. 27. The structural dimensioning of the innovative bottom structure.

Mineral liner dimensioning was based on the analysis by Rowe et al. (2004)
of contaminant transit through the porous media. The laboratory experiments of
leachate absorption with by-products were used as the source information of
dimensioning. Figure 28 represents the chromium solubility test results.
The results of the absorption test indicate that water sludge did not have a
harmful effect on the leachate, and similarly, no particles dissolved from the water
sludge to the leachate. The HDPE geomembrane will be installed above and under
the water sludge layer, also called the geological barrier. A double layer
geomembrane could secure the migration of harmful substances of water sludge
to the soil. The drainage layer and the leachate will be collected separately when
the HDPE geomembrane is installed. This enables the control of the leachate
source and content in both layers. Leachate is conducted to the reservoir and
further to water treatment.
The structural dimensions of the geological barrier are shown in Table 20.
The barrier is 1.2 meters thick, and the calculated risk level is 1.78. Hydraulic
conductivity determined by 100 kPa effective stress, which is 1/6 of the final
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situation when the landfilling is finished. The porosity could be much lower in the
last few years of landfilling because the effective stress increases and causes
loading. The hydraulic conductivity will decrease impact on porosity and also
affect the transport equation.
The drainage system capacity has been dimensioned according to the
maximum rain capacity of the year. The drainage system dimensioning is only
estimation, because the first part of the landfill had not reached its maximum
height. In addition, the water was assumed to affect the drainage system during
the landfill’s active phase. Also, the amount of leachate collected from the landfill
served as the basis for calculations for the drainage capacity dimensioning. The
risk level was determined to be 1.3.
The uncertainty of the risk assessment has been estimated by determining the
content of the drilled ground samples. The sample test results have been
compared with the Government decree limit values and natural values (VNa
214/2007). Table 21 shows the reference values for soil.

Fig. 28. The chromium solubility test results with the leachate (alkup. suotovesi means
leachate in English).
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The soil test results are clearly within the reference values. According to the
results, the existing soil has not been polluted by the effects of the mill. The
landfill structures encounter problems, if the values rise after landfilling.

Table 20. Geological barrier’s structural dimensions, calculation coefficients, porosity
and contaminant transport times for three layer thicknesses.
C/C0 =0.1

Layer

Hydraulic

Hydraulic

Diffusion

R

Porosity

[Years]

thickness

conductivity

gradient

coefficient

[-]

(-)

[-]

2

[m]

[m/s]

[m /s]

*
63
89
118

1.0
1.2
1.4

**

4.5·10

-10

1.5

2.0·10-10

1

0.4

4.5·10

-10

1.42

2.0·10-10

1

0.4

4.5·10

-10

1.33

-10

1

0.4

2.0·10

Note: * The hydraulic conductivity value was determined by 100 kPa
effective stress that is 1/6 of the final situation when the landfilling is finished. **
The diffusion coefficient is based on calculations by Katsumi et al. (2001).
Table 21. The examples test results compared with Government decree limit values
and natural values.
Substance

Unit

Frame of

Limit

Natural

Lower

reference

value

content

reference
value

Chromium (Cr)

mg/kg

30*(25-48)

100

Molybdenum Mo)

mg/kg

<1*

Nickel (Ni)

mg/kg

10*(8-13)

pH

-

7*(6.2-7.8)

-

-

Upper
reference
value

31(6-170)

200

-

<1

<1

<1

50

17(3-100)

100

150

-

300

-

Note: * Outside of the bracket is the mean value of 12 measurements and
inside of the bracket are the lowest and the highest determined values.
The total risk value is the sum of the identified and unidentified risk factors
and the sum of the ranking of the risk factors of this structure is (1). The total risk
factor (Rtotal) was 1.79 (Table 22). The cost-efficiency of the structure compared
with the Government decision is 43% more affordable per hectare. The total costefficiency is influenced most by the possibility to use by-products as a part of the
structure. Table 22 represents the calculation details of the total risk factor.
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Table 22. The calculation details of the total risk factor.
Substance

