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Abstract: This paper concerns a case study presenting one of the biggest landfills in Poland that
required application of complex engineering works to extend the deposing capacity of the structure.
The shear strength parameters of the subsoil and waste material used for analyses were based on
geotechnical investigation and were then applied in slope stability analyses of the landfill. For
the purpose of safety management of the new development and reclamation plan for the landfill,
an observational method was applied to increase the geotechnical safety of the structure. The
slope reinforcement methods mainly included the geogrid, geocomposite, and berms construction.
However, much of the uncertainty associated with the stability of the geogrid-reinforced slope is
related to the time-dependent deformation of geosynthetic materials. For the purpose of changes in
the geogrid parameters with time, the samples were excavated from the landfill slope after 20 years of
exploitation and analyzed in the laboratory. The tests allowed precise determination of the material
properties, changing geometry, and mechanical properties like tensile strength and strain. Obtained
results were compared to parameters of the brand-new geogrid samples. The tests indicated only
insignificant changes in geosynthetics, physical, or mechanical performance properties, and the slope
has not been compromised in its stability or performance.
Keywords: slope stability; landfill; limit equilibrium method; observational method; geosynthetics;
adaptive design

1. Introduction
Landfill engineering mainly deals with preventing or mitigating the effects of environmental
threats and nuisance. One of the major concerns when designing an embankment-type landfill or
preparing a reclamation plan is the geotechnical safety of the structure. When analyzing the overall
stability of a landfill, the main task is to precisely determine the mechanical and elasticity parameters
of the landfill to evaluate potential displacements and to analyze the scenarios of waste-built slope
failures [1]. Decomposition of landfill waste and its characteristics depends upon many factors such as
waste composition, compaction, initial moisture content, inhibition, rate of moisture transport, amount
of oxygen available, changes in a wide range of pH values, temperature, and other factors [2,3]. The
rate of chemical and biological reaction in a landfill generally increases with temperature and moisture.
Waste decomposition in landfills tends to take place slowly over a very long period of time [1–4].
Municipal waste deposited on landfills is a highly geotechnical and diverse material, depending on
the morphological composition, age, and state of compaction. For all these reasons, when it comes
to evaluating or modeling the geotechnical behavior of the entire structure, the task becomes very
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much challenging. This refers mainly to deformation and slope stability analyses of embankment-type
landfills. Due to continuous operation of the landfill, the main challenge in the present study was to
control the entire process of geometry engineering to assure full safety of the entire structure. For
this purpose, the pioneering solution at that time was the introduction of observational methods
as an approach allowing the necessary modifications to a development plan at every stage of the
geotechnical work [5,6]. This method allows the introduction of continuous amendments to design
solutions during the construction, exploitation, and reclamation process at landfills. At that time,
and even nowadays, the approach of applying similar solutions is not usually used for contaminated
sites. Predicting the behavior of a landfill body and the subsoil is a very challenging task. It is mainly
due to difficulties in the precise determination of waste material parameters and adopting accurate
computation models. Observational methods also allow back-analysis to be used to investigate the
material properties and perform validations of predicted behavior of the landfill subsoil and structural
elements [7]. The present study concerns an old municipal landfill with geometry that needed to be
adjusted and engineered due to waste capacity expansion requirements, for a very limited area. For this
purpose, a number of slope improvement techniques were used. They mainly involved geosynthetics
applications, a dewatering system design, and retaining wall and berm construction. Geosynthetics
have recently found wide application in the design and construction of embankment-type landfills.
This application has been triggered by the economic and technical advantages that geosynthetics can
offer when compared to more traditional materials [8–10]. The geogrids used in the construction
process should maintain their performance characteristics up to 100 years, according to the standards.
Due to the ageing process, present especially at such sites as landfills, the life design of the geogrid
would depend on the exploitation time [11,12]. The short-term effects such as installation damage
that reduce the maximum tensile strength decreases the allowable tensile strength of the material. A
creeping process, aging by oxidation and abrasion, is also of major concern as it results in long-term
strength loss [13–16]. One of the main challenges on landfills is to secure the slope stability. However,
given the conditions prevailing at waste landfills, the geosynthetics are exposed to a very hazardous
environment. Several ageing or degradation mechanisms can occur in the geosynthetic materials
depending on the exposure conditions (time, environment) and polymer used. Due to the varied effects
of the surrounding environment (e.g., mechanical stresses by load, changes in a wide range of pH values,
and high temperatures), geosynthetic materials can be exposed to different degradation processes,
for example, degradation by swelling, thermal degradation, chemical degradation, degradation by
extraction, biological degradation, and oxidative degradation [17–20].
The present paper reports a case study concerning an old municipal landfill located in the capital
of Poland, Warsaw. It required the application of a solution to meet the waste deposition demand
without expanding the original area. The mechanical parameters of the subsoil and waste material
were based on complex geotechnical investigation and laboratory tests and were then applied in landfill
slope stability analyses using the limit equilibrium method. For the purposes of safety management
for the reclamation process and adopting a new development plan, an approach named observational
method was applied to increase the geotechnical safety of the structure during the reclamation process.
Such an approach has not been previously presented in the literature for landfill sites. The slope
reinforcement methods mainly included the geogrid, geocomposite, and berms. The geosynthetics
originally built in were considered as new material that could help solve discussed issues. However,
the main unknown of the research was how they would interact with anthropogenic materials over
time. The overall idea on the purpose of the study is given in Figure 1.

