CHAPTER XIV. SANITARY LANDFILL

A. Introduction

L eft unmanaged and uncontrolled, solid wastes openly dumped on the land: 1) generate liquid
and gaseous emissions (leachate and landfill gas) that can pollute the environment, and
2) represent a breeding ground for disease-bearing animals and microorganisms. Other risksto
the public health and safety and to the environment are also posed by the uncontrolled land
disposal of solid wastes.

Sanitary landfilling, which is the controlled disposal of waste on the land, is well suited to
devel oping countries as ameans of managing the disposal of wastes because of theflexibility and
relative simplicity of the technology. Sanitary landfilling controls the exposure of the
environment and humans to the detrimental effects of solid wastes placed on the land. Through
sanitary landfilling, disposal isaccomplished in away such that contact between wastes and the
environment is significantly reduced, and wastes are concentrated in a well defined area. The
result is good control of landfill gas and leachate, and limited access of vectors (e.g., rodents,
flies, etc.) to thewastes[1-3]. The practice of sanitary landfilling, however, should be adopted in
accordance with other modern waste management strategies that emphasise waste reduction,
recycling, and sustainable development.

Currently, the implementation and practice of sanitary landfilling are severely constrained in
economically devel oping countries by thelack of reliableinformation specific to these countries,
aswell asby ashortage of capital and properly trained human resources. This chapter attemptsto
partially fulfil the need for information by including explanations and descriptions of
technol ogies and procedures proven appropriate in practice. There are explanations of underlying
principles and directions for putting the technologies into practice. The chapter provides basic
information for designing and implementing a well engineered sanitary landfill. Emphasis is
placed on technologies and operating practices that generally are available to, and compatible
with, conditions in economically developing nations. The coverage is sufficiently broad to
encompass the conditions that are characteristic of the relatively high levels of industrialisation
that are found in many of the large metropolitan areas, aswell asthose that are characteristic of
the conditions of the less industrialised communities, both large and small.

B. Basic principles
B1. DEFINITION

All definitions of “sanitary landfill” call for the isolation of the landfilled wastes from the
environment until the wastes are rendered innocuous through the biological, chemical, and
physical processes of nature. Major differences between the various definitionsarein the degree
of isolation and means of accomplishing it, as well as in the requirements for monitoring and
closing thefill and in maintaining thefill after itsactivelife. Inindustrialised nations, the degree
of isolation required usually is much more complete than would be practical in developing
nations. Not surprisingly, the means of accomplishing the high degree of isolation in developing
nations are complex and expensive.

In order to be designated asanitary landfill, adisposal site must meet the following three genera
but basic conditions: 1) compaction of the wastes, 2) daily covering of the wastes (with soil or
other material) to remove them from the influence of the outside environment, and 3) control and
prevention of negative impacts on the public health and on the environment (e.g., odours,
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contaminated water supplies, etc.). However, meeting all specific aspects may betechnologically
and economically impractical in many developing countries. Therefore, the short-term goal
should be to meet the more important aspects to the extent possible under the existing set of
technical and financial circumstances. Thelong-term goal should beto eventually meet dl of the
specific aspects of the design and operating conditions. Only when afill meetsall of the specific
conditions will all of the benefits associated with a sanitary landfill be realised. The most
important condition isthe prevention of negative impacts on public health and the environment.
The basic design and operating aspects of a sanitary landfill in terms of routes of impact outside
thefill and of meeting the three basic conditions are illustrated in Figure XIV-1.
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Figure X1V-1. Schematic diagram of basic aspects of a sanitary landfill
B2. PLANNING for alandfill

For thischapter, planning involvesthe collection of information on type, amount, generation rate,
and characteristics of the wastesto be accepted for landfilling. Acquisition of thisinformationisa
prerequisiteto rational design and efficient and effective devel opment of alandfill. For example,
knowledge of the composition of the waste stream destined for landfilling leads to an awareness
of possible opportunities for recycling or reuse of certain constituents of the waste stream.
Indeed, it should be noted that the underlying assumption isthat reduction and recycling are the
preferred courses of action, and that landfilling is indicated only when reduction and recycling
are unfeasible, and isintended for the residue | eft after recycling.

C. Landfill processes

Physical, chemical, and biological processes are discussed in this section. Of the threetypes, the
biological processes probably are the most significant. However, the biological processes are
strongly influenced by the physical and chemical processes. Thelast part of thissection considers
some of the consequences of the three types of processes.

C1. PHYSICAL

In general, significant physical reactions in the fill are in one of three very broad forms:
compression (compaction), dissolution, and sorption. Because settlement is an invariable
accompaniment of compression, thetwo usually are discussed together. Smilarly, dissolution and
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transport are closely associated phenomena, although not to the same degree as compression and
settlement. All components of the buried fill are subjected to the three processes.

Compaction is an ongoing phenomenon that begins with compression and size reduction of
particles by the compacting machinery and continues after the wastesarein place. The continuing
compression isdue to the weight of the wastes and that of the soil cover (burden). Sifting of soil
and other fines is responsible for some consolidation. Settling of the completed fill is an end
result of compression. This settling is in addition to the settlement brought about by other
reactions (e.g., loss of mass due to chemical and biological decomposition).

The amount of water that entersafill has animportant bearing on physical reactions. Water acts
asamedium for the dissolution of soluble substances and for the transport of unreacted materials.
The unreacted materials consist of animate and inanimate particulates. Particle sizesrange from
colloidal to several millimetres in cross-section.

In atypical fill, the broad variety of components and particle sizes of the wastes provides
conditionsthat |ead to an extensive amount of adsorption, which isthe adhesion of moleculesto a
surface. Of the physical phenomena, adsorption is one of the more important because it brings
about theimmobilisation of living and non-living substancesthat could pose aproblemif allowed
to reach the external environment. It could play an important part in the containment of viruses
and pathogens and of some chemical compounds. Adsorption doeshaveitslimits, oneof whichis
its questionabl e permanency. One or several factorscan alter permanency. For example, it can be
altered by the effect of biological and chemical decomposition on adsorption sites.

Absorptionisanother of the physical phenomenathat takesplaceinafill. Itissignificantinlarge
part because it immobilises dissolved pollutants by immobilising the water that could transport
them and suspended pollutant particul ates out of the confines of thefill. Absorption isthe process
whereby substances are taken in by capillarity. Most of the absorption potential of landfilled
municipal waste is attributable to its cellulosic content. However, it should be recognised that,
excepting fills located in arid regions, eventually all absorbent material in a fill becomes
saturated. Consequently, absorption may be regarded as being only a delaying action as far as
pollutant release is concerned.

C2. CHEMICAL

Oxidation is one of the two major forms of chemical reaction in afill. Obviously, the extent of
the oxidation reactions israther limited, inasmuch as the reactions depend upon the presence of
oxygen trapped in thefill when thefill was made. Ferrous metals are the componentslikely to be
most affected.

The second major form of chemical reaction includesthe reactionsthat are dueto the presence of
organic acids and carbon dioxide (CO,) synthesised in the biological processes and dissolvedin
water (H20). Reactions involving organic acids and dissolved CO, are typical acid-meta
reactions. Products of these reactionsarelargely themetallicionsand saltsin theliquid contents
of thefill. Theacidslead to the solubilization and, hence, mobilisation of materialsthat otherwise
would not be sources of pollution. The dissolution of CO, inwater deterioratesthe quality of the
water, especialy in the presence of calcium and magnesium.

C3. BIOLOGICAL

Theimportance of biological reactionsin afill isdueto thefollowing two results of thereactions:

325



1. The organic fraction is rendered biologically stable and, as such, no longer constitutes a
potential source of nuisances.

2. Theconversion of asizeable portion of the carbonaceous and proteinaceous materials into
gas substantially reduces the mass and volume of the organic fraction.

At this point, it should be remembered that a fraction of the nutrient elements in the waste is
transformed into microbial protoplasm. Eventualy, this protoplasm will be subject to
decomposition and, hence, it makes up areservoir for breakdown in the future.

The wide variety of fill components that can be broken down biologically constitute the
biodegradable organic fraction of MSW. This fraction includes the garbage fraction, paper and
paper products, and “natural fibres’ (fibrous material of plant or animal origin). Biological
decomposition may take place either aerobically or anaerobically. Both modes come into play
sequentially in atypical fill, in that the aerobic mode precedes the anaerobic mode. Although
both modes are important, anaerobic decomposition exerts the greater and longer lasting
influence in terms of associated fill characteristics.

C3.1. Aerobic decomposition

The greater part of decomposition that occurs directly after the wastes are buried is aerobic. It
continues to be aerobic until all of the oxygen (O,) in theinterstitial air has been removed. The
duration of the aerobic phase is quite brief and depends upon the degree of compaction of the
wastes, as well as the moisture content since the moisture displaces air from the interstices.
Microbes active during this phase include obligate as well as some facultative aerobes.

Because the ultimate end products of biological aerobic decompositionare*“ash”, CO,, and H,0,
adverse environmental impact during the aerobic phase is minimal. Although intermediate
breakdown products may be released, their amounts and contribution to pollution usually are
small.

C3.2. Anaerobic decomposition

Because the oxygen supply in a landfill soon is depleted, most of the biodegradable organic
matter eventually is subjected to anaerobic breakdown. This anaerobic decomposition is
biologically much the same as that in the anaerobic digestion of sewage sludge. Microbial
organisms responsible for anaerobic decomposition include both facultative and obligate
anaerobes.

Unfortunately, the breakdown products of anaerobic decomposition can exert a highly
unfavourableimpact on the environment unlessthey are carefully managed. The productscan be
classified into two main groups: volatile organic acids and gases. Most of the acids are
mal odorous and of the short-chain fatty-acid type. In addition to chemical reactions with other
components, the acids serve as substrates for methane-producing microbes.

The two principal gases formed are methane (CH4) and CO,. Gases in trace amounts are
hydrogen sulphide (H.S), hydrogen (H,), and nitrogen (N2). Landfill gas production,
management, and recovery are discussed in another section.

C3.3. Environmental factors

The nature, rate, and extent of biological decomposition in afill are greatly influenced by the
environmental factorsthat affect all biological activities. The nature of biological decomposition
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determines the nature of the decomposition products. Among other things, rate determines the
length of time during which the completed fill must be monitored and which must pass beforethe
“reclaimed” area(i.e., completed fill) can be put to use -- whether it befor recreation, agriculture,
construction, or other purposes.

One of the ways in which decomposition affects use of the completed fill isthrough its effect on
therate and amount of settlement (reductionin elevation), in that settlement isamajor constraint
on the use of the completed fill. Settling continues until biological decomposition has run its
course. Therefore, the higher the rate of decomposition, the sooner the site can be put to use. Both
research and demonstration studies have been performed over the past 5to 10 yearsto accelerate
biological decomposition of landfilled waste.

The principal factorsthat influence biological decompositioninaconventional fill are moisture,
temperature, and the microbial nutrient content and degree of resistance of thewasteto microbial
attack. Moistureis alimiting factor in afill a moisture content levels of 55% to 60% or lower,
because microbial activity isincreasingly inhibited as the moisture drops below the 55% level.
For practical purposes, it ceases at 12%. Therefore, decomposition can be expected to proceed
very slowly in fillslocated in arid regions.

The activity of most microbes increases with rise in temperature until alevel of about 40°C is
reached. For some types of microbes, the upper temperature is on the order of 55° to 65°C.
Because temperaturesin tropical regionsare more favourable, decomposition can be expected to
proceed more rapidly and to a greater extent in those regions.

With respect to nutrients, wastes characterised by a high percentage of putrescible matter
approach theideal interms of decomposition. Among the wastesthat fall into such acategory are
green crop debris, food preparation waste, marketplace produce waste, and animal and human
manures. It is likely to find such a combination of ideal decomposition factors in developing
countries in humid tropical regions of the world.

C4. IN-PLACE density and settlement
C4.1. Density

Representative densities of raw wastes are discussed in another section. Among the factors that
determine or influence in-place density (i.e., density after the wastes have been deposited and
compacted in the fill) are composition of the wastes and operational procedures. Progressive
settlement of the entire mass of the fill occurs as a consequence of decomposition and weight of
overburden.

Because of the effect of settlement, increasein density becomes a continuing phenomenon. The
in-place density of a properly operated, relatively deep fill can be on the order of 900 kg/m?;
whereasthat of apoorly compacted fill would be only about 300 kg/m?>. In the United States, the
usual range of density directly after compaction is on the order of 475 to 712 kg/m® [31].

C4.2. Settlement

Settlement is manifested by adecreasein volume of the affected mass and subsequent reduction
in elevation. For several reasons, thedrop in elevation isnot uniform throughout thefill. Thelack
of uniformity may be a serious constraint on the use of the completed fill. Undoubtedly, the
greater the organic fraction and the deeper thefill, the greater will be the extent of settling. Rate
of settling dependsin large part upon that of the decomposition of the wastes and, hence, upon
the factors that affect decomposition.

327



Because of the variations in the above factors and wide differences between operational
procedures encountered in sanitary landfill practice, it is not surprising that a similarly wide
variation exists between reported rates and the extent of settlement. Of thetotal settling, usually
about 90% takes place during thefirst year [31]. In arid regions, settlement may be only 3% after
three years, while that in subtropical regions may be as much as 20% after the first year. A.C.
Cheney [32] indicatesthat whereas no physical settlement may occur if theinitial density exceeds
1,060 kg/m?>, neverthel ess atheoretical settlement of 40% dueto waste decompositionispossible.
However, he points out that with placement densities between 650 and 1,200 kg/m?, annual rates
of 0.55% to 4.7% have been measured.

D. Types of solid wastes
D1. SIGNIFICANCE of waste types

The type of solid waste to be disposed is an important consideration in the design of a sanitary
landfill. Generally, sanitary landfills are considered to beland disposal facilitiesthat receive solid
wastes from residential, commercial, and industrial sources. The quantities and characteristics
(e.g., composition, etc.) of the solid waste define the general procedures to be employed in the
landfill operation. Furthermore, the type and composition of thewastes buried in thefill affect the
quantity and composition of leachate generated and of the gases generated within thefill. Other
considerations related to types of solid waste that affect the design and operation of landfills
include the risks and hazards to personnel arising from the corrosivity, severe toxicity, or other
dangerous property had by a particular waste.

D2. ACCEPTABLE wastes

Most solid wastes generated by residential, commercial, industrial, and agricultural sources may
be disposed in a sanitary landfill of modern design without necessarily directly or indirectly
endangering the well being of the public and the quality of the environment. For convenience of
reference, such wastesarereferred to as* acceptablewastes’ . In contrast, many typesof industrial
process wastes (as opposed to the wastes generated in the offices of industrial facilities) should
not be disposed in sanitary landfills but should be handled in specially designed landfills. These
wastes are referred to as “unacceptable wastes’. Wastes that are unacceptable should receive
specia evaluation to assess the particular risks associated with their disposal.

With very few exceptions, only those wastes for which a given facility has been specifically
designed should be accepted by that facility. An exception might be awaste that has been shown
to fit within the existing or appropriately modified design capacity of thefacility and that hasthe
appropriate biochemical characteristics. Unfortunately, in many of the poorer devel oping nations,
separation of wastes into acceptable and unacceptable categories is not practiced, nor is
separation feasible in the foreseeable future. In many devel oping countries, circumstances are
likely to be such that the only feasible course of action to gain some degree of control over land
disposal isto accept al solid wasteswithout exception. Thevery act of removing the wastesfrom
the open environment and placing them in a controlled land disposal facility would represent an
advancement over the indiscriminate disposal practices currently in existence.

Dewatered solids (i.e.,, sludges or, synonymously, biosolids) from municipal wastewater
treatment plants and water supply treatment plants (excepting raw sludge) can be regarded as
being acceptable wastes.
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D3. UNACCEPTABLE wastes

Ideally, the decision asto which wastes are to be deemed unacceptabl e should be made during the
planning process, should be made jointly by the responsible governmental agency and the
disposal site designer and operator, and should take into account the results of surveying large
waste generators (in particular, industrial waste generators) in terms of the quantities and
characteristics of their wastes. The wastes should beidentified in the landfill development plans
and frequent users of the disposal facility should be provided with alist of such wastes. Criteria
recommended for usein decisionsregarding acceptability should include the hydrogeol ogy of the
site; the chemical and biological characteristics of the waste; availability of alternative methods
for disposal, reuse, or recycling; environmental risks; and therisksto the health and safety of the
operating personnel and to the public.

Wastes that should require specific approval of the responsible government agency for
acceptance at the disposal site should include thosethat arelegally defined as* hazardous waste”
or wastesthat contain materialsthat are defined as* hazardous materials’ -- medical wastes, bulk
liquids and semi-liquids, sludges containing free moisture, highly flammable or volatile
substances, raw animal manures, septic tank pumpings and raw sludge, and industrial process
wastes. It should be noted that some animal wastes may be infectious because they contain
animal disease organisms that can be transmitted to humans.

The United States Environmental Protection Agency (EPA) promulgated a definition of
“hazardouswaste’ that isappropriate for industrialised and devel oping nations. According to the
definition, a waste is hazardous if it poses a substantial present or potential hazard to human
health or living organisms because: the waste is non-degradabl e or persistent in nature, it can be
biologically magnified, it can be lethal, or it may otherwise cause or tend to cause detrimental
cumulative effects [4].