Identified risk factor

Ranking factor

Risk factor

Hydraulic conductivity

4.5

0.08

0.36

Mineral layer thickness

1.2

0.15

0.18

Drainage capacity

1.3

0.3

0.39

Chromium

2.1

0.22

0.46

1

0.2

0.20

3.8

0.05

0.19

Molybdenum
Nickel
Total Risk Factor [Σ]

1,78*

Note: * Total risk factor of the SRA method.
Typically in environmental protection structures, attention is paid mainly to
the hydraulic conductivity of the mineral layer. The landfill structure analysis
should take into account the leachate management, and in leakage situations the
leachate content, human-related factors and waste prospects in the risk
assessment. Essential factors for the securing of the landfill barrier structures’
operation are the functionality of the drainage layer and the intactness and lifeexpectancy of the artificial barrier. If it is possible to conduct the leachate from
the bottom structure through the drainage layer into treatment during the whole
life-cycle, the hydraulic gradient to the bottom structure is not significant. This
reduces the leachate stress on the mineral layer including all transport
mechanisms. From this example, the effect of the hydraulic gradient is eliminated
because the artificial layer will be controlled to avoid damage after installation.
Therefore, during the active phase the artificial and drainage structure will
eliminate the effect of the hydraulic gradient.
Factors related to material transport and retention and contaminant migration
have been discussed above. Based on them, it can be concluded that an
unambiguous correspondence between the materials and structures is not easy to
determine. The definition of reference materials or structures is also difficult
because some materials may be better than others in some respect. Instead,
materials and structures can be compared in relation to functional requirements.
Dominant factors may in some applications be the amount of penetrating water
and in some applications the penetrating contaminants or their concentrations or
the time needed for their accomplishment. In structural analysis, the identification
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of the dominant factors and the setting of boundary conditions are essential and
significant. According to the results of this thesis, the boundary condition setting
has to be based on landfill-specific requirements, which may vary significantly
depending on e.g. the location of the landfill, hydrogeology, meteorology and
topography.
The limit conditions stated in the EC Landfill Directive should be developed
further by means of structure life expectancy calculations, which can be
implemented using various methods, such as the conversion factor method,
statistical measuring and limit state of fatigue measurements, and the risk
assessment safety factor. Although all of the methods mentioned above can be
employed when determining the serviceable life of geosynthetic structures, the
SRA method is the most suitable for materials like these, that is, industrially byproduced materials for which the manufacturer can provide a serviceable life
estimate for comparison. The SRA method is much lighter risk assessment tool
comparing e.g. with U.K. Environmental Agency Hydrogeological Risk
Assessments for Landfill. Statistical measurements support the SRA method for
measuring structure dimensions, since the measuring equations are presented as a
fatigue parameter and a response parameter so that the parameters are timedependent. One example of this is the contaminant migration equation in which a
concentration differential forms as a function of time due to the effects of fatigue
caused by different loads.
4.2.4 Discussion on risk assessment with the SRA method
Landfill management risk assessments were carried out with the SRA method
based on a relatively wide range of information, but is still much lighter method
comparing with e.g. U.K. EPA method. The risk quantification results include
real-time measurements on landfill surface and sides, and also a total safety
factor. Waste will play a major role in the future, because humans are going to
need more and more materials for reuse from landfills. Landfill mining or
pyrolysis could be common techniques already in the near future, and landfills as
a material source should be excluded from the risk assessment process.
In both examples, the SRA method proved profitable to the landfill owners.
An inadequate risk assessment provides false information of the possible risks.
Inconsistency in risk assessments could mislead authorities and landfill owners in
decision-making. It is essential to take into account all possible risk factors and
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also statistical descriptions like safety factors, the most likely values and natural
values. Uncertainty assessment and significance assessment help to avoid
inconsistency in risk assessment in the future.
Risk assessment can be useful in the creation of effective and economic
structures. Cost-efficient solutions could equally protect the environment without
expensive materials. Also local materials and by-products can be used in
effectually indicating their properties and focusing sufficient safety factors.
In structure modelling, presumptions have to be formulated before the model
building, which may result in differences between the real situation and the
presumed situation. Migration through structures using various transport
mechanisms is as a mathematical model a known and controllable entity, but the
factors in the laboratory environment do not simulate the environment in all
cases. Because of these factors the SRA method, and thus, the functional
properties of structures could be evaluated more extensively. The design process
should be extended to risk analysis. In addition, the mutual dependence of the
functional factors should be identified more extensively, and thus, the prognosis
for the contamination caused by and the structural life expectancy of the landfill
would be possible computationally using various calculation methods.
Contaminant migration modelling by equivalent calculations is quite imperfect in
current risk analysis because the analysis focuses only on advection.
Based on these cases, the SRA method was proved to be an applicable
method for the partial or full risk assessment of landfills. Both of these risks
assessments have accepted by the local authorities and the structures were
constructed in 2013 and 2014. Also authorities were in favour of the development
of risk assessments of local landfills and waste areas, taking advantage of byproducts, for instance.
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5