(investigated by using CPT and WST test) was confirmed. To further investigate the mechanical
parameters of waste, there was also a trial embankment constructed, filled with waste, and
overloaded with concrete slabs to induce the slope failure so another set of back-calculations for
confirming the CPT and WST test results could be performed. Such broad verification of material
properties
allowed
reliable computations of the factor of safety for other slopes on the landfill. 3 of 14
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Figure 1. Lateral reinforcements of landfill slope to improve the factor of safety (FOS).
Figure 1. Lateral reinforcements of landfill slope to improve the factor of safety (FOS).

2. Materials and Methods

The in situ tests for Radiowo landfill were performed in 1993–1999. The investigation was
2.1. Site Investigation for Establishing Landfill Waste Properties
performed to determine waste mechanical parameters for the stability analysis and settlement
prediction,
ascase
wellofasRadiowo
the estimation
ofthe
bearing
thetolandfill
access
road foundation.
The
In the
landfill,
main capacity
challengefor
was
precisely
determine
the geotechnical
other
group
of
field
tests
was
a
geotechnical
investigation
including
DPT,
WST,
and
CPT
tests
[4].
parameters of waste built into the slope so the further stability analyses results could be reliable.
The
WST
generally
performed parameters
in the vicinity
of the were
main investigated
road constructed
on the
landfill
For
thiswas
purpose,
the mechanical
of waste
by using
three
mainbody.
groups
Tests
were These
repeated
when
a thicknesstrial
of waste
of 5and
m was
reached. The
results
for the
of tests.
were
back-analyses,
loading,
geotechnical
in situ
tests were
(coneused
penetrometer
quality
control
of thesounding
road foundation
compaction.
The average
amount
of on
N20the
(number
of blows
forthe
test, CPT;
weight
test, WST;
dynamic probe
test, DPT).
Based
obtained
results,
20parameters
cm penetration)
waste was
and 5 for
waste.
The amountFor
of N
20 increased twice
as
couldfor
befresh
established
and10
adopted
forold
further
computation.
back-analysis
methods,
much
disposing
waste selected
was separated
with sand
layers.
The itself.
CPT investigation
reached
therewhen
werethe
three
cross-sections
and surveyed
on the
landfill
After investigation
of athe
depth
of approximately
onknowing
those results,
the of
effective
internal
friction
angledocumented
for waste
landslide
that occurred25
in m.
theBased
past, by
its factor
safety and
having
a precisely
feltslip
was
withinitthe
range
of φ’to= back-calculate
25–45°. However,
in some particular
locations,
values dropped
surface,
was
possible
the mechanical
parameters
of thethe
slope-filling
material.
down
to
φ’
=
20–24°.
These
values
were
obtained
after
having
considered
waste
as
non-cohesive
During the failure, the location of layers of the weakest parameters (investigated by using CPT and
soils.
confirmed
the presence
of the
waste
cohesion.
The CPT of
test
interpretation
for a
WSTThe
test)test
wasresults
confirmed.
To further
investigate
mechanical
parameters
waste,
there was also
waste,
analogically toconstructed,
cohesive soils,
gave
total shear
strength of τwith
fu = 80
kPa forslabs
non-composted
trial embankment
filled
witha waste,
and overloaded
concrete
to induce the
and
τfu =failure
90 kPaso
foranother
municipal
The geotechnical
parameters
ofCPT
waste
material