D4. SPECIAL wastes

There are several types of wastes that are commonly termed “special wastes’, as previously
introduced and discussed in Chapter 11. Of these, medical (infectious) wastes and varioustypes of
sludges are commonly generated and disposed on the land in devel oping nations, and therefore,
should receive special attention. Quantities of other types of special wasteswill be considerably
reduced through extensive scavenging and recycling activities characteristic of developing
nations. Some of these wastes include institutional wastes, construction and demolition debris,
animal manures, and animal carcasses.

E. Quantity and composition of the wastes

The need for conducting a reliable waste characterisation program (accurate determination of
generation rates and composition) arisesfrom thefact that rational planning and sound decision-
making in solid waste management depends upon access to accurate and representative data
regarding generation rates and composition. Unfortunately for planners and decision-makers, the
quantity and composition of urban wastes vary not only from country to country, but also from
city to city and even from neighbourhood to neighbourhood within a city [5,6].

Descriptions of the proceduresthat can be used to determine the quantity, composition, and other
characteristics of the wastes are presented in Chapter I11.
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F. Site selection
F1. INTRODUCTION

Thelocation and characteristics of the site will determine the extent and nature of the impact of a
sanitary landfill on public health and the quality of the surrounding water, air, and land resources.
Among the adverse effectsthat can be substantially limited or even avoided through proper siting
of afill are: 1) pollution of air, water, and soil resources with chemicals, gases, and organisms
introduced or generated by landfilled wastes; and 2) a reduction of the aesthetic quality and
monetary value of adjacent properties. Evenwith the best design, itisvery difficult to completely
isolateall natural resourcesfrom the contaminantsand from theimpactsthat are mentioned in the
following paragraphs. Since this is the case, selection of the best possible site becomes an
extremely important matter. A prerequisiteto the selection isthe ability to determine which of the
available sites most closely meets al criteria demanded by a “best possible site” [7]. Another
factor that must be considered is the ownership and tenancy of land.

Site selection, particularly in the densely populated urban and suburban areas of industrialised
countries, has become a highly contested socio-political process. A typical procedure for
selecting a site either at the regional or local level in an industrialised country involves the
identification of fiveto ten possible sites. Thisstep isfollowed by apre-feasibility analysis. The
results of the analysis lead to the selection of two to five candidate sites. The next step of the
process is to allow the public to comment on the sites. Finally, adecision is made and a siteis
selected. The process of selecting alandfill sitein adeveloping country may be different from or
avariant of that used by an industrialised country.

Despite the importance of selecting the best possible site, in many devel oping countries (and in
many industrialised countries), most, if not all, choices are removed by pressures exerted onland
use by an increasing population density, widening urban sprawl!, and essential needs for food
production and commerce. If these conditions are overbearing, the only feasible course is to
locate sitesremotely from urban centres and depend on the use of transfer stations. Obvioudly, if
this course of action is taken, consideration must be given to the general trends and direction in
population growth and to the means of transporting wastes from the area of generation to the
remote disposal site.

Even though a set of unfavourable circumstances may prevent adherence to the criteria and
parameters for the selection of the best possible site, knowledge of them is of substantial utility.
For example, an awareness of the extent to which asite differsfrom theideal isinstructional for
identifying protective measuresto take against unfavourableimpacts of land disposal at lessthan
ideal sites. Asasecond example, if afill must beinstalled on ahillside that has a body of water
relatively closeto its base, interception and diversion ditches can be dug between thefill and the
body of water to divert runoff from the body of water.

Finally, as an essential part of the development of long-term land-use plans, the knowledge of
siting criteria can be used when assigning future uses to land disposal sites [66].

Several factors that are fundamental to the selection of a site will be discussed in this section.
Proper consideration of these will lead to the devel opment of adisposal facility that will protect
the quality of the groundwater and surface water resources, and of human life and habitation.

F2. USEFUL lifespan and area of site

Useful lifespan and area constitute the first of the factors and is determined by the following
parameters: depth of thefill; quantity, rate of delivery, and characteristics of the solid waste; and
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operating practice. The site should be selected such that the useful life of the fill is sufficient to
recover the capital investment. It is generally recommended that a landfill be designed for a
useful lifespan of at least ten years. Determination of the size of the site must include two
elements. gross area and useful fill area. Gross area is the total area within the property
boundaries. Useful fill area excludesthe areathat will be taken up by buffers, accessroads, and
soil stockpiles. Useful fill area may be about 50% to 80% of the gross area. A diagram of a
landfill isshown in Figure XI1V-2. Anindication of the usable land arearequired for one year of
operation, as determined by population size and density of the compacted waste, may be gained
from the curves plotted in Figures X1V-3 and X1V-4. Type of waste and operationa procedures
(including the amount of soil cover material) determine degree of compaction.

Security Road

24m Fill Area
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42m & Scde

Figure X1V-2. Plan view of a landfill
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The following formula can be used to calculate the useful life of a sanitary landfill:

L= \Vas
~ 365(Qp(1+ Fo)))

where:

o L =useful lifespanin years,

* Vr=volumeof selected sitein m?,

e Q,=quantity of solid wastesin m*day, and

e Fqs = quantity of cover material expressed as afraction of Qpin m°/day.

The quantity of waste can be projected using estimates of population. The estimate can be carried
out by using the following formula:

Qi = Qp(1+ N

where;

e Q = quantity of wastesto be collected in year “i”,

Qp = present annual quantity of wastes collected,

r = average annual growth rate in population as a decimal fraction, and
e n=number of years.

The surface area required for a particular volumetric capacity decreases as the depth of the
landfill increases. The area requirements can be calculated by using the following formula:

_Vr

AT

where:

e A =arearequiredin m?,

* V7 =tota volume of solid wastes and cover in m?, and
e h=average depth of fill in meters.

Based on the formula and as depicted in Figure X1V -4, the compacted density of the wastes and
soil have a substantial effect on the total volume and, therefore, on area requirements.

F3. TOPOGRAPHY

Regardless of type of site (e.g., abandoned coa strip mine, clay pit, natural depression),
topographic information isabasic requirement in the devel opment of an adequatefacility design
and determination of theimpact of the facility. Theimportance of topography arisesin part from
thefact that precipitation will pond easily on arelatively flat site. On the other hand, it may erode
an excessively steep site. In either case, operational difficulties are created. Slopes greater than
1% and less than 20% generally would be satisfactory. Topographic information is necessary in
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order to plan a surface water drainage system such that: 1) surface water is diverted around the
fill area; and 2) runoff from the waste is prevented from damaging the environment. In addition,
topographic information isrequired to accurately determine the capacity of the site and the type
and extent of excavation required.

A topographic map of the facility should have sufficient contour intervals to clearly indicate
surface water flow patternsin the general areaand in each operational landfill unit. Topographic
maps are available from a number of sources, or they may need to be developed using any of a
variety of land surveying methods. Useful information that may be recorded on the topographic
map includes:

e the 100-yr flood plain area,

e surface waters,

e current land use patterns (nearest households),

e water use wells,

e monitoring wells, and

e drainage or flood control barriers (dikes, levels).

M aps showing site topography before facility construction, during operation, and after closure
should be prepared. All maps should be labelled with map scale, date, and orientation.

F4. SOILS

The availability of soil of proper characteristics for the construction of bottom liners, of cover
systems, or both is usually one of the more important considerations when analysing and
selecting alandfill site. An advantage is had if sufficient quantities are on the site or nearby to
avoid the time and expense of securing synthetic materials or soils located remotely from the
potential fill.

In the event that the site does not have sufficient quantity of the required types of soil, the
materials must be imported to the site. If importation is necessary, the site should have enough
space for soil storage. Sufficient soil should be stored to satisfy the needsfor five to seven days.

Soil surrounding thefill influences contaminant migration and provides afoundation for facility
structures. Important soil propertiesare: particle size distribution (gradation or texture); structure;
strength; porosity; activity; depth; spatial distribution; quantity; liquefaction potential;
relationships between moisture, density, and permeability; and workability.

The classification and analysis of properties of soils is a well established science. There are
several classification schemes available. The most popular scheme is the Unified Soil
Classification System (USCS). A listing of some of the USCS soil typesis presented in Table
XIV-1, along with some of their properties.
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Table XIV-1. Some typical properties of soil classes

Soil | Description Permeability Optimum Maximum
Class (cm/sec) Moisture Dry Density
Content (%) (kg/m?)

GW | Same as GP (except well- (27+£1.3)x 10 <133 > 1908
graded in grain sizes) 2

GP Gravel, very gravely sand (6.4 + 3.4) x 107 <124 > 1763
(less than 5% silt and clay) 2

GM | Very gravely sand and >3x 10"’ <145 > 1827
loams

GC | Vvery gravely loams and >3x 1077 <14.7 > 1845
clays

SW | Same as SP (except well- N/A 13.3+25 1908 + 80
graded in grain sizes)

SP | Sand, gravely sand (less >15x 107 124+ 1.0 1763 + 32
than 20% very fine sand)

SM Loamy sand, sandy loam; (7.5+4.8) x 10 145+04 1827 £ 16
sand; gravely sands and 6
loams

SC | Sandy clay loam, sandy (3+2)x 10”’ 14.7+0.4 1845 + 16
clay; gravely clay loams
and clays

ML | Silt, silt loam, loam, sandy (5.9 + 2.3) x 10 19.2+0.7 1651 + 16
loam !

CL Silty clay loam, clay loam, (8+3)x 108 17.3+0.3 1731+ 16
sandy clay

OL Mucky loams N/A N/A N/A

MH | Silt, silty loam (1.6 + 1) x 10”’ 36.3+3.2 1314 + 64

CH | Silty clay, clay (5+5)x 10°® 255+ 1.2 1507 + 32

OH | Mucky silty clay N/A N/A N/A

Source: Reference 4.

Information regarding the strength of soils that serve as foundation for overlying facility
components is required. Information is needed regarding the site’ s soil permeability (hydraulic
conductivity -- usually in unitsof cm/sec) sincelandfill design must consider seepage through the
foundation.

For economic reasons, onsite soils should be used for soil liner construction, cover material, and
drainage layers to the extent permitted by the quantity and characteristics of the available soils
and asrequired by the general conditions of the site. The volume of soil available onagiven site
isafunction of sitetopography, groundwater depth, depth of trench excavations, ultimate height
of thefills, and properties of the soils. In the United States, volume required for cover purposes
generally ranges from 1 part soil for every 3 to 8 parts waste by volume. For small landfills, the
ratio may be ashigh as 1 part soil to 1 part waste.

Two major considerationsfor using onsite soil are the ease with which the soil can be excavated
and the seasonal variations in workability (e.g., clay-like silt when dry, moist, or frozen).
Regarding engineering properties, well drained soils are suitable for drainage layersin leachate
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collection systems. Highly organic soils are generally unsuitable for most land disposal
applications due to their low strength and poor workability. An exception might be the use of
compost as daily cover material.

If abottom liner isrequired by the landfill design, the availability of suitable soil on the landfill
siteisasubstantial benefit. In general, the preferable soil isonewith apermeability of lessthan 1
x 10°® cm/sec when placed as the liner.

Three types of cover systems are usually employed in the construction of a sanitary landfill:
daily, intermediate, and final. Asin the case of bottom liners, the availability of suitable soilson
the potential landfill site for the construction of the cover systemsis beneficial and should be a
major consideration when analysing potential sites. The characteristics that are suitable for the
various cover systems are described later in this chapter.

F5. GEOLOGY

Information on the geology of a site is required for properly engineering a facility. Such
information servesthreeimportant purposes:. 1) identification of geological hazards, 2) provision
of information for facility design, and 3) assessment of vulnerability of the site to groundwater
contamination due to the hydrogeology of the site.

Much of the useful geological information for engineering purposesrelatesto bedrock -- namely,
depth to bedrock, bedrock characteristics, and condition of the bedrock. This information is
especialy useful if bedrock isat or near the surface and will serve as part of the foundation for
the facility.

The status of the bedrock has an impact on its stability as a foundation. Joints and other
discontinuities can provide hydraulic conduits and constitute pathways for migration of
contaminants. In the case that the fill has asynthetic liner (which isunlikely in most developing
countries), when the water table is high, these pathways may result on localised hydraulic
pressures or gradients on the liner.

Geological information isdifficult to acquire when an unstable terrain isinvolved. Theintegrity
of the structures on unstable terrain is especially vulnerable to natural or man-induced forces,

such asfloods, seismic displacement and deformation, volcanic activity, landslides, subsidence,
and weak or unstable soils.

F6. HY DROGEOLOGY

The potential to pollute the groundwater at the landfill depends, to a considerable extent, on the
hydrogeological characteristics of the site, such as:

e depthsto groundwater,

e nature and approximate thickness of water-bearing formations or aquifers near the landfill,
e quality of the groundwater upgradient of the landfill,

e sitetopography and soil type,

e soil infiltration rates at the site,

e effects of nearby pumping wells on groundwater beneath the site,
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e hydraulic conductivity and its distribution at and near the site,

e depth and nature of bedrock,

e horizontal and vertical components of groundwater gradients, and
e groundwater velocity and direction.

In an economically developing country, the determination of all of the relevant hydrogeol ogical
characteristics of a site may be an extremely difficult task. However, some of the data may be
available from government records, surveys, and maps. If these records do not exist, the geology
of the sitewill provide some information asto its hydrogeology. Other data may be collected by
interviewing local residents about floods (duration, levels, year, etc.).

The assessment of hydrogeol ogy should include classification of the groundwater underlying the
site, determining level and direction of flow, and evaluating the potential for groundwater
contamination. Pollution potential largely depends upon the extent to which the characteristics of
the site will control contamination of groundwater by the disposed solid wastes. Obvioudly, if
more than one site is available, the preferable site should be the one with characteristics that
would most impede groundwater contamination. Any problemswith thelevel of isolation of the
wastes from the groundwater should be compensated by protective measures (such asinstallation
of liners and initiation of groundwater quality monitoring), to the extent permitted by available
local economic, technological, and human resources.

Some of the most important characteristics associated with the obstruction of groundwater
contamination include surface and subsurface hydrogeologic conditions. These conditions
determinethe potential migration velocity of contaminants at the site. Some of the conditionsare:
physiographic setting, location of groundwater recharge areas, characteristics of the unsaturated
zone, characteristics of the uppermost aquifer, and depth of confining beds.

F7. PHY SIOGRAPHIC setting

The physiographic setting is a combination of climate, topography, stream density, and
geological structures.

Climate playsan important role on the design and operation of alandfill because of itsimpact on
the amount of rainwater that may infiltrate through the unsaturated zone and into a groundwater
system. Degree of infiltration depends upon the amount of precipitation, volume of surface
ponding and runoff, and the rate of evapotranspiration. Ambient temperature and relative
humidity also have an impact on infiltration, evaporation, and evapotranspiration. The potential
for groundwater contamination from awell designed and constructed landfill in arid and semi-
arid regions can be quite low. In the case of semi-arid and arid regions (annual precipitation
lower than about 10 cm), it may not be necessary to install a bottom liner or, consequently,
leachate management facilities. On the other hand, the potential is quite high in humid regions.
Theamount of rainfall, aswell asthetiming and intensity, are very important considerations. For
example, if rainfall is seasonal, the amount of rainfall during the wet season may be of such
magnitude as to allow significant infiltration even though the annual average rainfall may be
relatively low.

The tendency of precipitation to accumulate on flat sites and to erode on steep sites generally
limitsthe siting of landfillsto areasthat have anatural slope of morethan 1%, but |essthan 20%.
In general, high topographic relief areasarelessdesirablefor landfill siting than low relief areas.
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The preferenceisdueto the potential for rapid contaminant transport in the subsurface and rapid
water flow on the ground surface.

In an area in which streams are relatively close together, the potential of surface water
contamination increasesin locationsin which an unusually short underground flow path precedes
discharge of contaminants into a stream. However, the overall extent of any groundwater
contamination may be limited by nearby discharge points. The risk of surface water
contamination in areas of low stream density may be reduced due to attenuation of the
contaminants by subsurface media. On the other hand, widely spaced streamsmay asolead to the
development of larger and longer term groundwater contamination zones. However, theincreased
attenuation potential and reduced risk of surface water contamination associated with low stream
densities override the drawbacks of a large potential groundwater contamination area. In
summary, the general preferenceisto select sites characterised by low stream densities [8].

F8. GEOLOGY and soil characteristics

Knowledge of the geological structure and history of an areais needed to predict groundwater
behavioural characteristics. If sedimentary units are present or suspected, knowledge of the
depositional history of the region may reveal unsuspected discontinuitiesin apparently uniform
units (e.g., permeable channel deposit in alow permeability unit).

Permeability of the surrounding rocks and soilsisan important factor in eval uating the suitability
of an areaasapotentia sitefor alandfill. Although the primary permeability of asoil formation
generally refers to groundwater intergranular flow (flow aong the primary porosity), rate and
direction of flow are controlled by the flow along fractures, joints, bedding planes, and solution
cavities (secondary porosity). Secondary porosity may prevail when subsurface flow takes place
in carbonate terrains, metamorphic and igneous rocks, and folded and faulted sedimentary rocks.
Short circuiting may occur in situations in which secondary porosity is prevalent, inasmuch as
low permeability (secondary porosity) is less an obstacle to contamination than is high
permeability (primary porosity).

Unless control measures such as liners and leachate collection systems are implemented, ahigh
permeability near the ground surface allows contaminants to move relatively quickly to the
groundwater. Conversely, contaminants move slowly due to low permeability near the surface.
Conseguently, more timeis allowed for attenuation or for instituting remedial measures before
the groundwater becomes extensively contaminated. However, in such a situation, runoff of
contaminated water may increase surface and subsurface water contamination.