Conclusions

5.1

Answering the research questions of the thesis

The overall aim of this research was to provide further information on how the
landfill risk assessment process has to be focused according to human-related,
environmental and technical factors while evaluating the possible risk assessment
to the environment (EC 31, 1999). The objective of this thesis was to find answers
to the research questions:
i) What are the most significant deficiencies of the present risk
analysis practices in Finland?
ii) How should the risk assessment process in the environmental
permits and designs of landfills be developed to ensure landfill
sustainability?
i)
The technical requirements of the present landfill protection structures cannot
achieve sustainable protection by focusing on the landfill life-cycle risk
assessment information. The most essential problems in the design period are the
unidentified and unrecognised risk factors and their effects on the landfill’s
environmental protection capability. The most significant factors are the
inadequacies in the contaminant transport modelling and in the identification of
the factors affecting it. Another essential factor is the identification of the factors
affecting the environmental protection structures’ capability and their life-cycle.
In addition, the impacts of the existing structures or infrastructure on landfills
have not been identified.
The comparison of environmental permits with the SRA method factors
demonstrated significant deficiencies in the identification of risks in all three
main categories: human-related, environmental and technical factors. The most
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important unidentified factors were the identification of the dominating transport
mechanism for harmful substances and its impact in relation to the environmental
protection capability of thinner structures. The life-cycle information
management problems will be discussed case by case in more detail in the
following.
The main transport mechanisms influencing the contaminant transit time
through the artificial mineral bottom layer in landfills include advection and
hydrodynamic dispersion. This is evident both in the literature and in the results
of this dissertation (Kamon, 2002; Kamon, 2005; Katsumi, 2001; Benson, 1999;
Acer & Haider, 1990; Baer & Palmer, 1972).
The transport time of contaminant materials due to advection diminishes
substantially when the hydraulic conductivity is less than 1×10−9 m/s, and
hydrodynamic dispersion becomes the dominant transport mechanism (Rowe
et al., 1988). The structural thickness significantly influences the impact of
hydrodynamic dispersion in contaminant transport through the landfill bottom
layer (Smith et al., 2004; Bell et al., 2002; Lo et al., 1999; Barone et al., 1992).
In addition to the advection and layer thickness, one must acknowledge the
impact of diffusion. Merely increasing the layer thickness is not sufficient to
eliminate diffusion as the concentration gradient initiates diffusion. Consequently,
the diffusion coefficient for the structure should be small (Katsumi et al., 2001).
According to the calculations conducted in this dissertation, analysing
contaminant transit purely based on advection leads to overly optimistic results.
According to Katsumi et al. (2001), hydrodynamic dispersion has a central
role in evaluating the environmental impacts of landfills. The EC directive
31/1999 and the environmental permits granted by Finnish authorities do
not, however, acknowledge the impact of hydrodynamic dispersion when
guiding the design of landfill bottom layers (Environmental decision registry,
2010). Consequently, the true environmental impacts need to be assessed case
by case.
Based on the literature and the results of this study, it is practically impossible
to build a structure that would be capable of fully protecting the environment
from leakages in the long term. The bottom structures should be designed to
protect groundwater and landfill surroundings at least for 50–100 years, like
Huber-Humer (2009), Cossu (2003) and Katsumi (2001) have suggested,
supporting the results of this dissertation. Risk assessment typically has to be
delimited to a certain time-frame like the examples in section 4.2. The 50-year
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time-frame is so long that it is impossible to evaluate the changes, e.g. waste
prospects.
The passive phase of MSW landfills is typically 30–50 years, or one human
generation, after building the surface structure (Cossu et al., 1997). In bioreactor
type MSW landfills, the passive phase is 50–100 years or longer (Rinkinen et al.,
2009). During the passive phase, excessive water separates from waste, penetrates
