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Abstract: Anthropogenic waste products utili-
zation for old landfills rehabilitation. The paper
presents remedial problems of old large sanitary
landfills, particularly of embankments type. One
of the main problems on a such kind landfills is to
secure slope stability. The stability reinforcement
methods consist of retaining walls, berms (con-
structed with selected waste materials), geogrids
and mattress constructed of scraped tires. Metal-
lurgical slag backfill material can be used for fil-
ters protection of leachate drainage and for tech-
nological roads construction on the landfill. The
applied slope reinforcements and assurance of the
proper performance of the leachate drainage in the
landfill are of the greatest importance for the land-
fill slope stability and further use of landfill areas.
Above mentioned aspects are described on the ex-
ample of large landfill, localized nearby Warsaw.
Radiowo landfill was founded in 1962, and now is
at the end of the period of its operating and there-
fore remedial works have been undertaken there.
In the future Radiowo landfill area will be adopted
for recreation and sports purposes (view points,
skiing, cycle roads etc.).

Key words: landfills; recycling; slope stability;
leachate drainage, erosion protection.

INTRODUCTION

The problem of rehabilitation of old
landfills is start discussed since the 1990
(Daniel 1993; Jessberger et al. 1993) and
still is actual (Gourc 2010; Katsumi et al.
2010; Birle et al. 2010). Earlier, the man-

agement of such sites usually focused on
covering the waste with a layer of ran-
domly collected soil, without attention
paid to the principle rules of earth works.
Presently, remedial works are understood
as a series of engineering and biological
activities, related to complete removal
of the hazards posed by the landfills on
the surrounding environment. Proper
remedial works should begin already at
the stage of landfill exploitation (Koda
1999, 2011).

Remedial works on old landfills can
utilize various types of waste products,
such as: ballast wastes and debris for
the formation of slopes and roads sta-
bilization, used tires for reinforcements
improving the stability of slopes and
protection against erosion, diluted leach-
ates for plants irrigation and technologi-
cal roads spraying, debris and aggregate
for filter and drainage layers, as well as
compost from waste for the remediation
cover on the landfill surface. An example
of utilizing such waste materials in the
rehabilitation of Radiowo landfill, is pre-
sented. Table 1 presents particular sites
within the landfill where the particular
waste materials have been applied in the
remediation process.
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INVESTIGATION AND DESIGN
OF LANDFILL REHABILITATION

The basic waste disposal surveys in old
landfills for remediation purposes should
include:

* Analysis of exploitation documenta-
tion (if existing), defining the kind
and age of wastes, as well as unpre-
dictable events (fire, landslides, dan-
gerous wastes, etc.),

» Waste disposal quantity survey, using
GPS equipment,

* Recognition of hydrogeological con-
ditions in the landfill basement and its
vicinity,

» Analysis of soil, surface and ground-
water pollutants (“background”),

» Evaluation of the state and mechani-
cal parameters of wastes,

* Description of protected areas and
objects in the landfill vicinity,

» Assessment of the composition and
volume of the produced landfill bi-
ogas.

Remedial works on old landfill often
require exceptional solutions with regard

to hydrogeology, sanitary engineering,

geotechnics and land management (Koda

2011). Due to the variability of physio-

graphic and hydrogeological conditions,

particular projects should not be applied
to different objects without earlier inter-
pretation of survey data.

According to the project, typical re-
medial works on the Radiowo landfill site
(old embankment type landfill) include:

* Modernization of the melioration
system in the area surrounding of the
landfill,

* Construction of a bentonite vertical
barrier surrounding landfill (lateral
isolation),

* Construction of “finger” drains in-
take leachates from bottom of landfill
berm, drainage on the slopes, periph-
eral drainage and reservoir trenches
around the landfill,

» Construction of a recirculation system
of leachate and rainwater from the com-
postory (retention reservoirs, pump sta-
tions, micro-irrigation system),

* Shaping of the landfill by non-com-
posted wastes, including construction

TABLE 1. Specification of waste products applied for the rehabilitation Radiowo landfill

Waste material

Purpose of application

Site of utilisation

Slope reinforcement, shaping

Ballast wastes the landfill body Berms
Used tires Horizontal reinforcement Landfill body near slopes,
mattresses slopes within the landfill

Aggregate from steel slag

Filter layer, road aggregate

Drainage cover, technological
roads for heavy equipment

Building debris, crushed ballast
wastes

Road aggregate

Technological roads

Waste compost

Remediation layer, grass
‘carpets’

Landfill slopes and crown

Landfill leachates, compostory
rainwater

Plant irrigation, water recircu-
lation

Landfill slopes and crown
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of berms and mattresses from used
tires for the improvement of slope
stability,

* Construction of main entrance road
to the landfill with elements of road
safety,

* Construction of technological roads
at the base of the landfill and on the
technological plates on the slopes,

» Isolation of the landfill surface (min-
eral cohesive soil layer),

» Formation of the surface remediation
layer from compost made of munici-
pal wastes,

* Introduction of selected vegetation
on the landfill surface.