areresults
presented
inbe
slope
set ofwaste.
back-calculations
for confirming
the
and
WST test
could
Table
1.
performed.
Such broad verification of material properties allowed reliable computations of the factor
of safety for other slopes on the landfill.
Table
Sheartests
strength
for municipal
waste obtained
from diver’s
The in1. situ
for parameters
Radiowo landfill
were solid
performed
in 1993–1999.
Theapproaches.
investigation was
performed
to
determine
waste
mechanical
parameters
for
the
stability
analysis
Waste Material
Γ [kN/m3]
Φ [°] C [kPa]
Testing Methods and settlement
prediction, as well as the estimation of bearing capacity for the landfill access road foundation. The
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25
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other group of field tests was a geotechnical investigation including DPT, WST, and CPT tests [4]. The
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were repeated when a thickness of waste of 5 m was reached. The results were used for the quality
control of the road foundation compaction. The average amount of N20 (number of blows for 20 cm
penetration) for fresh waste was 10 and 5 for old waste. The amount of N20 increased twice as much
when the disposing waste was separated with sand layers. The CPT investigation reached a depth
of approximately 25 m. Based on those results, the effective internal friction angle for waste felt was
within the range of ϕ’ = 25–45◦ . However, in some particular locations, the values dropped down to
ϕ’ = 20–24◦ . These values were obtained after having considered waste as non-cohesive soils. The test
results confirmed the presence of waste cohesion. The CPT test interpretation for waste, analogically
to cohesive soils, gave a total shear strength of τfu = 80 kPa for non-composted and τfu = 90 kPa for
municipal waste. The geotechnical parameters of waste material are presented in Table 1.
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Table 1. Shear strength parameters for municipal solid waste obtained from diver’s approaches.
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2.2. Geosynthetic Lateral Reinforcements
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and tensile stiffness of the polymer. The geometry and main mechanical properties of the geogrid used
at the landfill site are presented in Table 2 and Figure 2.

Table 2. Mechanical properties of uniaxial geogrid.
Table 2. Mechanical properties of uniaxial geogrid.
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2.3. Observational Method Approach Adopted in the Present Study
The exploitation and reclamation of a landfill is a long-term process that requires applying
interdisciplinary approaches. However, the crucial part determining the effectiveness of the process is
the geotechnical structures incorporated within the landfill site (namely, reinforcing structures, barriers,
cut offs). The landfills can be considered as earth engineering structures filled with anthropogenic
material with associated protection systems such as liners, drainage, and reinforcements. The
engineering works on a landfill require the application of certain rules when waste layering, compaction,
or even reinforcing structures designed for steep slopes on embankment-type landfills. Due to the
long-lasting reclamation process and its complexity, so-called observational methods are becoming

(a)

(b)