through the drainage structure and is fed into water treatment. As a result, the
hydraulic gradient is formed above the bottom structure as the drainage structure
cannot be maintained. The concentration of contaminants simultaneously
decreases as the leachate is removed from the waste and the surface structure
prevents rain and melting waters from entering the waste if the structure is
maintained. Smith (2004), Kugler (2002), Giroud & Bonaparte (1989) and Rowe
(1987) also support this view of the importance of the surface structure.
This dissertation shows that the hydraulic conductivity of natural clay
materials tested for the effect of leachate decreases by 20% compared to clean
water, but the result is based on limited amount of results. The literature supports
the results of this dissertation that in some cases the effect of leachate may
decrease the hydraulic conductivity of natural clays (Binns et al., 2008;
Lakshmikantha & Sivapullaiah, 2006; Ozcoban et al., 2006; Jo et al., 2005, Sharma
& Lewis, 1994). Hydraulic conductivity increased during the experiments when
MSW leachate was used as a fluid in the case of all natural clay materials. However,
when clean water was used as a fluid, the role of material properties was highlighted.
The hydraulic conductivity in a GCL product and sand mixed with polymer bentonite
material increased similarly in leachate tests.
ii)
The Finnish interpretation of the directive differs from those of other EU
countries. The constructed landfill structures in Finland only consider artificial
geological barriers while the soil beneath is ignored. The purpose of the directive is
that landfills will be located primarily in geological environments where the soil can
naturally protect harmful substances from flowing into the groundwater and the
surrounding environment.
This dissertation confirms conception early presented by Gronow (2008),
Hansen (2008), Hjelmar (2008) and van der Sloot (2008) that the directive’s
intention is to regulate the maximum infiltration of leachate into the soil and
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groundwater underneath the landfill. Unfortunately, it seems that numeric goals
are missing in the directive. The directive only defines hydraulic conductivity and
layer thickness, enabling different interpretations. The directive should be
developed to include complete guiding principles for the risk assessment scenario.
The inconsistency in risk assessment leads to overly optimistic solutions and does
not observe crucial requirements such as the local climate and weather.
The results of this dissertation confirm the above-mentioned criticism aimed
at the Finnish interpretation and also the EC landfill directive. To confirm the
conclusions drawn by the researcher, the EC working group managed by the
Dutch Waste Management Association, which was responsible for landfill
construction, was contacted in writing. The working group confirmed the
criticism against the Finnish interpretation.
Landfills have a wide-ranging impact on the environment, and leachate is an
essential part of that. A landfill can pollute the environment directly or
indirectly and transmit contaminants into atmosphere, hydrosphere and
lithosphere. Therefore, more comprehensive and complete risk assessment
methods will be needed in the future. Also the role of landfills has and will
change due to new techniques and needs, e.g. landfill mining and pyrolysis.
These factors form the most essential unidentified risk factors in the landfill
design phase. With the help of the SRA method developed from the risk
assessment results in this dissertation, the crucial factors can be identified in the
early stages of landfill design through more extensive and thorough analysis. A
detailed examination is required of the effect of dominant factors on contaminant
transport, the effects of soil, the effects of built environment and the phenomena
affecting the operation of the structures in the different phases of the landfill lifecycle.
The 12 landfill bottom structures studied in this thesis may meet the EU
directive requirements, but an analysis of their correspondence with the SRA
method is not possible due to the lack of information on the environmental
permits and designs. Verified landfill risk assessments include a wide range of
background studies focusing on collective risk quantification, human-related,
environmental and technical factors, and also waste prospects. Based on the
results of the thesis, risk assessment should be developed according to the SRA
method to analyse and identify the technology and human-related risks as a part
of the risk quantification to support landfill life-cycle management and
sustainability in the long term.
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5.2