F8.1. Groundwater recharge

The potential for groundwater recharge to significant aguifers is one of the most important
considerationsin the evaluation of apotential landfill site[29]. Areasof natural recharge must be
avoided. Accordingly, the location of asite with respect to aregional groundwater flow system
must be defined, particularly if thesiteisin or closeto aprimary recharge area. Theintroduction
of contaminants in certain recharge areas may bring about migration of a contaminant over
considerable distance and long residence times for a contaminant within the agquifer before
reaching a discharge area.

Recharge areas are usually in topographically high areas where the water table may berelatively
deep. Conversely, the water tableiseither near or at the land surfacein discharge areas. Because
of a decrease in potential energy with depth, the flow component is primarily downward in
upland recharge areas; whereas, upward flow is the usua course in surrounding lowland
discharge areas. The groundwater flow may be mostly horizontal inlocations between the major
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recharge and discharge areasin laterally extensiveregional flow systems. Moreover, significant
recharge can take place between the major recharge and discharge areas. Finaly, an adequate
prediction of pathways of contaminant migration and determination of the recharge potential to
underlying aquifers presupposes the making of an assessment of vertical gradients at the site
under consideration.

The soil infiltration potential should be evaluated on asite-specific basis. Doing so may involve
making determinations of the unsaturated hydraulic activity of the soil, particularly the soil that
separatesthe bottom of the landfill from the uppermost aquifer. Such determinationsare useful in
determining the protective potential of the site against groundwater contamination by alandfill.

F8.2. Vadose zone

Thevadose zoneisthe zonethat lies between the surface of the land and the principal water table
(Figure X1V-5). Although the vadose zone is generally known as the “unsaturated zone”,
saturated regions may be found in some vadose zones. Examples of such regions are perched
water tables and tension-saturated zones. Vadose zone characteristics are important in arid
regions because the water table may belocated fairly deeply inthoseregions. Characteristicsare
less important in vadose zones in humid regions where the water table is shallow or in areas
where fractured rock media occur near the ground surface.

Y
« e

=

Soil Zone

Intermediate Vadose Zone

Vadose
Zone

Capillary Zone

Figure X1V-5. Diagrammatic sketch of vadose and
groundwater zones
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Among the physical, chemical, and microbiological characteristics of the vadose zonethat havea
bearing on the mobility, attenuation, or degradation of contaminants in the subsurface are:

e mineralogy,

e  porosity,

e Organic matter content,

e particle sizedistribution,

e soil horizons and structure,
e soilwater characteristics,

e cation exchange capacity,
e temperature,

e soil pH, and

availability of microorganisms.

A vadose zonethat offers substantial protection against groundwater contamination should have
the following characteristics. substantial thickness, a large capacity for adsorption and
degradation of potential pollutants, a uniform soil structure, and consisting of a material
characterised by low hydraulic conductivity.

Thelarge sorption capacity of strata containing clay-rich soilsis counterbal anced by thetendency
of contaminants to move around them rather than through them. This tendency minimises the
attenuation potential that may come from the presence of such strata. On the other hand, poor
sorption materials (sands) are usually very permeable.

F8.3. Uppermost aquifer

Theterm “aquifer” refersto ageologica formation in which the amount of saturated permeable
material issufficient to result in asignificant amount of water in wellsand springs. An aquifer is
classified as a“confined aquifer” if itstop is covered by an impermeable layer. If the top of the
water table represents the top of the aquifer, such an aquifer is classified as “unconfined”.

The uppermost aquifer should be carefully monitored because it is the portion of the saturated
zone that has the highest probability to be contaminated. It may be confined or unconfined.
Certain uppermost aguifers may not represent athreat to groundwater quality, for example, those
that do not have underlying aquifers, are not used for water supply, contain sorptive materialsto
attenuate potential contaminants, are deep, and are under a vadose zone that contains sorptive
materials.

F8.4. Underlying aquifers

The occurrence, characteristics, and usage of sources of groundwater that may underlie
uppermost aquifers are factors to be considered in evaluating the potential of a landfill to
contaminate groundwater. Considerations discussed for uppermost aquifers are applicable to
underlying aquifers. Factors of particular importance are type of existing and potential usage,
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flow components, ambient water conditions, and the thickness and properties of materials that
separate the aquifers. Among the factors that are the more effective in the prevention of
contamination of groundwater resources are aquifers that are separated by avery thick layer of
low permeability, sorptive materials or that lack direct hydraulic connectionswith the uppermost
aquifer.

F8.5. Summary of relationship between geological and hydrogeol ogic characteristics and
groundwater contamination

The combination of characteristicsthat would limit the risk of groundwater contamination isthe
following:

e The distance between the ground surface and the surface of the water in an unconfined
aquifer or the top of a confined aquifer is greater than 30 m.

e Thenet rechargerateislessthan 5 cm/yr.

e Thewater bearing unit is massive, dense, and unfractured.

e Thesoilsare moderately hard or impervious.

e Thetopographic gradient is steeper than 18%.

e Thevadose zoneis comprised of dense, impervious media.

e Thehydraulic conductivity for the water-bearing unit is less than about 0.4 m*/day/m?.

The greatest risk of groundwater contamination would be represented by the existence of the
following set of conditions:

e  Thedepth from ground surface to the water table is less than about 3 m.

e Thegroundwater rechargeis greater than 25 cm/yr.

e Theaguifers and vadose zones consist of irregular l[imestone or fractured basalt.
e Thetopographic gradient is less than 2%.

e Thehydraulic conductivity is greater than about 80 m*/day/m?.

A fairly concise grasp of the interrelation between the various geologic and hydrogeologic
factors, direction of leachate travel, and contamination of water resources may be gained from a
review of Figure X1V-6.

FO. VEGETATION

V egetation of concern ranges from the native types growing at the site to types planted as a part
of site preparation and maintenance. The types of vegetation include small trees, shrubbery,
herbaceous annuals, perennials, and groundcovers.

Trees and shrubs are planted to serve as a buffer; to reduce dust, noise, door, and visibility
problems; and for site beautification. A groundcover reduces or even eliminates wind and rain
erosion of thelandfill cover, improves aesthetic quality, and enhances moisture removal by way
of evapotranspiration. The amount of water removed through evapotranspirationissignificant. A
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groundcover is especially important because of its role in ensuring the long-term stability and
performance of the final landfill cover system.

Precipitation

|
|
|
|
!

€~ — — —

.
oy e e —

Surface Runoff
Groundwater

. | —

Leachate
Subsurface Movement
> Attenuati on\l/

- Permeable Sandstone Limestone, Solution

////////// Impermesble Shale e e

Source; Reference 31.

Figure X1V-6. Interrelation between climatic, topographic, hydrologic, and geologic
factorsin terms of leachate travel and groundwater contamination

F10. SITE access and transport

The cost of transport of waste to a potential site should be an important consideration during the
process of identifying a location for a disposal site. If this were the sole consideration, the
optimum location would be one located at the centroid of the waste collection area. However,
other considerations comeinto play, some of which may override the hauling cost consideration.
One such consideration is the declinein availability of land due to the constantly strengthening
competition exerted by other uses. Socio-political considerations and environmental concerns
also areimportant elements of the site selection process. The competing considerations could be
such that the siting of the fill may be so distant that a transfer station would be required.

The conditions of the roads leading to the landfill have an impact on the cost of the overall
system. Poor access both delays travel and damages vehicles. Thus, access to the site should
preferably be over paved roads or all-weather unpaved roads. In the case of the use of trailer
trucks to transport the wastes, the roads, bridges, and similar structures should be adequately
designed to support the loads.

F11. LAND use

Land useinvolvestwo considerations during the site selection process. 1) compatibility of use of
the sitefor the landfill with the present and future uses of adjoining land areas, and 2) availability
of soil for necessary cover material (discussed previously).

Regardless of the state of acountry’ s economic devel opment, availability of the site selected for
landfill dependsto alarge extent upon governmental and public acceptance. Hence, the degree of
compatibility of theintended fill with the usesintended for surrounding land areas hasimportant
social and political implications.
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A landfill places land use constraints not only upon the fill itself before, during, and after its
completion, but a so upon the use of the surrounding area. The constraints usually are determined
from due consideration of technical issues, land use compatibilities, and public policy. The
constraints should not be so severe that the satisfactory integration of the fill into the area's
master plan is prevented. Social and political overtones come into play when it becomes
necessary to convince the public that the integration can and will be made.

The future use of the surrounding area also has an important bearing upon the design and
operation of the fill. For example, it determines the amount of wastes that the fill must
accommodate and, consequently, it establishes the capacity required of the site. It also places
constraints upon the nature of the waste that could be disposed at the site. Future useand location
have an impact on the final shape, height, and contour of thefill.

On the other hand, proper siting of alandfill, including the construction of suitable access roads,
has the tendency to attract the development of low-income housing. Thus, adequate measures
must be taken to restrict intrusion into and around the site.

F12. ECONOMIC considerations in site selection

The cost of cover materials dependsin large part upon the availability of the materials. The cost
would be minimal if the material could be obtained from the siteitself. If not, then the purchase
price of the material, plusthe cost of transporting it to the site, could have a substantial effect on
the total costs of disposal. The high cost associated with securing the cover material and
transporting it to the site, in many cases, prevents many communitiesin economically developing
countries from covering the wastes on adaily (or relatively frequent) basis.

Hauling costs for transporting the wastes from the collection point to the landfill are a major
consideration in selecting alandfill location. Obvioudly, thefurther thefill isfrom the centroid of
the collection area, the greater the hauling costs. In fact, the distance between the site and the
point of generation can be so great that the hauling costs exceed those of land and pre-
development.

The decision regarding afeasible distance to the disposal site should be determined by the costs
and the benefits that may be associated with distance. For instance, a site that happens to be
farthest away from the collection points may also have the lowest potential for exerting an
adverse impact upon the public health and the quality of air, water, and land resources. The
decision with regard to afeasible distance will generally rest upon what is perceived asbeing the
moreimportant: lower costs of hauling and degraded resources, or higher costsand higher quality
of health and natural resources. At issueisthewillingness of acommunity to pay to improvethe
quality of life. Of course, distance brings another possibility -- namely, effect of distance on the
cost of the land occupied by the site and impact upon public health and quality of the
environment. Distance may lower land costsin addition to lessening the extent of adverseimpact
upon public health and environmental quality.

F13. DECISION-MAKING process

A suggested decision-making process for selecting a suitable landfill site in an economically
devel oping country involves three steps.

1. Thefirst step isto make an initial assessment of potential sites by doing the following:
e determining physical and demographic limitations;
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e establishing suitable study areas on the basis of haul distance, topography, geology, and
surface and groundwater conditions;

e identifying candidate sites;

e assessing financial feasibility on bases of haul distances, approximate site development
costs, and operating hours per week for equipment and personnel;

e performing preliminary site investigations as to location, land use, haul distance and
routes, topography, hydrogeology, soil characteristics, and area of the site; and

e eliminating undesirable sites.

An approach that takes into consideration the elements of step-1 involves the use of a
computerised database that describesthe physical, sociological, and demographic datawithin
aphysical area. Development of theinformation isby way of digitising varioustypes of maps
(e.g., land use, geographical structure, census tract) and adding other demographic data.

2. Thesecond step in the processisto screen the candidate sites. This step is composed of the
following:

e investigating four to five candidate sites and identifying site-specific problems;
e evauating and ranking sites; and
e oObtaining public input.

3. Thethird step consists of:

e preparing a preliminary design for each site so that capital and operating costs can be
estimated;

e determining and evaluating the use upon completion of each of the sites;

e evaluating the costs associated with devel oping and operating each site, including the cost
of hauling wastes to the site;

e sdlecting asite and listing aternative sites; and
e acquiring the site.

G. Landfill technology

G1. INTRODUCTION

Landfill technology appliesto avariety of aspects of the construction and operation of the landfill
facility. Consequently, in this section, topics discussed include not only practices of disposal,
e.g., formation of the cellular structure of the sanitary landfill, but also some other aspects of
technical importance. Some of the other aspects are the liner and cover as landfill system
components and the special circumstances that must be taken into account concerning the
different types of wastesthat can be expected to be delivered to adisposal facility in developing
countries. Also, the role of technology in the construction and use of the completed fill is
discussed.
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G2. CELL design and construction

Experience has shown that no one method of landfilling isbest for al sites, and asingle method
is not necessarily the optimum for any given site. Selection of a method depends upon the
physical condition of the site, amount and types of solid waste to be disposed, and the relative
costs of the various options. The two basic types of landfill methods are the trench (Figure X1V -
7) and the area(Figure X1V-8). Thetrench method isbest suited for sitesthat have aflat or gently
rolling land surface, alow groundwater table, and a soil layer thicker than 2 m.

The area method is applicable with most topographies and probably would be the better of the
two choicesfor sitesthat receive large quantities of solid waste. A design using acombination of
the two methods may be the most appropriate approach at some sites.

Earth Cover Obtained

Origina Ground :
by Excavation of Trench

or Landfill Liner Compacted

Solid Waste

Source: Reference 11.

Figure X1V-7. Trench method of sanitary landfilling

Origina
Ground
Leve Compacted

Solid Waste

Source: Reference 11.

Figure X1V-8. Area landfill

All true sanitary landfills consist of elementsknown as*”cells’ (Figure X1V-9). A cell isbuilt by
spreading and compacting the solid waste into layers within a confined area. At the end of each
working day, or during the working day as well, the compacted refuse is covered completely
(including the working face) with a thin, continuous layer of soil. The soil cover aso is
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compacted. The compacted waste and itsdaily soil cover makeup acell (Figure X1V-9). A series
of adjoining cells at the same elevation constitutea“lift”. A completed fill may consist of one or
severd lifts.

Final Cover
Leachate V
\/ Cell
Direction of

Leachate Drainage

Intermediate
Cover

Cross-Section of
Collection Pipe

Graded Sail Cover
Compacted Soil

Figure X1V-9. “Cédlular” structure of alandfill

The cellsare designed based on the quantity of wastesrequiring disposal. The basic elementsof a
cell are: height, length, width of working face, slope of sidewalls, and thickness of daily cover.
The height of a cell isafunction of the quantity of waste, thickness of daily cover, stability of
slopes, and degree of compaction. Typical heights vary between 2 and 4 m.

The minimum width of the cell or minimum width of the working face depends upon the type of
equipment used. It is generally recommended that the minimum width of the cell be about 2 to
2.5 times the width of the blade used for building the cell. The minimum recommended cell
widths based on rate of waste delivery are: 8 m for up to 50 Mg/day, 10 mfor 51 to 100 Mg/day,
12 mfor 101 to 225 Mg/day, and 15 m for 226 to 500 Mg/day.

Thewidth of theworking face a so isdictated by the maximum number of vehiclesarriving at the
disposal site at the peak hour. The width of the working face (in meters) can be calculated by
multiplying the maximum number of vehicles arriving at the peak hour by about 4.

The width of the working faceis one of the major weaknessesin the operation of aland disposal
facility in economically devel oping countries. Generally, theworking faceisexcessively widein
order to accommodate the maximum number of vehiclesand to avoid long delays. However, the
width issuch that it isextremely difficult to achieve any type of control. In practice, one should
attempt to operate alandfill using the smallest practical areafor the working face.

The slope of the cell istheinclined plane upon which the wastes are distributed. The maximum
recommended slopeis 1 to 3 (vertical to horizontal). Slopes less than about 1 to 6 result in an
undesirably large area for the working face.

The trench method has only oneworking face. On the other hand, the areaand combined methods
may have two working faces.
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G2.1. Trench

The trench method involves the excavation of atrench. Once the excavation is completed, the
wasteis placed into the trench, spread, and compacted (Figure X1V-7). Thewasteisdeposited on
the slope of the trench. The excavated soil serves as cover material. Soil not used for the daily
cover is stockpiled for later use in a subsequent area that might be constructed on top of the
completed trench fill.

The stability of thesidewall isacritical factor inthedesign of atrench landfill. Sidewall stability
is a function of the characteristic strength of the soil, depth of the trench, distance between
trenches, and slope of the sidewall. Maximum depth and steepness of sidewall slope are
compatiblewith clays, glacial till, or other fine-grained, well-graded, consolidated soils. Weaker
soilsrequire gentler sidewall slopes. Other factors that may affect soil stability and permissible
steepness of sidewall slope are climatic conditions and the length of timethetrenchistoremain
open.

Because a suitable distance should be maintained between the bottom of the fill and the
groundwater table, compatibility with groundwater protection places another constraint on trench
depth.

Theoretically, the trench should be as narrow as possible since the amount of required cover
material is afunction of the width of the trench. However, because width must be sufficient to
allow discharge of the wastes as well as accommodate the compaction equipment, practicality
demands that the trench be wide enough to accommodate the number and types of vehicles that
usethefill. Generaly, theindicated width istwicethat of the largest piece of equipment that will
work in the trench.

Based on the projected size of the landfill, excavation may either be done continuoudly at arate
adjusted to landfilling requirements, or periodically on a contract basis.

The direction of the prevailing wind should be taken into consideration in the alignment of the
trenches since wind exerts a significant influence on the amount of blowing litter. The most
effective alignment in terms of reduction of amount of blowing litter isonethat is perpendicular
to the prevailing wind.

To ensure proper drainage, the bottom of the trench should be sloped away from the active fill
area. Water that accumulates at the bottom of the trench should be pumped out of the trench.
Surface water can be diverted from the trench by constructing temporary berms on the sides of
the excavation.