Figure 3. (a) Scheme of tire junction with PP- polypropylene tape, and (b) tire mattresses built in the
landfill slope;
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more popular in landfill engineering practice [5,6]. An observational method in geotechnics is a
continuous, controlled, and integrated design process. It is considered an execution process control tool,
monitoring system, and a review method allowing the introduction of an initially defined modification
during the working (a)
plan execution. The objective of the observational(b)
method is the reduction of
investment expanses with the simultaneous increase in safety level of the investment. The method
Figure 2. (a) Geometry of uniaxial geogrid and (b) landfill slope reinforced with geogrid;
could be applied in the early stage of design or after completing certain tasks if the benefits derived
from its use were identified at earlier stages of the investment process [21]. The observational method
In addition, in order to improve the stability of the slopes, a berm was constructed as a
is always a combination of a common geotechnical site investigation, theoretical modeling, and plans
geo-composite consisting of a mattress made of used tires. The tires were tied up with PPfor unpredicted scenarios. Using only monitoring results, the structure safety is assured to not be
polypropylene tape connected with PE- polyethylene clips (Figure 3). In order to ensure the required
enough according to the international standards [22,23]. The key is to identify the potential failure
strength of the connection corresponding to the strength of the tires, 8 coils of tape were used for a
mechanism. The investigation needs to be designed carefully so the state limits are monitored. They
single joint. The entire structure (berm reinforced using tires) was used to load the toe of the landfill
always need to be comprehensively conducted and executed in a strict manner.
slope to improve the geotechnical safety.

(a)

(b)

Figure
Figure3.3.(a)
(a)Scheme
Schemeofoftire
tirejunction
junctionwith
withPPPP-polypropylene
polypropylenetape,
tape,and
and(b)
(b)tire
tiremattresses
mattressesbuilt
builtininthe
the
landfill slope;
landfill slope.

The effectiveness
of Approach
the observational
mainly
depends on the flexibility of the management
2.3. Observational
Method
Adopted method
in the Present
Study
system. It is necessary that the alternative plans are validated and applied at every stage of the
investment process. Drawing the limit boundaries in the observational method before engineering
works execution is a challenging and complex task. It requires the use of sophisticated estimation
models depending on the analyzed process. The key factor here is developing an effective control
program and comprehensive monitoring. The method, when applied in geotechnical engineering,
mainly covers monitoring implementation and setting the boundary levels, and, when exceeded,
allows appropriate decisions to be made regarding further stages of the investment. It allows execution
works or repetitions of analyses to be improved and amendments to the project to be made. In the
observational method, there is a rule of threshold settings. These are the boundaries determining the
timescale for taking appropriate action. There are usually two decision-making levels:
(1)
(2)

Warning level, indicating the shifts in forecasted values, leaving space for introducing (or not)
corrections in the design process,
Limit level, indicating the shift in forecasted values that requires immediate response and
introducing an alternative solution.

In the case of having the warning or limit levels exceeded, or any other threats appearing, the
traffic lights system could be adopted to describe each phase of the work or decision-making stages.
The system is presented in Figure 4. The different colors indicate different threat levels.
(1)
(2)

Green; the measured values are lower than the alarming ones (orange); it is a safe stage (level 1),
Orange; the values exceed admissible levels, more data control is required here, and there is a
little risk of failure (level 2),
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Red; it is considered after the values exceeded alarming levels; to prevent serviceability limit
states, immediate action needs to be taken (level 3).

Such an approach was used in the present study, of which the results are presented and discussed.
The method is a novel solution when it comes to landfill reclamation processes and gives an opportunity
to provide
much
safer process of managing contaminated sites.
Appl.
Sci. 2020,a10,
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Figure 4. Observational method approach used in the present study.
Figure 4. Observational method approach used in the present study.
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slopes should be engineered or reinforced, to assure the overall stability. In 1993, reclamation works on
the landfill began. They included safety improvements in terms of engineering the landfill body. To
reinforce the slope and to improve the bearing capacity of the access road to the landfill, a retaining
wall was also constructed (south-east landfill slope on Figures 6 and 7). By the further carving of the
slope, installation of a horizontal uniaxial HDPE geogrid was also proposed. The reason for such
heavy modifications was that on the southern slope, the space was very limited due to land ownership
issues. The main objective of the reclamation works was to allow as much disposal of municipal waste
on the landfill as possible. However, due to the composition of the ballast waste, which did not meet
the specific filling material requirements, a new method of compaction and slope filling was adopted.