Theoretical implications

The artificial landfill bottom structure is always heterogeneous regardless of the
materials and working methods used. The literature has discussed this issue
mostly through analysing damages in the artificial layer, for example in the
geomembrane (Katsumi et al., 2001). This study, in contrast to previous literature,
analyses the landfill geological barrier as a heterogeneous structure.
The landfill bottom structure and geological barrier form an entity which
should include, in addition to the artificial layer, the existing circumstances within
the area, soil layers below the landfill and groundwater circumstances as part of
the landfill life-cycle information management. In this thesis, the SRA method
has been developed using inductive reasoning, and the results demonstrate,
supported by the theoretical background, that the method enables the
identification of significant risk factors that affect the landfill’s environmental
risks and protection. The earlier simplified environmental permit decisions should
be supported with the analysis of a substantially larger amount of risk factors that
are significantly more important compared to the factors analysed so far. One of
the most essential factors is transport modelling and its correspondence with the
realistic circumstances in the nature. An unidentified risk factor may be a threat to
the environment.
According to the literature, calculations are typically made assuming that the
flows are constant (Rowe et al., 1995; Sharma et al., 1994; Ogata & Banks,
1961). The results of this study contradict the mainstream literature by
highlighting the fact that leachate flows are not constant, but change as a function
of time. Hence, this study is in line with the studies by Huber-Humer et al. (2009)
and Katsumi et al. (2001), pointing out that all contaminant transport mechanisms
must be taken into account. In addition, this study supports the results by Katsumi
et al. (2001) who argue that after 50 years the diffusion’s significance has
typically decreased and become negligible. The concentration differential
between soil and waste should be balanced. The soil will be polluted in the same
concentration as the waste inside the landfill if the landfill has been sealed for 50
years. The sealing structures prevent external water flow to the waste and the
waste content stands stable. Otherwise, this default information is irrelevant.
This study provides new information for the scientific community by
analysing landfill structures with a thickness of 0.5 m, half the minimum
thickness of 1 m set by the EC directive. A thinner bottom structure may lead to
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contaminant leakages to the environment sooner than specified in the EC
requirements. In addition, the results of this study show that merely analysing
contaminant transfer through advection only is not adequate. These results
support the theory of layer thickness having a correlation with transit time. The
United Kingdom Environmental Protection Agency (EPA) has developed by
Golder Associates computer-aided calculation models for tools to evaluate the
impact of structural dimensions on risk assessment. LandSim and HELP computer
solutions are examples of EPA’s development work to improve full or parts of risk
assessment.
Laboratory scale experiments are typically conducted with clean water, but
true landfill geological barriers are in contact with leachate. The results of this
study show that leachate or leachate stimulants may cause an increase in the
hydraulic conductivity and must be taken into account in the landfill bottom layer
design. According to Kamon et al. (2005 and 2002) and Rowe et al. (1995 and
1991), it is important to ensure that hydraulic conductivity test results illustrate
the reliability of sample hydraulic conductivity. In addition, typically the
laboratory results could be too optimistic compared to field measurements. On
these bases, the assessment data should be evaluated carefully. The results of this
dissertation are in line with these studies, indicating that the saturation time is
material-specific.
The literature has typically analysed individual contaminants or stimulants and
their influence on hydraulic conductivity (Rowe & Iryo, 2005; Katsumi et al.,
2001). This study creates new knowledge by analysing the influence of true MSW
leachate, pointing out the inadequacy of currently utilised tests methods and bentonite
based materials. This study supports the results of Xue & Zhang (2014), Bradshaw &
Benson (2014) and Ashmawy et al. (2002).
The requirements for contaminant migration in the EC Landfill Directive should
be amended to bring into account contaminant penetration amounts, and during the
planning phase of a landfill, a model should be developed to account for how the
contaminant penetration amounts correlate through different structure types with the
environmental burden of waste compacting. At the moment, the limitations to a
landfill’s impact on the environment are unspecified already during the active phase,
and thus, the responsibility of defining and localising requirements on the migration
of contaminants is left to local authorities. However, based on international
literature, it can be said that the modelling of the migration of contaminants is a
well-known field which simply has not been adequately applied in the EC
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Landfill Directive and national environmental decisions (Katsumi et al., 2001;
Sharma et al., 1994; Ogata & Banks, 1961).
5.3