G2.2. Area

As opposed to the trench method, the area method does not involve excavation of trenches
(Figure XIV-8). Instead, alayer of waste is spread and compacted on the surface of the ground
(ontheinclined slope). Cover material isthen spread and compacted over the layer of waste. The
area method should be used on flat and gently sloping land. This method can be adapted to
quarries, strip mines, ravines, valleys, canyons or other land depressions, and excavations made
for the landfill.

G2.3. Ramp

Theramp, also known asthe progressive slope method, consists of spreading and compacting the
solid waste on aslope. The ramp method is similar to the areamethod. However, in a departure
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from the areamethod, cover material isobtained from the soil surfaceimmediately infront of the
working face -- thus, leaving a slight depression to begin receiving deliveries of waste the
following day. Because it does not involve the importation of cover, the ramp method promotes
greater efficiency of site usage when a single lift is constructed.

G2.4. Combination of fill methods

The area method and the trench method might be used in the same site if the particular site has
varying thicknesses of topsoil and receives alarge amount of wastes. The trench method would
be used in situations where the topsoil layer isthickest. Soil not used for cover on the trench fill
would be stockpiled for the areafill. Through the use of the area method and stockpiled cover
material, additional lifts can be constructed upon a completed lift.

G2.5. Slope stability

The stability of slopes of wastes and of waste/bottom liner interfacesin thelandfill areimportant
in managing the fill cost effectively and in protecting the safety of landfill workers and other
people that reside on or near the fill. Sloughing or landslides of waste can occur in improperly
constructed masses of waste that have steep slopes. When the quantities of waste are large and
slopefailure occurs, the movement of waste can destroy property, cause personal injury or death,
and (further) contaminate or disrupt the environment, or a combination of these. Uncontrolled
disposal of waste on land is obviously susceptible to slope instability, particularly in the case
wherelarge quantities of waste have been dumped indiscriminately over aledge or into aravine.
However, engineered landfills are also susceptible to slope failures unless designed properly.
Substantial slope failures in waste disposal sites have occurred in the United States [86], the
Philippines, Turkey, Colombia, and Italy [85], among others. Events that can trigger movement
of an unstable slope of waste include, but are not limited to, earthquakes and heavy rainfall.

The design and construction of the slopes of landfill cellsand of completed landforms must take
into consideration the types and engineering properties of the wastes placed in thefill and of the
soils, synthetic materials, or both used to isolate the waste from the environment. This type of
analysis should be performed by aqualified and experienced professional, and isusually reserved
for a geotechnical engineer.

The shear strength of solid waste is an important mechanical property used in the analysis and
design of waste slopes[87,88]. The amount of moisturein the waste can affect the shear strength
and slope stability of the waste.

G3.BOTTOM liner

A bottom liner (or, simply, liner) is an engineered system to contain and control the pollution of
the land and water environments surrounding the land disposal operation. The design of abottom
liner, in the case of economically developing countries, will vary depending on a number of
factors, including: the potential of the landfill polluting the land and water environments, the
local hydrogeology and meteorology, and the availability of suitable materials and monetary
resources. Liners are described in detail later in this chapter.

G4. DAILY, intermediate, and final covers

The technology of modern sanitary landfilling includes cover systems over the waste to control
nuisances, to protect the environment, and to protect the health and safety of workersand of the
public. Depending on thelocation within thefill and the phase of the construction and operation,
the cover systemsemployed aredaily, intermediate, and final. The daily and intermediate covers
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are placed more or less continuously during the active phase of the filling operation. The final
cover usually isperiodically placed during the active phase of thelandfill or at the compl etion of
thefill. Of the three, the final cover isthe most complex system. In the context of economically
devel oping countries, the design and materials of construction of each of the three typesof cover
systems are subject to the short- and long-term risks posed by the operation of the fill, to the
availability of suitable materials, and to financial resources. The three types of landfill cover
systems are described below.

G4.1. Daily cover and intermediate cover

Daily cover controlsvectors, litter, odours, fire, and moisture. Any soil material that isworkable
and has stability (clays, gravels, etc.) may be used.

Intermediate covers control gas migration and provide aroad base. Soils used for intermediate
cover must have strength and the required degree of impermeability. Typically, athicknessof 15
to 20 cm of compacted soil is recommended.

The application of cover over the waste on adaily basis controls the generation of nuisancesand
hazardsto the operators and to the public. However, in some situations, the application of cover
on a dally frequency may not be warranted as a consequence of an assessment of the risk of
hazard and nuisances versusthe avail ability of material and financial resources. These situations
would be most likely to exist in arid locationsin which the average rainfall does not exceed about
10 cm/yr and the evaporation rate is about the same on an annual basis. Under these conditions
and assuming that the groundwater isnot in any danger of contamination and that the operatorsor
public are not exposed to some other unacceptable risk, it may justified to cover the waste on a
frequency that islessthan daily. An analysis of the situation and local conditionsisrequired in
order to determine the frequency of covering waste.

Lack of availability of native soil for cover is not necessarily an adequate reason for infrequent
covering of the wastes. Alternatives to native soil exist in some cases. For instance, a large
number of municipalitiesin devel oping countries have alarge market that generates considerable
quantities of organic matter. This material usually is landfilled. Instead, the material can be
composted together with residues from landscaping and used as cover material. Generally, one
can find a number of alternative cover materials that can replace soil after adequate analysis of
local conditions and after processing of the materials, if necessary.

G4.2. Final Cover

Thefinal cover isthelayer that is placed on the completed surface of thefill. The functions of the
final cover are several. It controlsinfiltration of water (and, hence, indirectly controls leachate
production), controlslandfill gas migration, servesasagrowth medium for vegetation, providesa
support for post-closure activities, and is a barrier between the external environment and the
waste [g].

Animportant consideration in the design of afinal cover isthe degree of resistance that the cover
offersto percolation and infiltration of moisture and to the upward migration of gases generated
in the buried waste. Thisresistance may or may not be desirable. Thus, some cover designs call
for the free percolation of rainwater through the cover; whereas, otherscall for resistanceto such
percolation.

In the cases where high runoff and minimal cover percolation are the main criteria in cover
design, soil hydraulic conductivity isone of the moreimportant design parametersin controlling
percolation [8]. Percolation decreases asthe number and thickness of layersin the cover increase.
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The most resistant to percolation of the two-layer soil covers consists of atopsoil surface layer
over ahydraulic barrier layer composed of aproperly designed mixture of clay and loose-textured
soil.

Other considerations regarding the design of the final cover involve the intended use of the
completed fill. A relatively loosely textured soil cover provides a good growth medium for
vegetation, even if the vegetation is intended solely for the purpose of encouraging water |oss
through evapotranspiration. However, a loosely textured soil cover does not provide the
maximum possible |load-bearing capacity. If eventual gasrecovery isagoal, the upward flow of
gas must be prevented. If structures are to be built on the completed fill, the maximum
withdrawal of gas should be promoted. Finaly, regarding all considerations pertaining to
penetration, it should be kept in mind that a tightly compacted clay cover resists penetration,
whereas a sandy or gravely cover material offerslittle if any resistance.

The simplest design of afinal cover system for a sanitary landfill consists of two layers: 1) the
surfacelayer, and 2) the hydraulic barrier. The hydraulic barrier essentially isthefirst layer of the
cover specifically designed to prevent the passage of liquids into the waste.

If a cover isto be designed and implemented in a developing country, it is advisable to use a
thickness of about 60 cm for the surface layer and a thickness of 30 cm for the underlying
hydraulic barrier. Thisdesign would be acceptabl e in areaswith high evaporation and low rainfall
(i.e., aclimate with high temperatures, low humidity, and low precipitation). The design of the
cover isdepicted in Figure XIV-10.
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Figure X1V-10. Basic design of final cover system

In humid climates and in those situations that require a high level of control, the inclusion of
other types of layers may be necessary.

In order to maintain the flow of water into the solid wastes to a minimum, the cover must be
designed such that the major portion of precipitation becomes runoff. This objective can be
accomplished by building a cover with a slope between 1% and 5%. This inclination promotes
flow off the cover and at the same time limits erosion to an acceptable level. Erosion also is
reduced by establishing vegetation. V egetation al so has an additional benefit becauseit promotes
evapotranspiration. Thus, slope and vegetation play important roles in the performance of the
cover.

In the event that the layer of topsoil does not have a sufficiently low permeability to prevent
percolation, then the waste will be subject to infiltration and, thus, the potential generation of
leachate. Infiltration can be reduced by the incorporation of alateral drainage layer above the
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hydraulic barrier layer. The incorporation of the drainage layer into the design brings about a
higher degree of control of leachate formation and also increases the complexity of the cover
system and the cost. The increase in the complexity of the system and in the cost may not be
acceptable in economically developing countries. The reason is that if the drainage layer isto
function properly, it should be protected from above by afilter zone. Thefilter zone consistsof a
layer of carefully selected and sized cohesionless soil. Thefilter zone, asitsnameimplies, serves
the purpose of preventing the downward migration of small soil particles from the vegetative
layer into the drainage layer. These particles would eventually clog the drainage layer.

Finally, if brush and tree growth is promoted and burrowing animals are present, it would be
necessary to include a barrier to keep the roots and animals from damaging the cover. This
additional layer iscalled abiotic barrier. Thisbarrier generally islocated between the filter and
drainage layers.

The main aspects of the design of acover areitsindividual layers. The schematicin Figure XIV-
11 showsthe state-of-the-art in the design and construction of landfill covers asemployedinthe
United States. As shown in the figure, eight different layers compose the complex cover system
of amodern sanitary landfill.
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Biotic Barrier

T
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Foundation Layer

Filter Layer

Gas Control Layer

Waste

Figure X1V-11. Components of a complex final cover system of a
moder n sanitary landfill

Each of the eight layersis described in the following subsections.
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G4.2.1. Vegetative (or surface) layer

Thislayer isnecessary to protect the cover from erosion due to wind and water flow. The surface
or vegetative layer should consist of nutritive and dense topsoil in order to support plant growth.
The soil can be mixed with composted yard debris, biosolids, or animal manures.

G4.2.2. Filter layers

Any time soils having fine particles are placed over soilswith coarse particles, thereis potential
for the movement of the fine soilsinto the voids of the layer of coarse grains. Thisphenomenonis
known as piping and results in the plugging of the coarse layer. Filter layers are used in the
design of landfill coversboth to removefine particlesfrominfiltration and to allow upward flow
of landfill gases. Soil or non-soil particulate filters can be used. In the event that they are not
available, geotextiles may be used.

A filter layer also is usually placed below the foundation layer to prevent clogging of the gas
control layer.

G4.2.3. Biotic barrier

Asprevioudly indicated, the hydraulic barrier playsavery important rolein the performance of a
cover. Assuch, theintegrity of the hydraulic barrier must be maintained. Plants and animals can
perforate the hydraulic barrier and, thus, compromiseitsintegrity. One method of controlling this
potential problem is through frequent mowing and pruning of the plants and through the use of
rodenticides. Another method of control is through the installation of a biotic barrier. A biotic
barrier consistsof alayer of construction debris, crushed rock, or similar material of such sizeto
prevent the movement of roots and animals.

G4.2.4. Drainage layer

If afinal cover isincorporated into the design of alandfill, it should incorporate adrainagelayer.
The few exceptions would be in very arid areas where precipitation is very low. The main
purpose of thislayer isto intercept the downward flow of infiltration and to remove it before it
can penetrate the hydraulic barrier.

A schematic of adrainagelayer isshownin Figure X1V-12. Asisdepicted inthefigure, thelayer
should slope in the direction of collection points on the perimeter of the landfill. The drainage
layer should be made up of porous material.
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Figure X1V-12. Schematic of a drainage layer
G4.2.5. Hydraulic barrier

The hydraulic layer is onethe most important components of afinal cover. The main function of
the hydraulic barrier isto prevent infiltration of moisture into the solid waste and, thus, prevent
the formation of |eachate.

In industrialised countries, hydraulic barriers are made of fine-grained soil that is carefully
compacted. The soil can be mixed with other materials such as bentonite clay and fly ashiin order
to reach the desired permeability. Proper performance of the final cover depends upon the
maintenance of the integrity of the hydraulic barrier. In order to perform effectively over time,
the thickness and hydraulic permeability of the soil barrier layer should beat least 30 cmand less
than 1 x 10°® cmi/sec, respectively. Theideal design isathickness of 60 cm and apermeability of
lessthan 1 x 107 cm/sec.

The integrity of the hydraulic barrier can be affected through three mechanisms: mechanical,
chemical, and environmental. Mechanical impacts dea primarily with damage due to
construction, such as excessive overburden, high compaction, and punctures. Chemical effects
aretheleast troublesome and rel ate to vapours and gases. Environmental impactsinvolvedrying,
wetting, and root penetration.

Synthetic membranes can be used instead of soil ashydraulic barriers. Synthetic membranescan
bevery expensivefor these applications, particularly inthe small municipalities of economically
developing countries. If synthetic membranesare used, they should be protected from mechanical
damage (both during construction and maintenance) by installing adequate underlayment and a
protective layer (such as sand) on top.

G4.2.6. Foundation layer

As its name implies, the foundation layer serves as a buffer between the final cover and the
wastesit isdesigned to support. Thefoundation layer ismade up of compacted soil placed ontop
of the uppermost waste lift.

One of the main concernsin the design of afinal cover is settlement due to decomposition of the
wastes. Consequently, one of the more effective means of protecting the foundation layer, and
therefore the final cover, is by ensuring that the wastes are thoroughly compacted.
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G4.2.7. Gas control layer

Landfill gasisaproduct of decomposition of organic matter in the landfill. The gasis primarily
composed of methane and carbon dioxide. The quantity and composition of the gas depend upon
anumber of variables, including: nature of wastes, climate, and moisture content.

Gas control mechanismstypically utilise aporouslayer placed as close to the waste as possible.
The layer may be part of a static or dynamic gas collection system.

G5. CUSTOMISED methods of construction and use after completion

The design and construction of asanitary landfill may be customised so asto accommodate both
waste disposal and use of the facility after the completion of the active phase of the fill. Some
examples of feasible usesaretopographical contouring, reclamation of aquatic environment, strip
mine reclamation, urban redevelopment, and gas recovery. The use of alandfill after its active
life entails special considerations.

Two particular types of customised landfill construction and uses are described below:
topographical contouring and reclamation of aquatic environment. Other potential usesand their
implications in terms of design and maintenance of the fill are discussed later in this chapter.

G5.1. Topographica contouring

Topographical contouring isthe construction of afill intheform of ahill. Thisapproach allows
more efficient use of the land by increasing the capacity of the landfill in a given area. The
completed fill consistsof aseriesof circular liftstapered to approach the contour of ahill. Inthis
case, the area method would be used for building the lifts. The maximum slope of the hill is
determined by the angle of repose of the soil cover, the climbing capacity of the equipment, and
the angle of dlip and tip (roll over) of the equipment when operating at normal loading. The
design specifications should provide a comfortabl e safety factor with regard to theseitems. The
maximum grade of the slope must be one at which several requirements (e.g., spreading,
compaction, covering) for a satisfactory fill can be met without endangering the safety of the
workers, and at which the eventual landscaping of the hill can be done. Other factorsthat must be
considered and addressed include soil erosion caused by precipitation and slope stability.

Gb5.2. Reclamation of aquatic environment

In some cases, the landfilling of solid waste may be justified for the reclamation of marshes and
other land masses containing pockets of water with very low quality. In these situations, the water
isremoved or allowed to evaporate and the appropriate evaluations are carried out (geological,
hydrological, and others). Careful consideration must be given to the ecological conditionsof the
site. For theimprovement and maintenance of the public health and safety, solid waste should not
be disposed in or near existing or potential sources of water used by humans for drinking,
cleaning, or recreation, or in ecologically sensitive areas. Prior to theimplementation of acoastal
reclamation project, all potential environmental consequences must be carefully identified and
analysed.

G6. CO-DISPOSAL of special wastes

Co-disposal involvesthe mixing of onetype of waste with another and the subsequent disposal of
the mixture. Although the co-disposal described in this section can be applied to most types of
non-industrial sludges, the discussion isdirected primarily to sludges (biosolids) associated with
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the storage, treatment, and disposal of human body-wastes (primarily, faecal wastes). Examples
of the latter biosolids are those produced by a conventional wastewater treatment facility, septic
tank pumpings, sludge from the storage pits of unsewered public toilets, and nightsoil in general.

Despite the many hazards to public health and nuisances attributed to the practice, untreated
nightsoil frequently is co-disposed with municipal solid wastes in developing countries. These
hazards and nuisances are amplified by the prevalence of the open dump method of disposal.
Although perhaps not as pronounced, the same hazards attend the open dump co-disposal of
primary (i.e., raw) sewage biosolids from a sewage treatment facility. The hazards can be
substantially reduced by converting to sanitary landfilling.

In an operation involving co-disposal by sanitary landfilling, an approach is to deposit the
biosolids (20% to 30% solids) on top of the solid waste at the working face of the landfill. The
biosolids and solid waste are thoroughly mixed. The mixture is then spread, compacted, and
covered in the manner usual to the sanitary landfilling of solid waste. Liquid in the biosolidsis
absorbed by the solid wastes. Because the absorption capacity of municipal solid waste in
developing countries generally is relatively low, the maximum weight of the water in the
biosolids must below in order for the solid waste to retain the water contained in the biosolids so
that it does not contribute unduly to leachate generation. Scavengers should not be permitted to
come in contact with biosolids or solid wastes that have received biosolids.