The most of above mentioned con-
struction were built with the use of waste

products, specified in Table 1.

SLOPE REINFORCEMENTS
USING WASTE PRODUCTS

The landfill slopes should have an in-

clination at 1:3+1:2.5, what assumes

the stability of introducing vegetation
on their surface (Koda and Gtazewski

2006). In the case of old landfills, the

slope gradients were mnot controlled,

therefore landslides often occur on them,
causing expansion of the landfill on the
neighbouring area.

In the case landfill threat, activities
should be undertaken to improve the sta-
bility. The most common methods of im-
proving the slope stability include:

* Decrease of slope inclination (when
there is enough space area at the base
of landfill),

» Retaining walls, crib buttresses or
berms constructed with non-com-
posted wastes,

» Constructions made of reinforced soil
(e.g.: geogrids, horizontal reinforce-
ments, also with the use of tyre mat-
tress).

One of the main assumptions in the
remediation of the Radiowo landfill with
non-composted wastes was assertion of
slope stability. Due to the close vicinity
of a street, the northern slope was sup-
ported by a retaining wall; locally the
slope inclination was limited, and in the
upper part it was reinforced with five
horizontal geogrid layers.

From the west, the landfill lies adja-
cent to a side-track of the Warsaw Steel-
works. Additionally, a gas pipeline is
located near the slope base. The slope
gradient was 1:1.28 at a height of ca.
60 m, which favoured the formation of
landslides. Due to restricted area in the
vicinity of the landfill, the lower part of
the slope was reinforced by a berm, and
the upper part — by a single layer of ge-
ogrid PE and three layers of mattresses
made of used tires (Figs. 1 and 2). To as-
sure the required resistance, eight reels
of PP tape were used for each tire con-
nection. Such solutions are often used
in geotechnical practice (Audeoud et al.
1990; Dembicki et al. 1994; Horodecka
et al. 2002). A drainage layer with a re-
turn-filter grain size was constructed in
the base of the berm in order to remove
leachates from the landfill base, and the
outer layer of the berm was constructed
from cohesive soil acting as a mineral
sealing of the landfill cover. The scheme
of the stability analysis for the landfill
slope is presented in Figure 3.

From the east and south, the landfill
slopes were reinforced by berms con-
structed with waste materials (Figs. 4
and 5). Berm construction allows to ob-
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FIGURE 1. The western cross-section of the landfill slope with reinforcements
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FIGURE 2. Preparation of mattresses made of used tires to reinforce of western landfill slope

tain additional volume for the building-
in of wastes, which is an advantage with
regard to the diminishing space for new
landfill localizations. The applied rein-
forcements and assurance of the proper
performance of the leachate drainage in
the central part of Radiowo landfill are of
the greatest importance for the slope sta-
bility. The stability factors of reinforced
slopes are higher than 1,3.

DRAINAGE AND FILTER
LAYERS IN LEACHATE
RECIRCULATION SYSTEM

Capture and management of leachates
from the landfill is, beside isolation, one
of the most important systems ensuring
the protection of the soil-water envi-
ronment. Usually, mineral (aggregates,
stoneware) or artificial materials (pipes,
geotextiles), selected on the basis of hy-
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FIGURE 5. Stability analysis of the eastern landfill slope reinforced by berm constructed with selected

wastes

draulic criteria, permeability and clog-
ging resistance, are used for the construc-
tion of drainage and filtration systems
(Koda and Paprocki 2000). Waste materi-
als such as sands from filtration deposits,
aggregates from steel slags, and selected
building debris can also be applied as fil-
ters. Figure 6 shows an example of us-
ing sand from filtration deposits from a
water supply station and aggregate from
steel slag for filters protecting drainages.
The filter from steel aggregate is also a
route for heavy equipment, which usu-
ally cause deterioration of slabs.