Practical implications

In this thesis, the SRA method has been developed for future use as a risk
assessment tool in the landfill design phase. It has been verified in this thesis that
the method helps in recognising the possible environmental damages caused by
risky situations remarkably better compared to the current procedure if the risks
can be identified extensively in the design phase. This thesis has introduced two
examples of risk assessments conducted with the SRA method. The SRA method
enabled the use of a thinner surface structure compared with typical solutions and
also by-products that have never been used before. In addition, both risk
assessment solutions were extremely cost-effective and qualified the set
boundaries to safety factors. Risk identification using the SRA method leads to
the better risk management and thus eliminates problems.
The SRA method is applicable as a practical landfill designing tool in
which the effects of unidentified factors can be anticipated as a part of the
landfill life-cycle information management. As an example of this the meaning
of hydraulic conductivity can be mentioned, which is currently in the focus of
design and which is expected to be a dominant factor for structural design.
Additionally, the SRA method demonstrates that the phenomena of wetting–
drying and freezing–thawing have typically been unidentified during the
environmental permit process and that their impacts in the short or long term are
unknown. Typically, targets can be mentioned in almost every landfill in which
these phenomena have an effect during the whole landfill life-cycle. Leachate
ponds are a typical example since they are susceptible to water level fluctuation
during different seasons depending on precipitation and cumulative leachate
amounts. In addition, the edges of the ponds have not been protected at all, and
for example the impact of winter on the contaminant retention capability of the
leachate ponds has not been identified. Correspondingly, the durability of the
mineral protection layers in the leachate ponds, which are made of bentonitebased materials, towards the drying–wetting phenomenon is not known. The
leachate pond bottom structures are typically under the load of several meters of
leachate, and thus, in seepage situations, contaminant flux can be regarded as
continuous, which can result in significant environmental stress to the landfill
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environment. With the SRA method, the impacts of for example the drying–
wetting and freezing–thawing phenomena can be highlighted and identified in the
designing phase.
This study analyses the characteristics of hydraulic conductivity in landfill
bottom layers. In Finland, this is typically done through laboratory experiments
instead of theoretically analysing different transfer mechanisms of harmful
substances. Simple advection analyses are not adequate enough to describe the
long-term environmental impacts of landfills that may extend over hundreds of
years. Opposed to this mainstream approach, this study is based on calculating
both advection and dominant transfer mechanisms, for example diffusion. This is
further utilised to assess the Finnish interpretations of the EC Landfill Directive.
The implications of this study include the need to consider landfill structures as a
whole instead of analysing them merely based on the transfer of single harmful
substances or sorption factors.
The Finnish environmental permit procedure emphasises less important
factors for environmental risks, such as potential traffic incidents causing oil
leakages or explosions, during the landfill active phase (Environmental decision
registry, 2010). With the existing landfill structures, thinner than required by the EC
directive, landfill risk assessments should be based on the long-term impact of
harmful substances. Consequently, environmental risk assessments have been
inadequate in Finland.
This study highlights that landfills ought to be primarily located in such
geological areas where the soil layers beneath are capable of protecting the
surrounding environment in the long term. Unfortunately, only in rare cases, the
hydro-geological properties, such as groundwater levels, the natural environment
like a sea, river or lake, and human influence, are defined in the environmental
permits or in landfill design. The long-term environmental impact of landfills
ought to be clarified to avoid harmful substance flux to the environment before
any permanent damages. Modern landfills should, according to the EC directive,
be located where the landfill cannot pollute hydro-geological properties, but old
landfills might cause problems.
The results of this study emphasise the importance of utilising risk
assessment like the SRA method for designing landfill structures. The design
parameters should be based on true technical and environmental factors,
human influence, waste prospects and risk quantifications for the final result
to acknowledge the existing hydro-geological environment.
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In the future, demands concerning landfills will change because of reuse,
recycling and using landfills as a material source. In consequence, landfills will
be used as temporary storage in the future. Therefore, tools such as the SRA