3.1. Slope Stability Analyses Incorporating Reinforcements
For the purpose of determining the locations of most probable slope failures on the landfill,
there was a network of benchmarks installed at the site. The network helped in defining failure
endangered zones, for which the approach of the observational method was applied. It allowed the
analysis
of the
vertical and horizontal displacement measurements of the landfill body during
Appl.
Sci. 2020,
10, 1572
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exploitation time [24,25]. This type of monitoring system allowed the evaluation of the behavior of
all slope movement influenced by different groundwater flow conditions, and engineering works
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limit equilibrium method (LEM) [26]. The result for a selected cross-section is presented in Figure 5.
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Figure 6. Geotechnical safety assessment based on “traffic lights” approach applying observational
Figure 6. Geotechnical safety assessment based on “traffic lights” approach applying observational
method framework—no slope reinforcements.
method framework—no slope reinforcements.

3.2. Mechanical and Physical Parameters Analyses of Geogrids
This section focuses on the mechanical and physical parameters of HDPE geogrids used for the
reinforcement of slopes in an old sanitary landfill. The analyzed HDPE geogrid was installed more
than 20 years ago (in 1993). The geogrid was excavated in November 2013 and was then tested by
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Figure 7. Geotechnical safety assessment based on “traffic lights” approach applying observational
Figure
7. Geotechnicallandfill
safety assessment
based on “traffic lights” approach applying observational
method
framework—with
slopes reinforcement.
method framework—with landfill slopes reinforcement.

As mentioned previously for the slope stability analyses, the observational method approach of a
traffic lights system was adopted. Such an approach had not been considered in any other case studies
available in the scientific literature at that time. To classify the safety of landfill slopes, three different
levels of computed factors of safety (FOSs) were set:
(1)
(2)
(3)

Green color - FOS > 1.3, the slope is safe (risk level 1), does not require further action (continuous
monitoring and maintenance is required).
Orange color - FOS = 1.3–1.1, alarming condition (risk level 2), stability uncertain, extensive
monitoring required, reinforcements application depending on results.
Red color - FOS < 1.1, possibility of exceeding ultimate limit state (risk level 3), it is necessary to
adopt an alternative plan and immediate changes in the project.
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Based on the FOS results presented in Table 3 it is clear that the safety condition on most of the
landfill slopes before the reclamation was classified as alarming or exceeded. It was confirmed by
the number of local slope failures and cracks observed in the past on the slopes (eastern slope on
cross-section III especially—Figure 6). After the reinforcements were introduced, almost in every
cross-section, the safety was increased to “green” levels. The results can be seen in Figure 7, where
the displacement monitoring and numerical computations were used to present the conditions of the
landfill body. After the reinforcement works were accomplished, the calculated factors of safety felt
were in a safe zone (Figure 7). The western slope (cross-section II) indicates an FOS value of 1.27, but
according to observation, the slope is stable, with well-established vegetation cover and no signs of
potential failure to occur in the future.
Table 3. The results of the stability analysis for the Radiowo site according to Bishop method [22].
FOS
Slope Cross-Section