In Radiowo landfill, due to manage-
ment of leachates and rainwater from the
compostory in a recirculation system,
peripheral drainage has been replaced by
trenches reservoirs, to which lead “fin-

ger” drains leading leachates from the
base of berms. A scheme of the ground-
water protection system constructed
around the landfill at the slope base is
presented in Figure 7. The plan of the
landfill site management with drainage
elements and system of leachate recircu-
lation is presented in Figure 8. The main
element of this system is a leak-tight ba-
sin in the landfill crown (Fig. 9), from
which water is pumped on the surface.
The total volume of retention reservoirs
for leachates in the recirculation system
reaches ca. 8000 m>. The surface of the
landfill has been sub-divided into zones
with different water retaining capacity
(Fig. 8) in order to select relevant irriga-
tion doses. Leachates on the landfill sur-
face are distributed with the application
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FIGURE 7. The groundwater protection system against leachate in Radiowo landfill

of infiltration-vaporiser reservoirs, port-
able systems of rain water irrigation and
a micro-irrigation system. The leachate
recirculation system is exploited in the
landfill site since the late 1990s (Koda
and Zakowicz 1998). In this period there
were no significant surplus leachates in
relation to the forecasted water balance
of the landfill.

PLANT COVER
IMPLEMENTATIONS
ON THE LANDFILL SURFACE

Beside the applied and planned techni-
cal remedial works, it is also essential to
introduce a vegetation cover on the land-
fill (biological remediation). The plant
species introduced on the landfill surface
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FIGURE 9. The leak-tight basin for leachate recirculation in the landfill surface

and the protected zone should be charac-
terized by the following properties (Pa-
chuta and Koda 2004):

ecological, i.e. resistance to toxic gas
exhalations from the landfill, expan-
siveness and competition in relation
to the existing species, etc.,
biological, i.e. large biomass increase
and high transpiration, formation
of diverse settlings, easy spreading,
well-developed root system and good
coverage of the area for erosion pro-
tection,

economical, i.e. available plant ma-
terial, low costs of gaining seeds and
seedlings and their implantation in con-
ditions of continuous watering, etc.
The scale of this event and the com-

plexity of problems linked with the uti-
lization of municipal waste and landfill
remediation require the application of
interdisciplinary technical and biological
solutions. Complex methods of landfill
remediation include:

groundwater protection against pollu-
tion on areas adjacent to the landfill,

e.g. through construction of cut-off
walls barrier,

landfill body formation ensuring the
stability of slopes, formation of a min-
eral cover system ensuring conditions
for the introduction of vegetation,
utilization of compost produced from
waste for covering landfill slopes,
construction of leachates capturing
and management or remediation sys-
tem,

planting and sowing the landfill sur-
face with selected plant species,
utilization of diluted leachates for ir-
rigation of vegetation growing on the
landfill,

leachate recirculation to increase wa-
ter evaporation,

selection of plant species for ecologi-
cal management of the landfill area
and its protection zone, proposal of
enrichment of the vegetation in the
protection zone with application of
existing biological potential and hab-
itat conditions.
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Plant species most resistant to the un-
favourable environmental conditions are
those whose representatives have spon-
taneously appeared on the slopes. A sur-
vey of the vascular plants growing on the
landfill and in its protected area supplied
data for the selection of species adapted
for growth in this environment (Fig. 10).

ing and hydraulic properties, as well as
assure the slope protection against ero-
sion. The porous structure of the geotex-
tile or geogrid allows easy penetration of
plant root systems to the mineral cover
layer. Selection of reinforcing material
was based on its mechanical properties
and source material for its production.

FIGURE 10. Vegetation on the western slope of the landfill

An experimental field was installed
in the Radiowo compostory in order to
assess the possibility of using compost
from municipal wastes to produce grass
compost-geotextile carpets (Krzywosz
and Koda 1997). The field was localized
on concrete place, where an experimental
production of geo-composite (grass car-
pet) was commenced. The grass carpet
was composed of three main elements:
reinforcing material, substrate and spe-
cific selection of grass species. The re-
inforcing material included needled geo-
textile (G) and geogrid (Gs) with selected
physical, hydraulic and mechanical pa-
rameters. Geosynthetic reinforcement is
supposed to link the particular elements
of the grass carpet, increase its reinforc-

Application of polypropylene guaran-
tees long-term maintenance of these
properties even in the aggressive envi-
ronment of a municipal waste landfill.
Three groups of ready-made grass seed
mixtures were used for sowing on the
grass carpets, i.e. lawn type (MT), pas-
ture type (MP) and garden type (G). The
substrate was composed of a mixture of
sand and enriched compost in a specific
ratio. A variation with pure compost was
also tested. Compost with the three fol-
lowing volume proportions: 1S/1C — 1:1
(1 part sand + 1 part compost), 1S/2C
— 1:2 (1 part sand + 2 parts compost)
and C — pure compost (100% compost)
was applied as the substrate. A scheme of
the experimental field to produce grass
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carpets is presented in Figure 11. The
plants were irrigated with technologi-
cal water flowing from the compostory
plant, which is another advantage due to
the fact that they are transported on the
protected areas of the Kampinos Nation-
al Park. Systematic increase of the grass
undergrowth was observed. Well-devel-
oped root system of the grass carpets was
obtained after 6 weeks of field installa-
tion. The grass carpets were built-in onto
the slopes of the landfill (Fig. 12) for fur-
ther observation.