method will be needed to evaluate the life-cycle of landfill structures from
different angles. Also, there will be pressure to extend the temporary storage
period beyond the present three years. The collection of materials such as water
sludge, slag, ash, sediment and contaminated masses should be possible over a
longer period depending on how much recyclable mass is produced per year.
According to the EC directive, the material owner has to pay the tax for the
material after three years of temporary storage. After taxes, the materials are no
longer cost-efficient for reuse purposes. An amendment to the EC directive to
allow longer temporary storage without taxes could open new possibilities for
materials like sludge, slag, ash, sediment and contaminated masses for reuse or
recycling.
The existing EC directive clearly defines the design requirements for landfill
structures. However, the interpretations on the directive vary in different parts of
Europe. Even in Finland, there are differences in the instructions given by
different local authorities. More detailed instructions, either at the EC or national
levels, are required to complement the existing directive. In Finland, there is a
clear need to re-analyse the long-term environmental impacts of the existing
landfills. This type of re-assessments would provide necessary information for
landfills’ risk potential by focusing e.g. on landfill mining or the structure lifecycle.
The most significant problem is the lack of knowledge on landfills’ risks and
their impact on the environment. This thesis has highlighted some practical
implications of the risk analysis deficiencies impacting landfill risk management.
Structural dimensioning is based on simplified equivalent calculation. This
thesis and literature have shown that leachate increases hydraulic conductivity
(Xue & Zhang, 2014; Bradshaw & Benson, 2014; Ashmawy et al., 2002). In practise,
any of the risk assessments, design or environmental permits of the examined 12
landfills did not take into account the possibility that e.g. the protection capacity
of reservoir sides could change because of increasing hydraulic conductivity.
According to Forget et al. (2005), holes were generated in the geomembranes
holes after installation. Katsumi et al. (2001) and Park et al. (1996) have
introduced the waste stream calculation equations for pollution. E.g. reservoirs
include leachate during the whole life-cycle of the landfills. The reservoir’s
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environmental protection structures have been typically designed equally
compared with the waste filling bottom structures or recycling field. Drainage
pipes and a drainage structure have typically been installed over the bottom
structure to avoid a hydraulic gradient. However, a reservoir could hold a couple
of meters leachate over a similar bottom structure as under the waste filling.
Therefore, reservoirs could become risk factors because the structures are
designed according to waste filling, not the reservoir’s demands.
Many of the modern landfills have been established alongside old landfills
that do not have any artificial protection layer under the waste embankment. For
example, one reservoir was located in the middle of the old and modern bottom
structures. Even if the old landfill has been sealed a few years ago, the leachate
could migrate from the waste to the soil. The migration could be identified from
the control water samples by increased concentration. It could not be able identify
the pollution target if the reservoir leaks or old landfill leaks, because the location
of the reservoir.
According to the EC directive and Government decision, reservoirs should be
able to protect the environment at least 30 years after landfill sealing and duration
could be much longer depending on aftercare. In many landfills, the total lifecycle during the active and passive phase could be over 50 years. Landfill bottom
structures have been designed to protect the environment at least 30 year after
sealing, but the structures were not protected under the waste from changes in the
weather. According to literature, none of the geomembranes have been tested for
50 years under the local weather conditions in Finland. If the geomembrane is
damaged, what will the protection capacity of the artificial protection structure
under the reservoir be like after 30 years, taking into account different phenomena
and meteorological changes? By focusing on the combined effect of wettingdrying, freezing-thawing and leachate migration through the holes, none of the
landfill managers, designers or authorities have knowledge of the combined
effects on reservoirs or the recycling fields life-cycle to protect the environment.
In the future, landfills owners should focus more aggressively on the critical
aspects of environmental protection and avoid possible pollution. This thesis has
raised several essential points which have been typically downplayed or ignored.
Leachate plays the main role in a landfill’s impact on the environment, but the
impact of leachate on the features and tolerance of materials has been explained
straightforwardly. Also, human influence on a landfill is very important issue.
Landfills are closing in on human residential areas, and the impacts could be two133