G7. HAZARDOUS wastes (secure landfill)
G7.1. Introduction

Although the management of hazardous wastes is not the main concern of this book, the
technology for disposing of these wastesisbriefly covered for completeness and asareminder of
theimportance of their management. Furthermore, in most devel oping countries, alargefraction
of the hazardous wastes generated are collected and disposed with the municipal solid wastes.

Theland disposal of hazardous waste can pose asubstantial risk and undertaking in adeveloping
country since definitions, standards, and safeguards usually are not devel oped or fully operative.

G7.2. Definition and specifications

A secure landfill is a complex, engineered earthen excavation specially designed to contain
hazardous wastes such that they cannot escape into the environment. Therefore, a genuinely
secure landfill has the following features:

e Wastedisposed in asecured landfill is completely enclosed by one or more layersor liners
of impervious materials.

e The distance between the bottom of the liner and the groundwater is sufficient to prevent
contact between the two.

e Leachate and al other liquids are not allowed to accumulate inside or outside the
containment layers.

e Groundwater quality is monitored such that leakage from the fill can be detected and
corrected.
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e Thefill islocated such that it isisolated from surface and subsurface water supplies; isfree
from the effects of flooding, earthquake, or other disruptions; and its site is not needed for
other uses after the facility is closed [29].

G7.3. Design

As with al sanitary landfills, the design of a secure landfill largely depends upon the
hydrogeological characteristics of the site. Thus, if the distance to the water table is substantial
and the soils areimpermeabl e, compaction of the soilsat the site combined with the placement of
asingleliner, either of natural or of synthetic material, would be sufficient. In such acase, soil or
bentonite could serve as a natural liner material and high-density polyethylene or chlorinated
polyethylene could serve as a synthetic liner material. If conditions are not ideal, but do meet
minimum standards of acceptability, the soil presently at the landfill site could be excavated and
replaced with a sand/gravel layer, followed by a compacted clay layer, a synthetic liner, and a
final layer of compacted clay. In all cases, provision should be made for preventing the various
types of wastes from mixing together and thereby triggering adangerous chemical reaction (e.g.,
highly caustic waste with a strong acid waste). Prevention of mixing is effected by separating
different areas of the facility from one another by forming subcells using earthen dikes.

Arrangements should be made for collecting and withdrawing leachate as it accumulatesin the
basin. Thisis done through a network of piping installed in thefill. Groundwater quality should
be monitored by means of monitoring wells placed along the perimeter of thefill. Monitoring of
groundwater should take place before the beginning of the deposition of wastes and be continued
thereafter until chances of pollution become non-existent.

The design, operation, and monitoring of a secure fill is a complex process that requires the
participation of skilled professionals. The various elements of a securefill are diagrammatically
indicated in Figure X1V-13.

G7.4. Closure of thefill

The closure operation is designed such that total and complete containment of the facility is
assured, and that the completed fill does not pose a threat to the public safety and the
environment. This objectiveis attained by adhering to the following procedure:

e Upon completion of the landfill, cover the upper surface of the completed fill with
impermeable soils.

e Cover this layer with a synthetic liner (if available) to effectively seal this layer and
underlying wastes from rainfall.

e Cover thesynthetic liner with topsoil and seed the topsoil to produce vegetation to complete
the closure operation. L eachate and gas collection pipes should protrude through the final
cover.

Finally, excavation of the completed fill should not be attempted since most buried hazardous
wastes continue to be dangerous long after their burial. Excavation of completed, secured
landfills can be a dangerous undertaking.
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Figure X1V-13. Typical layout of a secure landfill

H. Development of the landfill
This section describesthe stepsinvolved in preparing asitefor an orderly and sanitary operation.
H1. TERRAIN upgrading

One of thefirst stepsin the development of asanitary landfill involvestheremoval of all objects
that may interfere with the operation and movement of vehicles and equipment. Consequently,
trees, shrubbery, and other interfering vegetation should either be cleared from the site, or
restricted to its periphery.

Secondly, the site must be graded so asto eliminateinterfering surfaceirregularities. The surface
of the site should be contoured such that a controlled runoff is promoted and ponding is
prevented. Appropriate measures should be employed for minimising problems associated with
erosion, the generation of dust, and sedimentation. To avoid danger of erosion and scarring of the
land and to allow close supervision, large sites should be cleared in phases.

H2. ROADS

All-weather (permanent) access roads from the public road system to the site should be provided.
With large sites, these access roads would be extended from the site’ s entrance to the vicinity of
the working area. The roads should be designed to support the anticipated volume of pedestrian
and vehicular traffic. Before the access roads are designed, it also isimportant to determine the
size of vehiclesand their probable range of speed, aswell asthe minimum service standardsto be
maintai ned. Adequate drainage should be provided to prevent the roads from flooding during wet
seasons. ldeally, the roadway should consist of two lanes (minimum total width, 7 m) for two-
way traffic. Grades should not exceed motorised equipment limitations: uphill grades, less than
7%; downhill grades, lessthan 10% [29]. Although theinitial cost of onsite permanent roads may
be higher than that of temporary roads, the difference in cost is more than compensated by
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savings in equipment repair, maintenance, and time. Finally, the roads should be built to meet
national standards. A cross-section of atypical access road is presented in Figure X1V-14.
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Figure X1V-14. Typical cross-section of accessroad?®

Because thelocation of theworking faceis constantly changing, roadsfor the delivery of wastes
from the permanent road system to the working face usually aretemporary interms of nature and
construction. Temporary roads may be constructed by compacting the native soil and by digging
drainage ditches. The roads may be topped with a layer of tractive material, such as gravel,
crushed stone, cinders, broken concrete, mortar, or bricks. The use of lime, cement, or asphalt
binders may increase the serviceability of the temporary roads. Road width isafunction of road
alignment and traffic volume. However, the width should be at least 3.5 m for a one-lane road
and 6 m for atwo-lane road.

If the expected truck trafficisonly 25 to 50 round trips/day, aroadway composed of agraded and
compacted soil usualy would suffice. Traffic consisting of more than 50 trips/day probably
would justify the use of calcium chloride as a dust inhibitor, or of binder materials such as soil
cement or asphalt. Traffic consisting of more than 100 to 150 trips/day would necessitate a base
plus abinder. The types of vehicles using alandfill will range from modern collection trucksto
primitive forms of transportation, such as some of those described in the chapter on storage and
collection. The types of vehicles using a landfill must be considered when designing the
roadways in the fill.

H3. MEASUREMENT of weight (scales)

Theimportance of having an accurate knowledge of the gravimetric and volumetric amounts of
wastes delivered to the disposal site has been discussed in previous chapters. Therefore, to the
extent feasible, all incoming wastes should be weighed. In some situations, it may be necessary to
install more than one scalein order to avoid long queues and to record the weight of the empty
vehicles as they exit the site.

Typesof scalesrange from highly automated el ectronic scalesto simple, portable beam versions.
The platform, or scale-deck, may be constructed of wood, steel, or concrete, such that thescaleis
horizontal and on a firm foundation. The scale should be able to weigh the largest vehicle that
will come to the landfill on a routine basis. A capacity of 30 to 60 Mg probably would be
adequate. Ideally, the platform should belong enough to weigh all axlessimultaneoudly, although
separate axle-loading scales (portabl e versions) would sufficefor small operations. A photograph
of atruck scaleis presented in Figure X1V-15.

358



Courtesy: CalRecovery, Inc.
Figure X1V-15. Collection vehicle being weighed on a truck scale

The accuracy of the scale should be checked periodically using known weights.
H4. UTILITIES

Ideally, electrical, water, and sanitation services should be provided. However, the likelihood of
all three being available at a disposal sitein adeveloping country isunlikely. Electricity can be
used for illumination and power. These two uses are almost essentia if equipment maintenance
and repair areto be done at the site. Electricity can be generated at the site by means of aportable
generator. Water should be available for drinking, fire fighting, dust control, and employee
sanitation. In the absence of accessto asewer, ventilated latrines should be built and maintained.

H5. STRUCTURES

If feasible, and particularly at large disposal operations, astructure or set of structures should be
erected to provide office space; to house employee facilities; to provide a sheltered area for
equipment storage, maintenance, and repair; and to serve as a scale house. The office spaceis
needed for recordkeeping and the required clerical activities. Employee morale, well being, and
efficiency are substantially benefited by providing a structure that includes: first aid facilities,
provisions for workers washing and changing, toilet facilities, and a canteen. The equipment
structure serves as garage and repair shop. Buildings that will be used for less than ten years
should be of temporary construction and preferably be movable. The design and construction of
all buildings should take into consideration landfill gas migration and differential settlement of
thefill. If these facilities are not provided at any but the smallest disposal sites, operation of the
landfill will be impeded or compromised.

H6. FENCING

Accessto the landfill site should be controlled preferably by building afence around the entire
perimeter of the site or, at the very least, around the locations of easy access to equipment and
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wastes by unauthorised individuals. A fence al so servesto restrict accessto the waste by animals,
screens the landfill, and delineates property lines. The type and height of the fencing are
determined by the available resources and conditions prevailing at the site. Fencing of about 1.5
m in height and with a minimum of 5 cm openings usually is adequate.

Litter fences should be erected in the immediate vicinity of the working face to control blowing
paper and other litter. A low (about 1 m) fence usually sufficesat atrench operation; whereas, a2
to 3 m height may be necessary at awindy, area-type operation. Litter fences should be portable.
A diagram of alitter screen is presented in Figure X1V-16.
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Figure X1V-16. Portablelitter fence (2 m high, 3m wide)
|. Operation
1. INTRODUCTION

This section presents an approach for the efficient operation of a solid waste landfill. A detailed
outline of al daily activities is the basis of an effective operating plan. The plan must be
sufficiently flexibleto encourage managerial ingenuity in reaching the objectives, and sufficiently
rigid to support proper operations. An efficient operating plan implies equipment that is
compatible with the characteristics of the solid waste, the site conditions, and the method of
landfilling

In this section, site operation is divided into two parts: 1) operational procedures that do not
depend upon the method empl oyed for landfilling, and 2) operational proceduresthat are specific
to the method of landfilling.

2. GENERAL operating procedures

Operation of a sanitary landfill requires a series of activities, some of which are normally
conducted continuously while others are conducted at a fixed frequency. Some of the more
important operational procedures that must be considered for all methods of landfilling include:

e preparation and maintenance of the site,

e environmental control,
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e hours of operation, and

e procedures during inclement climate.

A discussion of each of these key items s presented in the following sections.
12.1. Site Preparation and maintenance

12.1.1. Site preparation

Site preparation is an important aspect of the general operating procedures of asanitary landfill.
Asaparticular cell iscompleted, new areas must be cleared, excavated, and lined (if necessary).
Similarly, as the working areas are filled, afinal cover should be applied on them as soon as
possible.

The sites must be prepared and constructed according to design specifications. Site preparation
and construction include:

e clearing and grubbing,

e installation of leachate control systems,

e erection of structures,

e installation of utilities,

e constructions of roadways, and

e soil stockpiling.
12.1.2. Road maintenance

Maintenance of accessroads at landfill sitesisone of those activitiesthat should be conducted on
a continuous basis. If performed well, road maintenance often is an expensive operation.
Regardless of the type of surface (soil, gravel, or pavement), the roads must be inspected and
repaired frequently. Typical repairs include cleaning, adding or grading soil and gravel, filling
holes, and cleaning drainage ditches. Since road maintenanceisacostly operation, typically itis
neglected. Unfortunately, lack of proper road maintenance leads to equipment damage,
unnecessary delays in operations, and safety problems. It may be advisable to leave a few
sections of well marked rough areas on some roads in order to control excessive speed by
vehicles using the site.

12.1.3. General maintenance

All waste treatment and disposal sites require continuous care. The site manager is the person
responsible for the preparation of a detailed maintenance schedule. Specific dates should be
scheduled for the performance of the following tasks:

e collection and disposal of litter;

e relocation of portable fences for the management of litter;

e maintenance of gates, fences, and structures;

e maintenance of drainage system and final cover; and

e preparation and upkeep of final site maps.
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Asareas of the site are completed, a series of maps indicating the status of filling phases should
be updated. The maps should identify areas used for special wastes, the fill depth of the various
areas, the type of waste disposed, as well as other site-specific features.

12.2. Environmental control

In most situations, regul ations are established that require theinclusion of environmental controls
inthe design and operation of alandfill in order to protect the public health and the environment
from potential negative impacts of landfills. The most commonly used types of environmental
controlsincludeimpermeable barriers (liners), leachate collection and treatment systems, landfill
gas management systems, and cover systems. The proper design and construction of these control
systems are discussed throughout this chapter. Environmental controls are necessary to protect
the environment during landfill operation and during the closure and post-closure periods. These
practices are described in the following sections.

12.2.1. Siltation and erosion

Runoff having relatively high concentrations of silt usually isbrought about by improper grading.
Grades with a slope of 2% to 5% should be maintained, where feasible, to promote surface
drainage but at the same time to control flow velocities to acceptable levels. Denuded areas
should be kept to a minimum during site operation. Ongoing construction and maintenance of
sediment control devices (e.g., diversion ditches, rip-rap, sediment basins) are critical for an
environmentally sound operation. During final closure and the post-closure period, proper final
grading, seeding, and maintenance of afinal cover system help prevent long-term problemsasa
consequence of erosion and siltation.

12.2.2. Mud

Heavy rainsand snow melt can result in the production of mud. In order to reduce the undesirable
effectsthat mud can impose on daily operations, access roads should be € evated somewhat above
the surrounding ground level, and paved or gravelled. Another alternative for road base where
vehicular trafficisfrequent isto mix soilsof large particle size such as sand and gravel with clay
soils. Mud can be tracked onto public roadways by landfill equipment or collection vehiclesand
can result in poor public relations for land disposal facilities[25]. Idedlly, if the siteis proneto
muddy conditions, an area for washing the vehicles should be installed near the gate to the
facility for the purpose of vehicular cleaning. Specific areas of the site should be identified for
use during poor weather conditions and when conditionsin other areas of the facility are muddy
and would make operation difficult. Wet weather operation areas should be located as closeto the
main gate as possible in order to reduce onsite travel.

12.2.3. Dust

Dust is generated at a landfill site by two main sources. 1) collection vehicles and heavy
equipment moving over dry dirt roads, and 2) the wind. Dust can also be generated during the
discharge, placement, and compaction of unusually dry materials or during the excavation and
movement of dry soils. To reduce the amount of dust generation, accessroads should be gravelled
or paved. Asan aternative, water or other environmentally acceptable dust control chemicalscan
be applied to dirt roads on a continuous basis. The practice in some developing countries of
applying waste oils to roads should not be used because of the potential of pollution of land and
water resources. Excavating or moving soilswhen they are damp also will limit dust production.
Similarly, when a load of dry waste materials is brought to the landfill, it should be dlightly
moistened prior to disposal. Another means of reducing thetotal amount of dust generated froma
particular facility isto revegetate completed areas as soon as possible.
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Landfills should be equipped with awater truck or trailer to moisten dirt roads and working areas
for dust control.

12.2.4. Vectors and pests

Flies, mosqguitoes, rodents, birds, dogs, and other animals are an occurrence at landfill sites.
V ectors can be controlled by frequently placing an adequate quantity of compacted soil over the
wastes or by chemical means, and by maintaining the smallest possible working face. It hasbeen
demonstrated that adaily cover consisting of 15 cm of compacted soil having alow clay content
will prevent the emergence of flies. However, even under the best program of prevention and site
conditions, alandfill should have aregular inspection and fly control program. M osquito control
isbest accomplished by preventing the accumulation of stagnant water anywhereonthesite (e.g.,
inoldtiresand depressions). The accumul ation of stagnant water on the surface can be prevented
by properly grading the surface, by filling depressions, and by placing cover soil over waste
materials.

Occasiondly, rats and mice may be delivered to the site with the solid waste. If harbourage
occurs in areas adjacent to or in some neglected portion of the site, extermination by the local
health department will be necessary. Employees at the landfill should be trained to recognise
burrows and other signs of the presence of rats and mice so that appropriate management
procedures can be put into force.

Although they may not be classified as “vectors’ in the strict sense of the term, birds are
discussed in this section because certain types become pests when considered in the context of a
landfill operation. Birdsgenerally are attracted to alandfill in search of food. Thisisparticularly
the casein landfillslocated in coastal areas, although most landfillswill attract one type of bird
or another. Birds can pose a serious hazard to aircraft and create anuisance to landfill personnel
and neighbours. Inthe United States, criteriafor the classification of waste disposal facilitiesand
practicesindicate that solid waste facilities should not be sited within 3 km of an airport serving
turbojets [26]. On rare occasion, certain species (for example, seagulls) can serve as vectorsfor
certain diseases by way of their droppings or by serving as hosts to insectivorous vectors. Asis
true with problems arising from other pests, the bird problem is best met by rapidly and
completely covering all wastes. Noise production, distresscalls, or similar measures can provide
some temporary control, but usually are not found to be consistently successful.

Access to wastes by animals such as pigs, cattle, sheep, and others should be strictly prohibited
because of their ability to transmit pathogens directly or indirectly to humans.

12.2.5. Odours

Several potential sources of unpleasant odours exist at landfill facilities. Odours may be
generated in the following situations:

e at thetimethe waste isdelivered,
e from decomposing waste in place at the landfill, and
e from storage ponds and liquid treatment systems.