Northern -I
Western -II
Eastern -III
Further Western -IV

Bishop Method

Reinforcement

Inclination change (geogrid)
Berm (tire mattress)
Berm
Berm and retaining wall

Without
Reinforcement

With
Reinforcement

1.04
1.14
1.06
1.18

1.36
1.27
1.36
1.33

3.2. Mechanical and Physical Parameters Analyses of Geogrids
This section focuses on the mechanical and physical parameters of HDPE geogrids used for the
reinforcement of slopes in an old sanitary landfill. The analyzed HDPE geogrid was installed more
than 20 years ago (in 1993). The geogrid was excavated in November 2013 and was then tested by
using several laboratory methods [27–31].
Three samples of geogrids were collected from the landfill after 20 years of exploitation, and
the sample size had a width of approximately 1.0 m and length of about 1.20 m. The samples were
excavated from the upper layer of the structure, which consists of five layers and is located at the
access road to the landfill.
Physical and mechanical compositional tests have been performed on the specimens, which were
provided by the manufacturer and also on exhumed geogrid samples.
The physical and mechanical test results are reported as arithmetic averages with standard
deviation and are listed in Table 4. The tests were performed on multiple specimens: For physical
properties testing, 10 samples were used, and to measure mass per unit area, only one sample was used.
For the mechanical properties measurement, five samples were tested. The ultimate tensile
strength falls in the range from 42.63 to 52.55 kN/m and the strain in maximum load ranges from 5.28%
to 7.41%. The average values of the ultimate tensile strength for aged samples are 48.92 kN/m. Given
that the geogrid is mostly exposed to mechanical factors during installation, the value is assumed to be
high [32]. The comparison of laboratory tests of exhumed geogrid samples (Table 4), using typical
values given by the geogrid supplier, indicates that the change in average value of the tensile strength
was from 55 to 48.92 kN/m and the average value of elongation at maximum force was from 11.2% to
6.4%. The physical test results (i.e., rib and cross-machine direction (CMD) bar thickness, aperture size
values) show no significant change in dimensional properties throughout the 20 years of service.
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Table 4. Mechanical and physical characteristics of the geogrid determined based on laboratory tests.

Tests

Physical

Mechanical

Specific
Standard

Parameters
Mass per unit area
(g/m2 )
Aperture Size (mm)
Rib Thickness (mm)
CMD Bar Thickness
(mm)
Mean Tensile Strength
(kN/m)
Mean Strain at
Maximum Load (%)
1

New Sample 1

PN-EN ISO
9864 [27]
PN-EN ISO
9863-1 [28]
PN-EN ISO
10319 [29]

Exhumed Samples
Mean
Value

Standard
Deviation

500

532

-

140
0.95

140.24
0.97

1.56
0.0078

2.5 ÷ 2.7

2.70

0.0640

55

48.92

4.20

11.2

6.40

0.89

manufacturer information.

For the purpose of estimating the influence of geogrid strength changing over time on the landfill
slope, analyses of local stability were performed. There were two scenarios considered. One when
the slope was reinforced with a newly built-in geogrid and another for conditions where the geogrid
was exploited on the landfill for 20 years. The analyses (Figure 8a,b) were performed by using LEM
incorporating lateral reinforcements [33,34]. The slope stability analyses incorporating reinforcements
used the approach of the pull-out resistance, which can be specified if passive resistance is the dominant
stress transfer mechanism. Passive resistance refers to the development of bearing-type stresses on
relatively stiff members of the reinforcement that are situated normal to the direction of pull-out. The
method of calculation applied Bishop’s method of slices. Incorporating reinforcements during the
calculations is achieved by employing reduction factors.
Appl. Sci. 2020, 10, x
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(a)

(b)
Figure
Figure 8.
8. Slope
Slope stability
stability analyses
analyses for (a) newly built geogrid of nominal tensile strength of 9.61 kN/m,
and
and (b)
(b) geogrid
geogridafter
after20
20years
years(measured
(measuredtensile
tensilestrength
strengthof
of42.63
42.63kN/m).
kN/m).