way. More attention should be paid to site management and residential areas in
risk assessments. It could be concluded that in practice the focus should be on the
future and the better evaluation of future challenges, like waste prospects.
5.4

Evaluating the research

The calculations will be not valid if some of the properties or the equation is
changed. The theoretical calculation takes into account only the bottom layers
over the soil. The soil has an influence on the results, but it has to be examined
before inclusion in the calculation. Consequently, the soil has been ignored, and
the calculations have been carried out with an equation which describes the
seeping of harmful substances through the landfill bottom. The vertical dimension
is assumed to be the dominant direction, and calculations have been made onedimensionally according to Jaiswal et al. (2011).
The landfill waters that were used in this study consisted of water from leachate
basins, including solids; and the waters were visually estimated to be of a similar
colour. While in the canister, the water became aged and precipitated as some of the
heavier particles sank to the bottom, and a lighter-coloured residue formed on the
surface of the leachate. The solid matter in the water may have affected the results as
it may have remained in some of the samples or formed compounds or sorbed within
the sample.
Artificial water was manufactured in a laboratory. Potential causes for unreliable
results are the accuracy of the measurement scales, the thoroughness of the rinsing of
the containers used in the measurements and the filling of the measurement bottle up
to the mark on the bottle precisely. Regarding the artificial water, the unreliability of
the acquired results was affected by the initial concentrations and chemical character
of the water rather than the manufacturing process.
All samples were stored in the same place at a constant temperature and insulated
from any contact with air as well as possible for the duration of storage. Interaction
between the clay matter and air may cause changes in the dampness of the sample,
and thus affect the outcome of the test.
Errors in measurement results are either parasitic or systematic and result from
both integral errors in measurement devices and errors in measurements. Parasitic
errors are caused by errors in the readings of a measurement device. These errors,
however, do not have a significant impact on the reliability of the results in this study
since the measurement devices were operated by a single person throughout the
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examination and the operator was both trained to perform the task and highly
experienced in such tasks. Systematic errors in the results are usually caused by a
device that is not functioning properly or by an improperly calibrated or broken
device.
The repeatability of the hydraulic conductivity tests depends to a great extent on
the stability of the characteristics of the testing material even when the same batch of
samples is used. The results of the tests in which the results of triplicate
measurements show similar tendencies and values are reliable. On the other hand, in
tests in which parallel measurements have not been taken, the reliability of the results
is supported by the fact that nothing uncommon was found in the samples during their
unpacking and that they appeared similar to the eye when compared with each other.
5.5

Further studies

During this research, a number of further study themes have emerged. The themes
below are proposed as a continuation of this study.
i) National Landfill Directive interpretation’s influence on the
environment. In Finland, the design process for landfill structures
takes into account only the artificial geological barrier while the
ground is ignored. This kind of interpretation differs from the
interpretations of some other European countries. It would be
important to evaluate how the national Landfill Directive
interpretation influences the environment in Finland and for
example in Germany, Sweden and Denmark.
ii) Environmental risk assessment of existing landfills
From the perspective of direct and indirect risks to the atmosphere,
lithosphere and hydrosphere, landfills are very different in terms of
their location. None of the surface or bottom layer structures is fully
capable of protecting the environment in the long term. A risk
assessment model, or a method like the SRA method, should be
used for analysing the existing landfills for potential risks to the
environment. Also develop to identify risk factors and the ranking
factors.
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iii) Contaminant transport phenomena’s influence on the environment
and groundwater in different geological circumstances. In this
study, calculations have been made for various mineral liner
materials’ contaminant transit times. The national interpretation of
the Landfill Directive must be updated taking into account all of the
transport mechanisms and geological circumstances influencing the
environment. All transport mechanisms do not affect soil
materials in the same manner. Consequently, further research
could focus on materials which have typically been used in
landfill bottom layers and the soil materials below the landfill.
iv) Landfill life-cycle modelling. Harmful substances may seep from the
landfill to lower layers over decades should there be no adequate
protection. For example, in MSW landfills, energy production keeps
the landfill active for a couple of decades after the waste has been
sealed. According to previous studies, it is theoretically possible to
develop a landfill life-cycle model that helps to understand landfills’
influence on the environment.
v) Landfill in the future. In the future, landfills could be temporary
storage areas. This could affect the landfill risk assessment because
the waste material content will be changed, the storage time-frames
vary depending on the waste and new techniques might demand
special properties of the protection structures. Landfilling must
adapt to updated European and local regulations.
The topics for future studies above could be implemented as combined laboratory
and field experiments supported by modelling. Many of these research topics require
large-scale studies and several years of field measurements to quantify and qualify the
overall and general patterns of process variations. This study provides a good starting
point and background information for these topics, which need further research in the
future.
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