Odours generated at the time the waste is delivered can usually be mitigated by rapidly covering
the wastes and ensuring that the cover is maintained intact.
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Occasionally, loads of particularly malodorous materials (e.g., market or fish processing wastes)
may be delivered to the landfill. If at all possible, deliveries of these materials should be
scheduled such that sufficient workers and equipment are available to immediately cover the
waste. If not possible, malodorous loads can be mixed or covered with other wastes in order to
control the problem. In some cases, the application of lime and/or chemical masking agentsto the
wastes can achieve some degree of door control.

12.2.6. Noise

The primary sources of noise at landfills are operating equipment and collection vehicles. The
noisegenerally isvery similar to that generated by any heavy construction activity, andislimited
to the site and to the streets used to transport the solid waste to the site. In order to reduce the
total number of individuals exposed to the noise, every effort should be made to route traffic
through the least populated areas. In addition, the site should be isolated or surrounded by a
buffer zone such that the noise will not disturb neighbours. Theinstallation of noise barriers such
as berms, walls, and trees are effective measures of control.

12.2.7. Aesthetics

In order to maintain environmental impactsto aminimum and to make thelandfill acceptable, the
site should be designed to be as compatible with its surroundings as possible. During site
preparation, it isimportant to leave as many trees as possibleto form avisual barrier. Bermscan
also be used to form visual barriers. The use of architectural effects at the entrance, confining
disposal to designated areas, and the use of attractive landscaping will assist in the devel opment
of an aesthetic facility. Additionally, every attempt should be made to minimise the size of the
working area.

12.2.8. Litter

One of the most frequent complaints from residents|living near landfills concerns blowing litter,
particularly light materials such as papers and plastics. Blowing litter can be substantially
reduced by:

e discharging the waste at the toe of the working face,

e application of water or damp waste to loads containing ahigh concentration of paper and/or
plastics, and

e installation of portable or stationary fencing around the working face.

In addition, if soil cover or another material is available, frequent and thorough covering of the
face and completed portions of the cell can play an important role in the control of litter.

Generally, despite the operators’ best efforts and control measures, the accumulation of some
litter isinevitable at alandfill site. Theinstallation of afence around the site or downwind from
the site will help to contain litter and keep it from reaching adjacent property. Daily cleanups,
particularly at the end of theworking day, can limit the quantity of litter that can eventually reach
other property.

12.2.9. Fires

Potential sourcesof firesat landfillsinclude receipt of wastes containing hot embers, sparksfrom
vehicles, equipment fire, and vandalism. A good security program, combined with alert vehicle
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spotters, can control most of the problem. Hot and highly flammable wastes should be directed to
specia areasin the landfill and moistened or smothered with soil prior to disposal. All landfill
vehicles should be equipped with fire extinguishersto limit damage in the event of an equipment
fire.

If awater lineisnot available, awater truck or trailer equipped with agas-powered pump should
be always be on-hand at al but the smallest landfills. There are several techniques available for
managing landfill fires. Fires near the surface of thefill can be excavated and extinguished with
soil and/or water. Deep fires can sometimes be extinguished by placing damp soil on the surface
of the fill, by injecting water into the burning section of the fill, or by excavating and
extinguishing the waste. Deep landfill fires are very difficult to extinguish completely.

If landfill gas collection systemsare present in alandfill where waste is burning, their continued
operation must be given due consideration. Gas extraction wellscan draw air into thefill and thus
be asource of additional oxidiser (oxygen). Additionally, thewells can collect the byproducts of
the waste combustion products, which can lead to degradation or destruction of thewells, piping,
and control systems[90].

Open burning of combustible materials should be strictly prohibited at all disposal sites. The
common practice of open burning for volume reduction or for salvaging (i.e., remova of
insulation from aluminium and copper wire) should not be allowed at any type of waste disposal
facility.

12.3. Operating hours

The operating hours at alandfill typically are set by the collection schedules. However, in some
cases, collection practices can be modified to accommodate site operations. Generally, landfill
sites in the United States are open from about 6:00 am to mid to late afternoon. The hours of
operation of both the collection system and of the landfill should take into consideration local
traffic conditions.

Operating hours may be modified based upon the quantity of waste produced during a certain
time of the year. In the event that the site is not open 24 hr/day, the gates should be closed
sufficiently early to allow for covering of the waste and general cleanup. Containers may be
placed outside the gate to allow for the disposal of small quantities of wastes after operating
hours.

Personnel should arrive at the facility sufficiently early to prepare the equipment and the site
beforethe arrival of collection vehicles. Some of the tasksthat are carried out prior to the arrival
of collection vehiclesinclude: snow plowing (where appropriate), rel ocation of fencing for litter,
maintenance of equipment, fuelling, preparation of unloading areas, and cleaning of roads.

12.4. Inclement climate

Climatic conditions can significantly affect the operation of alandfill. Long periods of excessive
rainfall, freezing temperatures, or extreme heat can disrupt routine operation of alandfill.

Therelative amount of rainfall during site preparation hasadirect impact on the moisture content
of the soil, aswell ason groundwater saturation levels. Both of these parametersareimportant in
the control of soil strength and permeability during construction of a clay liner or other
compacted soil components. Extremely low temperatures (i.e., freezing conditions) during
construction of the landfill site also impact soil workability and permeability. Temperaturelevels
also affect the installation of flexible membrane liners, in particular seaming requirements.
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Weather conditions al so have an impact on the performance and operation of thefacility. Thisis
particularly true in economically developing countries where heavy rainfall often results in
extremely muddy access roads and unloading areas, thus leading to long delays. Extremely high
precipitation also has an impact on the water table. An excessively high water table may increase
the groundwater pressure on the sidewalls of atrench operation, resulting in unstable conditions
and landslides. One of the more effective means of managing high rainfall is to construct and
maintai n drainage canals on the periphery of the siteto divert water from the wastes. Inthe event
that the site is relatively flat, one option is to design relatively small and well contained cells
properly sloped for the collection of the leachate. Another alternative is to install leachate
collection systems to control some of the problems associated with copious precipitation.
However, the leachate collection system also must have the capacity to absorb the high flow
rates, otherwisetheliquid pressurein thefacility will increase. High liquid pressure may result in
migration of water and leachate from the site. Decreased soil density, which may cause liner
instability, may also result from heavy precipitation.

On the other hand, very dry environmental conditions may make the soil hard to excavate or
compact. Furthermore, in the absence of moisture, organic matter does not readily decompose. In
arid areas, evaporation generally isgreater than rainfall. Consequently, very little or no leachate
isformed from the waste after disposal. Landfillsin arid and semi-arid regions may be operated
without liners and leachate collection systems. In fact, it has been suggested that the best sitesfor
landfills are in arid regions [30]. Excessive drying of the soil used in the cover or bottom liner
during construction can lead to the unwanted formation of cracks and increase the permeability of
the soil.

Freezing temperatures may cause stockpiles of soil to freeze and become unusable. In extreme
cases, very low temperatures may affect the proper operation of site equipment as well as the
main components of the leachate collection system that arelocated abovethefrost line. Efficient
operations require that operational problems of this nature be anticipated and contingency plans
be developed in order to address the problems satisfactorily. Table X1V-2 lists problems due to
inclement weather and potential means of managing them.

13. SELF-HAUL

The majority of waste disposal sites allow the discharge of wastes by private individuals. These
individuals are known as self-haulers. Typically, medium- and small-size vehicles comprise a
considerable portion of the traffic. These users (either small haulers or private individuals)
usually are not familiar with practices at the site, can damage their vehicles, can cause delays at
the working face, and may cause accidents.

Some options exist for managing vehicles operated by self-haulers. The operation of the vehicles
can be directed to designated areas of the working face, remote from the large collection or
transfer vehicles. Alternatively, some type of transfer system can be implemented. Transfer
systems commonly used consist of strategically located large self-dumping trailers. The loaded
trailers are periodically towed to the working face, and emptied. Other possibilitiesinclude the
use of dump trucks or roll-off containers. Normally, a platform is constructed to facilitate the
unloading of small quantities of waste into the large containers.
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Table X1V-2. Inclement weather practices

Problem Method of Management

Wet Weather

Access roads are muddy e Add cinders, crushed stone, or demolition
debris

e Maintain a special working areathat has
permanent roads

Unloading areais muddy e Stockpile well drained soils and apply as
necessary

e Keep compactive equipment off area by
unloading and moving refuse
perpendicular to area

e Grade unloading area slightly to permit
runoff

Soil iswet/unworkable e Maintain compacted, sloped stockpiles
and/or cover with tarpaulin

Soil permeability/density variesfromdesign | ¢ Do not compact soilsin overly wet

weather
e Cover the soil
L eachate collection system clogging from e Add barriersfor fines
runoff and sedimentation e Periodic cleaning of pipe network
Dry Weather
Soil isdry -- unable to excavate and increased | ¢  Cover the soil to prevent drying
permeability ¢ Moisten the soil
Cold Weather
Soil freezes e |Insulate stockpiles with leaves, snow, or
straw

e Add salt to the soil

e Continually strip and cut soil

e Maintain well drained soil/sand

e Usehydraulic rippers on frozen soil

Thetransfer point should belocated inside the gate and as close as possible to agood accessroad.
This area should be located such that it can be continually monitored by site personnel. For the
most advanced areas of developing countries, the alternative to continuous direct monitoring
would be the use of closed circuit television. If utilisation by self-haulersis high, an employee
may need to be permanently assigned to the site to supervise and operate thefacility. A resource
recovery operation (drop-off centre) can also be added if supervision is available. Transfer
facilities are oftentimes the source of problems, especially from abuse by the users. Litter isa
common problem and fires may take place in the container(s). Nevertheless, the value of some
type of transfer system usually isjustified in termsof simpler and safer operations at the working
face, improved public relations, and reduced roadway costs.

4. SALVAGE/scavenging

Scavenging or uncontrolled sorting through raw wastes to recover materialsthat may be reusable
IS a common practice in most developing countries. This practice is strictly prohibited at the
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working face of alandfill inindustrialised countries because thereisahigh risk of injury and a
potential health hazard to the scavenger. In locations where regulations allow controlled
salvaging, the practice can be conducted (as discussed in another subsection) away from the
working area by individuals under direct supervision of the operator. Salvaging operations and
storage must be confined to a specific areaor facility so that they will not interfere with landfill
operation. Strict controls must al so be established on the types of materialsthat can berecovered,
location and type of storage, and removal frequencies so that nuisance conditions do not devel op.
The individuals working in the salvaging area should be provided with uniforms, hard hats,
masks, boots, and basic sanitation services. Additional information regarding the design of
resource recovery facilitiesis provided elsewhere.

I5. WASTE receipt and vehicle routing

Every landfill site should have only one entrance and that entrance should be carefully controlled.
A controlled entrance enables operators to: 1) keep records of weights or volumes of incoming
loads, 2) direct incoming vehicles to a particular area, and 3) reject materials that cannot be
disposed on the site. A sign should be placed at or near the entrance. The sign should clearly
indicate applicable regulations, operating hours, user fees, emergency tel ephone numbers, permit
information, and other relevant information.

K eeping control of the quantity and general types of wastesreceived at the site allows operators
to evaluate the efficiency of the operation in terms of land use and compaction. These records
also alow the operator to predict, with a certain degree of accuracy, the remaining capacity for
the site. Remaining site life can be calculated with the help of topographical or aerial surveys.
Aeria surveys may be unnecessary and too costly in some locations. In addition, a good
understanding of the quantity and types of wastes reaching the siteisvery useful in determining
user fees. There are various methods to monitor the quantities of waste received. Most large,
modern landfills use atruck scale. Although it is preferable to monitor weights, small sites may
decide to smply record volumes. If a truck scale is not available, weights may be obtained
through a survey, over a short term, using a scale located away from the site. The results of the
survey can be used to devel op user fees and to estimate waste receipts over an annual period. This
method does not take into consideration any changes in the characteristics of the waste stream.

16. SPECIFIC operational proceduresin a sanitary landfill

There are three basic operational procedures that depend on the method of landfilling. The
procedures are: 1) site preparation, 2) traffic flow and unloading, and 3) waste covering and
compaction. These procedures are presented as afunction of the two basic methods of landfilling
-- area or trench.

The sequence and method of operating asanitary landfill are dictated by anumber of factorsthat
are specific to a site. Some of the most important factors include physical site characteristics,
types of waste, and the rate of receipt of waste.

Ashasbeen previously indicated, the main difference between the trench and areamethodsisthat
the trench operation employs a prepared excavation and, as such, confines the working face
between the two sidewalls. The area method, on the other hand, does not use extensive surface
preparation. The width of the working face for the area method is, theoretically, unlimited.
Sometimes, landfills utilise both methods, depending upon the specific circumstances. For
example, initial disposal operations may utilise a trench design and, subsequently, the area
method may be used on top of the completed trench fill. There are some variations to the two
basic methods; they include progressive slope, progressive trench, and the cut and cover
approach.
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The specific operational features of the areamethod are described first. Many of the featuresthat
characterise the areamethod al so characterise those of the trench method, aswell asthe other less
common methods of landfilling.

16.1. Areamethod

As previously indicated, the area method typically is used in natural depressions, in prepared
areas, or on top of filled trenches. The subgrade may consist of either natural soil, a prepared
surface using liners, or compacted soil or soil supplements. The use of any of these materials
depends upon local regulations and design preferences. Areafills generaly use the land more
efficiently than trench operations. Areafills, on the other hand, may require imported soil for
liners and covers.

16.1.1. Site preparation

The primary objective in preparing asite for an areafill isto use most of the available soil that
meets the design requirements. At the same time, site preparation should keep to a minimum
disturbance of natural soil and vegetation. In order to accomplish these objectives, it isnecessary
to conduct a comprehensive inventory of the amount and type of soil available.

Excavations should follow a particular sequence so that the soil that is removed can be used
elsewhere onsite, preferably without resorting to stockpiling. This procedure eliminates double
handling and increased costs. A model has been devel oped to provide assistancein the planning
of soil movement [27]. However, stockpiling acertain volume of soil isfrequently necessary in
order totakefull advantage of the varioustypes. For instance, topsoil should be stockpiled for use
onroads, asdaily cover, or for the construction of |eachate collection systems or surface drainage
systems. Clay may be selectively excavated and used as liner material, dikes, interim and final
cover or, if necessary, used to supplement subgrades.

Sail that isstockpiled should be placed in specific areas, compacted, and appropriately sloped to
maintain it asdry as possible. Soil should be stockpiled as close to the location where it will be
used as practical. Stockpiles should never be placed in areaswherethey will interferewith traffic,
cover soil that might be needed for other functions, or impede the function of drainage control
systems.

16.1.2. Traffic flow and unloading

The genera procedure for managing the waste at the gate is discussed el sewhere. The procedure
is applicable to both the area and trench methods.

The procedures for spreading, compacting, and covering the waste can be facilitated by
controlling the position of the collection vehicles during the unloading process. If the collection
vehicles are directed over previously filled areas, the areas should be well compacted. When
possible, demolition debris and other dense rubble should be placed to take advantage of the
drainage plan. Roads should be designed and built such that they do not interfere with stockpiling
or soil handling.

The working face should be as narrow as possible without interfering with normal operations.
The width of the working face generally is a problem in the operation of land disposal sitesin
developing countries. To facilitate this, an operator should be at the face of the fill during
working hoursusing awhistle, abullhorn, or flagsto direct incoming vehiclesto thedesired area
of theworking face. Barricades and markers should be used to delineate the areathat isused on a
given day.
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It thereisachoice, itis preferable to keep the unloading area at the toe (bottom) of the working
face. This is because spreading and compaction are easier and generally more effective when
performed from the bottom to the top. If the unloading is carried out from the top, care must be
taken to prevent the waste from being pushed onto a steep working face with little or no
compaction applied until the end of the day, or with infrequent compaction performed. Thistype
of practice is one of the more common operational ones in developing countries. In some
situations, a platform is built on the top by compacting refuse and applying a layer or severa
layers of soil. Thistype of operation can lead to unstable conditions and landslidesif the weight
of material on the top of the slope is too great and the slope istoo steep.

Unloading at the toe generally reduces blowing litter. The unloading area should be kept clean
and level to prevent vehiclesfrom being damaged or tipped. In small sites, it may be necessary to
provide an unloading area that is wider than the working face. At large sites, or at sites that
process large quantities of wastes in relatively short time spans, a portion of the unloading area
should be set aside for unloading trucks manually. If the face of thefill isnot sufficiently wideto
allow for this process, manually operated vehicles may be routed to the top of the lift so that
unloading does not impede the other traffic.

16.1.3. Covering and compacting solid waste

Compaction and, in particular, covering of the waste are two important operations of a
conventional sanitary landfill inindustrialised countries. However, as previously discussed, there
are some conditions under which the wastes may not have to be covered on adaily basis.

In general, spreading and compacting operations should be aimed at achieving proper cell
density, height, slope, and width throughout the day.