85

Assessment of the sodding state of the
landfill slopes were carried out after 1,
2 and 6 years, after the carpet building-
in. Despite the change in the taxonomic
composition of the plant assemblage, the
experimental slope is characterized by
even and dense sodding, significantly
better than the slopes covered with tra-
ditional vegetation. This type of vegeta-
tion is the first stage of the formation of
a succession of stable plant communities
on the slopes of the remediated landfill.
The slope is stable after ten years of grass
carpets existence.
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FIGURE 11. Scheme of the experimental field for grass carpets with waste compost utilization
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FIGURE 12. Grass carpets introduction

-

CONCLUSIONS

Rehabilitation of old landfill sites is
a usually a long-term process, requir-
ing non-conventional and complex
technical as well as biological activi-
ties. Waste material can be effectively
used in the remedial works.

Stability of the high slopes of em-
bankment landfills is assured by the
formation of berms with application
of ballast wastes, debris and waste
soils. This solution allows to obtain
additional capacity to waste disposal.
Lateral reinforcements of the landfill
slopes and protection against erosion
are assured by the application of mat-
tresses made of used car tires.

Filter layers and leachate drainage can
be made with application of waste ag-
gregates such as: utilized deposits for
water filtering, aggregates from steel
slags and crushed debris, in the case
when permeability and clogging re-
sistance criteria are fulfilled.
Compost from municipal wastes is a
good substitute of humus to form a
remediation layer on the landfill sur-
face. Better sodding and formation of

i
into the landfill slopes

oy,

undergrowth is obtained by the utili-
zation of compost in the production
of grass carpets reinforced with geo-
textiles. Grass carpets are good pro-
tection of the slopes against erosion
and allow a succession of stable plant
cover.

Irrigation of the vegetation on the
landfill slopes and technological roads
in dry periods can be accomplished
by using diluted leachates, managed
in the recirculation systems.

Proper application of waste materials
proves the high effectiveness of re-
medial works and effectively reduces
costs of activities undertaken.
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Streszczenie: Wykorzystanie odpadowych pro-
duktow antropogenicznych do rekultywacji sta-
rych sktadowisk odpadow. Celem prowadzonych
prac rekultywacyjnych na sktadowiskach odpa-
dow jest zapewnienie bezpieczenstwa geotech-
nicznego oraz wyeliminowanie negatywnego
oddziatywania na $rodowisko i przystosowanie
tych obiektow do przyszlego zagospodarowania.
Rekultywacja sktadowisk odpadow jest procesem
dlugotrwatym, stwarzajacym mozliwos$ci zasto-
sowania nietypowych rozwiazan inzynierskich.
Do przeprowadzenia zabiegow rekultywacyjnych
na starych sktadowiskach odpadéw moga by¢
wykorzystane réznego rodzaju materialy antropo-
geniczne, takie jak: odpady balastowe z kompo-
stowni i gruz budowlany do ksztattowania skarp
i stabilizacji drog technologicznych, zuzyte opony
samochodowe do wzmocnien poziomych w celu
poprawy warunkoéw statecznosci skarp i zabez-
pieczen przeciwerozyjnych, rozcienczone odcieki
ze sktadowiska do podlewania roslinnoéci i drog
technologicznych, gruz i kruszywo odpadowe
do zasypek filtracyjnych i warstw drenazowych
oraz kompost z odpadéow do tworzenia warstwy
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rekultywacyjnej na powierzchni sktadowiska.
W pracy przedstawiono przyktady wykorzystania
materialow antropogenicznych do rekultywa-
cji sktadowiska Radiowo k/Warszawy. W pracy
przedstawiono réwniez do$wiadczalng produkcjg
dywanow trawiastych na bazie kompostu wytwa-
rzanego z odpadow, ktdre wykorzystano do stabi-
lizacji i zabezpieczenia przeciwerozyjnego skarpy
sktadowiska. Wykorzystanie materialow antropo-
genicznych bylo uwzglednione w projektach bu-
dowlanych rekultywacji i obliczeniach konstruk-
cyjnych, w tym w analizie statecznosci skarp.
Omowiono wyniki badan i obliczen projektowych
oraz kilkunastoletnich obserwacji zachowania sig
konstrukcji inzynierskich wykonanych z wyko-
rzystaniem materiatow antropogenicznych.

Stowa kluczowe: sktadowiska, statecznos¢ skarp,
drenaze odciekow, ochrona przeciwerozyjna.
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