For the first case (Figure 8a), the strength parameters for the geogrid were applied as recommended
4. Conclusions
by the manufacturer: 9.61 kN/m long-term strength [35]. For the latter scenario, the factor of safety
The characteristics
of actual
a landfill
structure
the long-term
of reclamation
create
was computed
based on the
geogrid
tensile and
strength,
determinedprocess
in a laboratory
using samples
suitable conditions
for application
of the
and displacement
excavated
from the slope
after 20 years
of observational
its exploitationmethod.
(Figure The
8b). monitoring
The geotechnical
parameters
analyses,
and
determination
of
the
geotechnical
parameters
of
waste
material,
allow
successful
of the filling material were adjusted and increased due to compaction and sand mixing
of the
waste.
application
of
such
an
approach
especially
in
the
safety
management
of
such
demanding
sites.
The
In this particular location, an access road to the landfill crest was designed. To increase the bearing
proposed
method
was
used
here
to
expand
the
volume
of
the
landfill
and
the
exploitation
time.
The
capacity of the road, the waste material was mixed with a sand fraction and heavily compacted using
engineering equipment.
works at the
siteparameters
allowed thewere
volume
of the For
landfill
to be extended
by sub-base:
as much as
appropriate
New
as follows:
the landfill
access road
γ
3
800,000
m
,
which
increased
the
capacity
to
a
further
7
years
for
waste
disposal
at
the
site.
The
study
3
◦
3
◦
= 17 kN/m , ϕ = 27 , c = 10 kPa; and for waste filling the slope: γ = 14 kN/m , ϕ = 23 , c = 15 kPa.
The parameters of the subsoil remained unchanged as there was no deep soil reinforcements applied.
The computed factors of safety for the two considered cases were FOS = 1.31 and 1.45, respectively,
for the geogrid of nominal tensile strength of 9.61 kN/m and laboratory-tested value of 42.63 kN/m.
Such a significant difference is caused by applying different security coefficients in the past, when no
standards for design were used. According to the applied safety regulation, FOS = 1.45 is sufficient
and meets the “traffic light” standards used for the purposes of the present study.
4. Conclusions
The characteristics of a landfill structure and the long-term process of reclamation create suitable
conditions for application of the observational method. The monitoring and displacement analyses,
and determination of the geotechnical parameters of waste material, allow successful application
of such an approach especially in the safety management of such demanding sites. The proposed
method was used here to expand the volume of the landfill and the exploitation time. The engineering
works at the site allowed the volume of the landfill to be extended by as much as 800,000 m3 , which
increased the capacity to a further 7 years for waste disposal at the site. The study revealed that
the assessment of geotechnical stability threats could be performed using a “traffic light” system,
determining the safety levels depending on the factor of safety results. The use of the observational
method allowed the comprehensive recognition of processes occurring at the landfills and can lead to
achieving expected results if the method is applied appropriately. Such an approach is not commonly
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used in the reclamation process, which makes a significant contribution to current environmental
geotechnics and land restoration and remediation, especially for landfill sites.
The present study also showed a variety of geosynthetic applications in landfill engineering. The
use of such materials in severe operating conditions showed their usefulness and applicability. It was
proven that application of geosynthetic materials in this case was an appropriate solution.
HDPE geogrid parameters analyzed in the laboratory tests, after 20 years of continuous service
in the municipal waste landfill, showed only minor parameter changes compared to the brand-new
material. No significant deterioration of the geogrid’s mechanical parameters was observed. The
tensile strength mechanical damage reduced by no more than 10%–20%. Such tests are quite unique, as
it is not a common practice to excavate geotextile reinforcement samples after 20 years of service. The
slope stability analyses for the reinforced landfill slope applying the modified geogrid tensile strength
and geotechnical parameters of the filling material were presented. The design revealed that the FOS
increased as much as 10% after 20 years of landfill exploitation due to the increase in real resistance of
the geogrid measured in the laboratory.
The reinforcements using geogrids with layers of anthropogenic material as a result gave a
significant improvement of over-stability of the slopes. Such approach has been widely used also
as a reinforcement component on number of environmentally valuable, or very much challenging
sites [36]. The major challenge in this particular case, which was the expansion of landfill capacity,
was successfully accomplished. By using waste material for construction purposes, meeting the
environmental and sustainable development European standards was possible. All the observations,
both field and laboratory tests, did not show the negative impact of anthropogenic soils on the
properties and behavior of geogrids used in the present study. However, further observations and
investigation need to be continued.
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