The compacted density of the solid waste depends upon the following variables: 1) thickness of
the layers, 2) composition and characteristics of the waste, 3) number of passes made by the
equipment applying the compaction, and 4) compactive effort of the equipment. Compactive
effort isprimarily afunction of the grossweight of the equipment, bearing pressure, and striking
impact (if applicable). Although additional passesresult in higher compaction, the return for the
effort diminishes beyond six passes. An experienced operator should know when additional
passes will result in greater compaction. In order to prevent soft spots in the fill area and
eliminate uneven settling, excessively wet loads should be separated and mixed with dry
materials before and during spreading. The slope of the working face also has an important
influence on the compactive forces being applied on the waste. A schematic diagram of the
compaction processisshownin Figure X1V-17. Asshowninthefigure, the effective compactive
force acting on the waste isthe product of the weight of the equipment multiplied by the cosine of
the slope. Consequently, as the slope of the working face increases, the effective compactive
force decreases and, conversely, the potential of slippage on the slope increases. There may be
some situations where it may be difficult to avoid a steep slope; in fact at the end of the day, it
may be desirable to have one in order to reduce the amount of cover material required and the
nuisance potential. In those situations where a high in-place compaction is desirable, the slopes
should be as gentle as possible. The tradeoff isneed for more cover material and alarger areafor
the working face. An operator can perform some practical procedures in order to achieve high
compaction densities. One of these procedures involves combining low-density, dry materials
(such as paper or textile waste) with high-density, moist wastes (such as restaurant or market
residues).
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Compaction Equipment

Landfill Face

Effective Compressive
Force (weight) on
Waste W cos 6

W = Weight of Equipment

Figure X1V-17. Compaction of waste on a sloped surface

One important advantage of compaction is the increase in the capacity of the landfill.
Consequently, if the plan is to optimise landfill capacity, continuous measurements of the in-
place density, aswell as of the remaining landfill capacity, should be carried out. Typically, the
most common method of determining the degree of compaction accomplished in alandfill has
been to estimate the volume of the incoming waste and either estimate or measure the in-place
volume. The ratio of the incoming volume divided by the in-place volume determines the
“compaction” ratio. However, these cal cul ations simply are estimates, and they do not provide an
accurate indication of the actual situation. Accuracy is particularly important in locationswhere
disposal space is at a premium and lifespan of the disposal facility must be known to a high
degree of accuracy. The most reliable means of determining the in-place density is by weighing
the incoming waste and dividing it by the actual volume of the space occupied by it in thefill.

Tests can be carried out to determine thein-place density in aparticular landfill and ascertain the
optimum parameters to achieve the practical degree of compaction. As shown in Table X1V-3,
there are avariety of variables that impact the in-place density of the refuse.
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Table X1V-3. Some variablesthat impact
thein-place density of refuse

e Characteristics of waste

e Thickness of lift

e Slope of working face

e Number of compactor passes
e Typeand weight of compactor
e Design of compactor’s wheel

e Condition of cell base

e Experience of operator

e Type of cover material

Thefina height of alift usually is determined by the grade plan for the facility, soil usage, and
operational limitations. In the case where extremely deep fills with a large number of lifts are
used, the height of thelift may be limited by the equipment. For instance, alift may belimited to
the maximum height at which a scraper can provide complete coverage with one pass. Typical
heights for lifts range between 2to 4 m.

The relationships between density and the number of passes, as well as the thickness layer, are
presented in Figure XIV-18.
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Figure X1V-18. Impact of compactor passes and lift thickness on landfill density

Theslope of acell generally should not exceed 20°, or about 3:1 (horizontal:vertical), and should
never exceed that which results in structural instability of the mass. The slope should be
established with initial loads and maintained constantly throughout the day.

As discussed earlier, there are three types of soil cover: daily, intermediate, and final. The

thickness of each type depends upon the duration of exposure to the elements, asillustrated in
Table X1V-4.
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Table XIV-4. Thickness of cover soil and exposur e time

Typeof Soil Cover | Minimum Thickness (cm) Exposure Time®
Daily 15 0 to 30 days
Intermediate 30 30 to 365 days
Final 60 > 365 days

& Length of time cover material will be exposed to wind and rain.

The stockpiling of soil for covering and the method of application of the soil should be performed
such that the cover will not belittered with waste. These goal s can be achieved by depositing the
cover material at the top of the cell or adjacent to the working face. At the time that the cover is
applied, the spreading equipment should only travel over the cover. The equipment should not
travel through refuse onto fresh cover because this tends to draw waste on top of the cover
material. Thetiresfor the varioustypes of equipment should be cleaned of waste before applying
or compacting the cover.

Scrapers and draglines are the most frequently used types of equipment for the application of
cover material. Scrapers reduce the amount of double handling. Unfortunately, the tires may be
damaged by the waste materials. Draglines can also be used for the application of cover material.
The use of draglines, however, requires additional grading and compacting of soil. Regardless of
the placement method, the cover should be compacted and smoothed. Typically, two passesusing
appropriate equipment will provide sufficient compaction for daily cover sail.

The main purposesfor applying daily cover areto control vectors, litter, door, water infiltration,
and, to some extent, fire. The solid waste should be compacted immediately prior to placing the
daily cover. Compaction of the waste will level the site and facilitate both covering and
subsequent operations by providing a smooth surface. If soil is used as cover materia, a
minimum compacted thickness of 15 cm is sufficient to accomplish the objectives. Thethickness
may exceed 15 cm if agreater depthisrequired to cover al of thewaste. Cover should be applied
to the top and side slopes as cell construction progresses. This procedure serves to control
generation of litter, and also results in the working face only requiring cover at the end of the
working day [29]. Experience has shown that materials other than soil may be safely used to
cover thewaste. Some of these materialsinclude: composted or partially composted yard wastes,
the fine residues of construction and demolition debris, dredge spoils, and other materials.
Designers and operators of sanitary landfillsin developing countries should conduct their own
evaluations of potentially suitable materials for daily cover.

Intermediate soil cover has the same general function as daily cover. The intermediate cover,
however, remains exposed to the elements for alonger period of time than the daily cover. The
intermediate cover may also serve as a temporary surface for traffic movement. In fact, it
generally is recommended that traffic move on intermediate surfaces in order to continue the
compaction process. The minimum compacted depth for an intermediate cover is 30 cm. This
cover should be placed on thelift surface as soon as possible, but kept a sufficient distance away
from daily activity to prevent littering from equipment moving over it.

Completed areas should be covered with afinal layer of soil as soon as possible. It generally is
recommended that thefinal cover have aminimum thickness of 60 cm. The depth and type of soil
to be used and the compaction requirements should be specified in the facility design and
operation plan. All but the upper few inches should be compacted in order to keep the soil
permeability as low as possible. Topsoil should be added to the surface of the final cover.
Seeding, mulching, fertilising, and pH adjustment should follow final covering. An EPA
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publication provides useful information on standard procedures for planting vegetation on final
covers[28]. A separate discussion of cover systemsis presented earlier in this chapter. Soil used
asfinal cover should not be applied when it istoo wet or frozen. A certain amount of soil should
be saved after site completion to facilitate any grading that may be required to maintain an even
surface. Completion should be phased such that oncethefinal cover isapplied, no traffic should
be permitted on the completed area.

16.2. Trench method

Thetrench method ismost applicable on flat or gently rolling ground with deep soils. Thewidths
and depths of the trenches can vary substantially from site to site. Trench operations usually
result in excess soil and provide lateral confinement at the operating face. For a given level of
productivity, atrench operation may require more land and equipment than an areaoperation. In
addition, trench operations may need extensive soil stockpiling and handling.

16.2.1. Site preparation

Generally, the depth and width of the trench are specified in the design and operation plans. The
excavation of thefirst trench and also portions of later trenches may require stockpiling of large
guantities of soil. The stockpiling must be conducted such that it will allow the soil to be
available for use as liner and/or cover material and will not interfere with the fill operation.

Asprevioudly indicated, the size of unexcavated areas between trenches depends upon the depth
of the trench and the characteristics of the soil. In general, the more cohesive and stable the sail,
thelessdistancethat will be required between the trenches. On the other hand, asthe depth of the
trench increases, more distance, in general, will be required between the trenches.

The amount of soil handling and stockpiling can be reduced by following either of two
approaches. The first approach is called the phased fill and covering. This approach uses soil
from a trench being excavated to provide cover for an adjacent trench that is in the process of
being filled. Soil from the first trench must be stockpiled. The second approach isknown asthe
progressive trench. The progressive trench method uses soil excavated from one end of thetrench
as cover material for waste deposited at the other end of the same trench.

16.2.2. Traffic flow and unloading

Theworking facein atrench operation usually ismore sharply defined than in an area operation.
In the trench method, waste may be discharged over the edge (i.e,, lip) of the excavation or from
within the trench. Operational procedures must be developed according to the method of
discharge. Stability of the sidewall iscritically important if the unloading is going to take place
from the edge of the trench. In addition, allowances must be made to prevent the vehicles from
falling into thetrenches. Typically, logsor polesare placed near the edge of thetrench. A spotter
should be present during unloading operations.

It ispreferablein atrench operation that the waste be discharged from within the trench. Inthis
particular case, aramp leading to the base of the trench should be built, and maintained at agrade
appropriatefor vehicletraffic. Contingency plans should be provided during wet weather or when
other situations make the ramp hazardous or difficult to use.

Traffic control for unloading of waste in the trench operations is similar to that for areafills.
Likewise, waste handling practices described earlier for the area method aso are common to
trench operations, except for some special circumstances. Thewallsin thetrench help control the
width of the face and size of the cell. On the other hand, thewalls of the trench can interferewith
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compaction if the side slope is too steep for the wheels or tracks to reach the side and still
maintain blade clearance.

Narrow trench operations may experience a rapid buildup of waste during peak periods of
deliveries. In such situations, adequate compaction cannot be obtained if the wasteis discharged
on the face. In order to prevent thisundesirable situation, it is best to loosely compact the waste
in the trench, and spread and compact it thoroughly when time permits.

16.2.3. Covering and compacting solid waste

Sail cover should be placed at the same times and depths as specified for the area method. When
an areafill is placed on top of atrenchfill, the operation should be phased such that the areafill
iscommenced as soon as possible after the compl etion of the trench fill. Thisprocedurewill help
to prevent loss of soil and to achieve the desired ratio of soil to refuse. Sufficient soil for cover
should be made available from the trench operation so that area lifts on top of the completed
trench fill will have adequate cover.

J. Water management

The two primary types of water resources to be protected from landfill operations are surface
waters and groundwater. Surface waters may be contaminated by runoff or leachate from the
landfill; whereas, groundwater may be polluted by |eachate. The primary objectiveisto directly
and indirectly prevent thelandfill from adversely influencing flowsto thewater resource. Thisis
best accomplished by excluding from the water resources any inputsthat originatein thelandfill.

J1. SURFACE water

The first step in proper water management is to minimise surface waters entering the sanitary
landfill. Upland drainage can be accomplished by means of pipesthroughfillsthat arelocatedin
gullies, ravines, and canyons. Runoff from areas surrounding the fill can be excluded by
excavating a series of channels or shallow ditches to collect and divert the runoff.

All runoff from the disposal site and the fill itself must be excluded from all unaffected water
resources. Thisisdone by channelling the runoff to a collection and storage site, where the runoff
can be treated. Ultimately, however, the best recourse is to exercise careful control over the
amount of water subsequently retained on thefill site and the length of timethe runoff isretained
there. Thelonger the retention time, the greater the opportunity for the water to be contaminated
beforeit leavesthe site. Since runoff from thefill itself occurs only when the upper surface of the
fill isas high or higher than the level of the surrounding land, an effective means of minimising
the extent of degradation of the runoff isto shorten thetimeitisretained at or onthefill. Grading
the landfill cover promotes efficient runoff of rainfall. The grade of the cover should be
determined on the basis of the planned use of the completed site and of the ability of the cover
material to resist erosion.

Surfacewater that runs off stockpiled cover material should not be allowed to enter watercourses
without having been previously intercepted and ponded to remove settleable solids. A complete
surface water plan must be devel oped with other preparatory planning for the site.

J2. GROUNDWATER

The basic premise of the protection of groundwater quality isthat landfilled solid wastesand any
leachate from the wastes not be alowed to come into contact with and, thus, contaminate
groundwater. Leachate and leachate formation are described later in this chapter. In short,

375



leachate is generated by the passage of water through the solid waste in afill. If moisture is
already present in the fill, it is termed primary leachate. If the moisture comes from rainfall
infiltrating into and percolating through thefill, the leachate istermed secondary leachate. In both
cases, the eventual composition of leachate isafunction of the type of solid wastes deposited in
thefill, age of thefill, and severa other factors.

The degree of required separation of waste from the groundwater is determined by the potential
of the leachate for contaminating the groundwater. Therisk of contamination isgreatest whenthe
leachate contains toxic and hazardous compounds and/or when underlying material is highly
permeable. The degree of separation necessary to protect groundwater quality increaseswith the
potential for contamination. One should not plan on the leachate being diluted in the groundwater
because the usually laminar pattern of groundwater flow alowsvery little mixing to occur in an
aquifer.

A preliminary step in protecting groundwater quality isto ensure that asuitably thick layer of soil
is between the bottom of thefill and the groundwater. Theinterposition of thelayer permits some
attenuation of leachate that percolates through the layer. However, in recent years, the fund of
knowledge and the depth of the understanding of leachate and its contaminating characteristics
have revealed the limitations of natural attenuation that takes place in the soil layer.

J3. WATER balance and the formation of leachate

The rate of production of leachate can be calculated by performing a water balance. A water
balance involves an accounting of all of the sources of water entering and leaving the landfill,
including the water used in biochemical reactions and water leaving the landfill in the form of
water vapour in the landfill gas. The quantity of leachate that could potentially be generated is
that which exceeds the moisture-holding capacity of the material in the landfill.

J3.1. Water balance

The various components of a water balance for alandfill are presented in Figure X1V-19. As
shown in the figure, the primary sources of water are; water entering the fill through the cover
(precipitation), moisturein the cover material, groundwater inflow, and inherent moisturein the
solid waste. In addition, a small amount of water isformed as a byproduct of decomposition of
the wastes. Water leaves the landfill in the form of saturated vapour in the landfill gas, and
through transpiration. The remainder of the water is either stored by the waste or becomes
leachate.

The vegetation on the cover utilises water to build plant tissue and results in water loss by
transpiration.

The total amount of moisture that can be stored in a unit volume of soil is a function of two
variables -- the field capacity (FC) and the wilting point (WP) of the soil. The FC of asail is
defined as the quantity of liquid that remains in the pore space following a prolonged period of
gravitational drainage. The WP of asoil isdefined as the quantity of water that remainsin asoil
after plantsare no longer capabl e of extracting any more water. The difference between thefield
capacity and the wilting point is equivalent to the quantity of moisture that can be stored in a
particular type of soil.

Since apotential major contributor to the formation of |eachate is precipitation, an estimation of
its infiltration into the cover is an important aspect of establishing the water balance on the
landfill system. The estimation of infiltration of precipitation into the cover is one of the more
complex of landfill analyses. Flow of water from precipitation in a vertical percolation layer
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either is downward (due to gravity drainage) or removed via evapotranspiration. A computer
model has been developed for the purpose of performing the complex computations that are
required to predict the amount of water that infiltrates, or percolates, through a cover system
composed of layers of different characteristics. The model is called “Hydrologic Evaluation of
Landfill Performance (HELP)” [12]. Other approaches also are available for estimating the
amount of percolation that can be expected in a landfill, including the use of a conventional
hydrological water balance.
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Figure X1V-19. Components of a water balance
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The components of the water balance for alandfill can be expressed by the following equation if
groundwater infiltration isinsignificant:

MC = Wyt W+ Wp'WRO'VVIfg'Wv'Wevap"' Wieach
where:

e MC = changein the quantity of moisture stored in the landfill (kg/m®);

W,y = quantity of water in the incoming solid waste (the moisture content of solid waste
ranges from 30% to 60% in developing countries, depending on the location) (kg/m®);

o W, =quantity of water in the cover material (kg/m°);
e W, = quantity of water from precipitation and other outside sources (kg/m°);
o Wkgo = quantity of water from precipitation diverted as runoff (kg/m?);

e Wisq=quantity of water utilised in the formation of landfill gas (on the order of 0.2 kg/m?® of
gas);

e W, = quantity of water lost as saturated vapour with the landfill gas (on the order of 0.04
kg/m® of gas);

e Woeg = quantity of water lost due to evapotranspiration (kg/m*); and
e W,exen = quantity of water leaving the (control volume) landfill as leachate (kg/m?).

Thewater balancefor alandfill isprepared by adding the mass of water that entersaunit area of
aparticular layer of thefill during acertain timeincrement to the mass of water of the same layer
that remained from the previous time increment and subtracting the mass of water lost from the
layer during the present time increment. The result of this analysis is known as the “available
moisture” for the particular layer of thelandfill at that particular time. In order to ascertain if any
leachate will be formed, the available moisture is compared to the field capacity of the fill.
Leachate will be formed if the amount of water present (available moisture) exceeds the field
capacity of thefill.

Thefield capacity of alandfill varies as afunction of the weight of the overburden, aswell as of
other variables, e.g., soil and waste characteristics. The field capacity of a landfill can be
estimated approximately using the following equation [11,21]:

_ W )
FC=06 055 (1o,ooo+w

where:

e FC=fidd capacity, and

e W =weight of overburden calculated at the middle of the lift.

Alternatively, the field capacity of compacted solid waste, as well as other materials, can be

determined experimentally. Calculated estimates of field capacity should be confirmed through
measurements whenever possible.
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J3.2. Leachate migration

In“typical sanitary landfills’ in most industrialised countries, leachateisfound at the bottom of
the fill. In developing countries, where most landfills are not lined, the leachate will have the
tendency to migrate in adownward motion through the underlying soils. Only alimited amount
of research has been carried out on the movement of fluids through solid waste. The values
reported in the literature vary from 10 cm/sec for non-compacted, raw solid waste (bulk
densities of up to 300 kg/m®) to 10 cm/sec for compacted refuse [78,79]. Depending upon the
type of material surrounding thefill, it is possible that a certain amount of lateral migration will
take place.

One of the major concerns associated with the uncontrolled vertical migration of leachate isthe
potential contamination of the groundwater. Therate of migration of leachate can be estimated by
using Darcy’s law:
Q=-KAdhd
where:
e Q=leachate flow rate (m*/day);
e K =hydraulic conductivity (m¥m? - day);
e A =cross-sectional areathrough which the leachate flows (m?);
e dh/dl = hydraulic gradient;
e h=headloss(m); and
e | =vertical depth (m).
Thenegativesignin Darcy’ slaw isdueto thefact that head |oss (dh) isalways negative. Typical
values for the hydraulic conductivity (i.e., permeability) for various soils are provided in Table

XIV-5.

Table XIV-5. Typical valuesfor the hydraulic conductivity for various soils

Soil Type Hydraulic Conductivity, K (m*m?- d)
Uniform coarse sand 407

Uniform medium sand 102

Uniform fine sand 4

Silty sand 0.09

Sandy clay 0.005

Silty clay 0.0009

Clay 0.00009

J3.3. Attenuation of leachate characteristicsin soil

Attenuation by soil is an adsorption process in which contaminants are removed from leachate
moving through the soil. Attenuation is an important mechanism to consider in the design of a
bottom liner and particularly if a bottom liner is not incorporated into the design of a sanitary
landfill. The mechanism of removal isthe adsorption of the contaminants on the surface of active
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soil particles(e.g., clay minerals). Thefact that attenuation isan adsorption process placesahigh
upper limit on the attenuation capacity of a soil. Hence, soil attenuation is only a short-term
means of controlling contaminant migration and protecting groundwater resourcesfrom leachate.
Moreover, having been contaminated by the adsorbed chemicals, the soil constitutes another
source of contaminants to water percolating through the soil. In case of a need to institute
corrective or remedial action, contaminated soil would have to be cleaned.

Among the chemical properties that exert an influence on the capacity of a soil for attenuating
contaminants are cation exchange capacity (CEC), pH, clay content, mineralogy, freeiron oxide
content, and lime concentration. The attenuation capacity of a soil generally increases with
increase in clay content, free iron oxide content, and lime concentration. Cation exchange
capacity islargely afunction of clay content and clay mineralogy of the soil. The higher its CEC
value, the more efficient asoil becomes at attenuating cations and polar organics. Heavy metals
frequently are held by alkali soils.

J3.4. Leachate formation in arid areas

Therate of leachate generation from landfillsin devel oping countries|ocated in arid regions may
be relatively low if the results of a research project conducted in Lima, Peru are typical. The
project was commissioned for the purpose of assessing the potential environmental impacts,
including leachate production, associated with the operation of land disposal sites. The average
rainfall in Lima (and generally in the entire coastal area of Peru) islessthan 10 mm/yr; thusthe
resultswould be applicableto dry (arid) regions. Three micro-landfillsthat had been operated as
sanitary landfills using sand as intermediate and final cover material and an old disposal site
operated simply as an open dump were monitored and analysed. The results of the research
indicate that, based on the moisture content and the field capacity of the samplesand on an input
of 500 Mg of waste/day, the landfills were generating between 0.5 and 1.1 L/sec of leachate[9].

K.Liners
K1. SOIL liners

Toform abottom liner for the landfill, soil can beusedinonelayer (i.e., asingle-liner system) or
in conjunction with layers of other materials (i.e., as one or more layers of a multi-layer, or
composite, liner system). Hazardous wastes, dueto their hazardous characteristics, require secure
containment and should be disposed in sites equipped with double, or composite, liner systems.
When asoil liner isused asasingleliner, it reduces or may even keep the leachate from leaving
the fill and reaching the subsurface environment. In the event that the soil liner is placed
underneath a flexible membrane liner (FML), the soil liner serves as a protective layer for the
overlying flexible membrane liner (FML). In addition, the soil liner constitutes an additional
barrier to leachate migration. A soil liner must be properly designed and constructed so that it
forms along-term, structurally stable base for overlying facility components.

K1.1. Materias

To adequately serve asaliner, asoil must have alow permeability (preferably lessthan 1 x 10°®
cm/sec) when compacted under field conditions. After compaction, the liner should be able to
support itself and the overlying facility components. The liner material should yield to handling
by construction equipment. Finally, aliner constructed of the material (i.e., the soil) should suffer
no significant lossin permeability or strength when exposed to waste or |leachate from the waste.
A soil that isdeficient in arequired characteristic may be rendered suitable by blending it with
another soil or with a soil additive. An example isthe addition of bentonite cement to decrease
permeability. Ideally, the compaction and permeability characteristics of the selected soil liner
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material should be determined by laboratory tests, so as to provide necessary information
regarding the interrelationship between moisture content, density, compactive effort, and
permeability.

Of the common types of soils, a well compacted mixture containing clay is one of the more
commonly used soils for abottom liner. Clay generally refersto all soils having a particle size
smaller than a given size (typically less than 2 microns). Pore-size distribution, fluid viscosity,
effective porosity, and fluid density determinethe permeability of clay soilstofluids. A clay liner
usually is constructed asalayer 0.3 to 1 mthick. To function as an effective liner, the clay must
be mixed with other granular soils and placed with the proper moisture content. The density of
the liner can be increased through compaction in order to decrease the material’ s permeability.
During installation of aclay liner, compaction is controlled by measuring moisture content and
density in each lift. If sufficient clay is not available locally, natural clay additives (e.g.,
montmorillonite) may be added to the mixture of clay soil to form an effective liner. The use of
additives requires evaluation to determine optimum types and mixing ratios.

If it meets the necessary specifications for aliner, the native soil at the facility site would best
satisfy cost and convenience considerations. Otherwise, a suitable soil must be imported from
another location. Obviously, cost becomes an important consideration when offsite material is
used. In developing countries, the maximum distance would depend upon local conditions. In
most cases, ahaul of any appreciable distance would be impractical. Theliner material, whether
excavated locally or imported, usualy is stored as a borrow pile established at the site.

K1.2. Design and installation

Standard geotechnical practices adjusted to the geology and landfill operational requirementsare
followed in the design of the individual landfill liner. The soil liner must underlie the entire
landfill. Theliner should be of low permeability to impede leachate flow and sufficiently thick to
provide a structurally stable base for overlying components. With allowances for leachate
collection pipes and sump, the liner should be uniformly thick. However, the toes of sidewall
slopes should be somewhat thicker to prevent seepage and to adequately join the bottom and
sidewall liners (see Figure XI1V-20). The liner material should be compatible with the
characteristics of waste and of the resultant leachate it is supposed to contain.

Leachate Collection

1% to 5% Slope

Q

% & Drai nége Layer

Figure X1V-20. Schematic of liner design

Ingeneral, soil linersare constructed of compacted soilsinstalled in aseriesof layers of specified
thickness. Although the use of thinner increments (and, consequently, more layers) facilitates
compaction, it adds to construction costs because the number of layers/unit of liner thicknessis
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increased. Generally, the thickness of liner layers prior to compaction should be on the order of
15t0 22 cm.

K1.3. Liner installation

Theliner isinstalled (constructed) by placing theliner material (soil) with the use of scraper pans
or trucks. The soil is spread evenly over the site and then is broken up and homogenised through
the use of disk harrows, rotary tillers, or manually-manipulated implements to facilitate
compaction. If soil additives are used, they are applied evenly over the site and then are
thoroughly mixed into the soil.

The liner may be constructed in sections or in one piece. In a small facility, the liner may be
constructed in one piece over the entirefacility. Install ation by sections probably would be more
suitable with large facilities or in continuous operation facilities. In the latter operations, the
wastes are placed as portions of the liner are built. It isimportant that the sections be installed
such that no break occurs between them. This can be done by bevelling or step-cutting the edge
of asection assoon asit isinstalled so that the succeeding section can betiedin (i.e., overlapped)
with the previously installed section.

Because the necessary degree of compaction is dependent upon a proper moisture content, any
required addition of moisture should be made prior to placement of the liner material. Care
should betaken to distribute the moisture uniformly throughout the soil. Thisisdone by allowing
adeguate equilibration time after the moisture addition. The necessary time increment may be
days, or even weeks, if the soil isvery dry or certain additives are used.

Practices followed and equipment used in earthwork construction are suitable for compacting a
liner. The success of the compaction effort depends upon the individual liner layers being
properly tied together. Tying together the layers can be accomplished by scarifying the surface of
the last installed layer prior to adding the next one and ensuring that the moisture contents of
adjacent layersaresimilar. If sidewall slopesare not very steep, they can be compactedin layers
continuous with the bottom liner layers. Steeply sloped sidewalls may have to be compacted in
horizontal layers because compaction equipment cannot operate on steep slopes. Tying together
is especially important for steep sidewalls, because separation between layers can serve as
pathways for the migration of leachate through the liner.

Because climatic conditions (e.g., precipitation, freezing temperatures, and extremely dry
conditions) strongly influence activitiesrelated to soil liner construction, steps must be taken to
minimise climate-related problems. For example, precipitation may interfere with construction
operations by eroding or flooding the site or by over-moistening the liner material. Conversely,
desiccation can cause cracksto develop in clay mixtures, with the result being unacceptably high
permeability.

K1.4. Bentonite-soil mixtures

Laboratory studies have demonstrated that hydraulic conductivities on the order of 10 cm/sec
can be achieved with bentonite. Bentonite can be mixed with soil to reduce the permeability of
the material. The permeability of the mixture will depend upon the quantity of bentonite added,
the degree of compaction, and the size distribution of the soil. If the bentonite-soil mixture is
going to be used as acapping system, it isrecommended to use about 5% bentonite (by wt) and a
layer thickness between 15 and 20 cm. On the other hand, if the mixture isgoing to be used asa
bottom liner, concentrations of bentonite higher than 5% (by wt) are recommended [20].
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K2. FLEXIBLE membraneliners

The constituent material of a flexible membrane liner (FML) is pre-fabricated polymeric
sheeting. A flexible liner may be used in many ways. For example, it may be used as asingle
liner installed directly over the foundation soil; as part of a composite liner placed upon a soil
liner, or asalayer of amulti-element leak detection systemin adouble-lined landfill. In general,
flexible membrane liners may be too costly to be installed in developing countries. However,
should they be required, attention must be given to specifications and cost, as well as to
installation.

Major stepsto betaken in the use of aflexible membraneliner are selection of the FML material,
designing of the subgrade, and planning the installation. The last step includes the design of
subcomponents, such as sealing and anchoring systems and vents. Among the types of
membranes commonly used for lining sanitary landfills are high-density polyethylene,
chlorinated polyethylene, and chlorosulfonated polyethylene[4,13]. Important criteriato follow
for selecting an FML include chemical compatibility with the characteristics of theleachateto be
contained; possession of appropriate physical properties such as thickness, flexibility, strength,
and degree of elongation; resistance to weathering and biological attack; availability; and cost.

If testing facilitiesare not available, judgments about compatibility of the synthetic material with
wastes and leachates will have to be made on the basis of specifications provided by the
manufacturer. With respect to mechanical properties, FMLs having high strength and low
elongation are best suited in applicationswhere high stresses are expected (e.g., sSidewal | s steeper
than 2.5:1). Lower strength and higher elongation FMLs(e.g., chlorosulfonated polyethylene) are
best used for applicationslikely to involve large deformations such asdifferential settlement and
local subsidence. Other important mechanical properties that should be considered include:
flexibility at various temperatures, resistance to puncture, thermal expansion, seaming
characteristics, resistance to weathering, and resistance to biological attack and environmental
conditions (e.g., sunlight and atmospheric ozone). Information on FMLs can be sought from
manufacturers. Although some published literatureisavailable, such information may bedifficult
to obtain in a developing nation.

The subgrade upon which an FML restsis a key factor in the maintenance of itsintegrity. The
reason isthat it servesasasupporting structure and it control sthe accumulation of gasand liquid
beneath the liner. Consequences of the accumulation can be uplift stress and reduction of the
strength of underlying soils. In addition to those resulting from gas and liquid accumulation,
mechanical stresses may be caused by subsidence beneath the liner and other stresses due to
differential movements of the subgrade, etc. All of these failure mechanisms can be prevented or
minimised by employing common foundation design measuresto prevent settlement, subsidence,
slope failure, and other undesirable occurrences, as well as other engineering design measures
related to soil and liner materials.

Important design features of protective bedding layersarethe provision of drainageto prevent the
accumulation of gasor liquid and the protection of the liner from being punctured. The drainage
layer may consist of sand, gravel, or other comparable granular material. Alternatively, it may
take the form of a geotextile (afabric designed to provide tensile strength and serve as afilter).
Granular drainage layers have some substantial limitations, including difficult installation and
maintenance of stability on steep slopes, and vulnerability to disturbance by workers and to
erosion wind or water during construction. These problems are avoided by resorting to
geotextiles. Moreover, geotextiles protect the liner from mechanical stresses.
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Surface preparation for FMLsshould include: 1) removal of rocks (larger than 25 mm), roots, and
other debris from the surface; and 2) removal of organic materials so as to minimise settlement
and gas production under the liner. Soils that expand or shrink excessively should be avoided.
Finally, the substrate soil surface should be compacted to provide afirm and unyielding basefor
the liner. Because the actual installation of a flexible membrane liner is acomplex and critical
task, it should be conducted by a qualified and competent company under the supervision of the
manufacturer or an engineer of the manufacturer.

L. Leachate collection and treatment
L1. INTRODUCTION

The decision to incorporate a leachate collection and treatment system as part of a sanitary
landfill system inadeveloping country is, in many cases, avery difficult one due primarily to the
expense. Obviously, the consideration only appliesin those instancesin which abottom liner has
been incorporated into the design of the landfill. If aleachate treatment and collection systemis
to beinstalled, funds must be avail able for operation aswell asfor capital expenses. If athorough
analysis of the situation indicates that a bottom liner and a leachate collection and treatment
system should beinstalled, every effort should be made to implement the systems such that their
construction and operation do not result in the contamination of the surrounding land resourcesor
potential sources of water supply. The implementation of a leachate collection and treatment
systeminvolvesthefollowing design steps: 1) selection of thetype of bottom liner to be applied;
2) preparation of agrading plan (i.e., channels, pipelines, and others); 3) design of the system for
the collection, removal, and storage (if required) of the leachate; and 4) identification, selection,
and design of the treatment system.

L2. PREREQUISITES

Therearetwo key stepsthat must be carried out before aleachate collection and treatment system
can be designed. Thefirst one involvesthe selection of the bottom liner and the second involves
the estimation of the quantity and quality of the leachate.

L2.1. Bottom liner

The processes involved in the selection, design, and installation of a bottom liner have been
discussed in previous sections.

L2.2. Quantity and quality of leachate

The quantity of the leachate can be estimated based on awater balance performed on the landfill
system, as has been discussed in an earlier section.

The quality of the leachate from alandfill depends primarily on the type of waste placed in the
fill, degree of compaction, depth of fill, and age of the waste. For example, |eachate produced
during the first phase of decomposition of MSW characteristically has an acidic pH resulting
from ahigh concentration of organic acids. Some characteristics of leachate from municipal solid
wastes are presented in Table X1V-6. The range of values given in the table reflects |leachates
generated during the acid and methanogenic phases of decomposition.
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Table XIV-6. Characteristics of leachate generated from

decomposition of municipal solid wastes

Parameter Range of Values® (mg/L)
pH 45t09
Alkalinity (CaCos) 300 to 11,500
BOD (5-day) 20 to 40,000
Calcium 10to 2,50
COD 500 to 60,000
Copper 410 1,400
Chloride (CI") 100 to 5,000
Hardness (CaCos) 0 to 22,800
Iron - Total 3t02,100
Lead 810 1,020
Magnesium 40to 1,150
Manganese 0.03to 65
Ammonia NH3 30 to 3,000
Organic N 10t0 4,250
Nitrogen-NO, 0to25
Nitrogen-NOs 0.1to 50
Nitrogen-Total 50 to 5,000
Potassium 10to0 2,500
Sodium 50 to 4,000
Sulphate (SO4") 20to0 1,750
Total Dissolved Solids 0 to 42,300
Total Suspended Solids 6to 2,700
Total Phosphate 0.1to 30
Zinc 0.03to 120

Source: Reference 29 for hardness, total dissolved solids,

and total suspended solids; all other values, Reference 80.

% Range of values encompasses both acid and
methanogenic phases of waste decomposition.

L3. LEACHATE collection systems

The basic purpose for installing aleachate collection system in alandfill isto remove leachate
and water that may have penetrated the waste or may have come in contact with it.

The capacity of the leachate collection system depends upon the quantity of leachate expected to
be generated. The system should beinstalled such that it is compatible with the type and shape of
the bottom liner. The design of the system should incorporate every measure to minimise or
prevent clogging.

One of the critical components of the leachate collection system isits drainage layer or system.
Thedrainagelayer providesapath for the leachate to flow through, thus enabling collection and
removal of the leachate. In addition, the drainage layer provides protection to the bottom liner
from both the waste and the heavy equipment operating on top. The drainage system typically
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consists of amixture of porous materials such as sand and gravel. The materialsfor the drainage
system should be carefully selected and graded so that they do not clog the collection pipes.
Some of the more sophisticated drainage systems include more than one drainage layer. In
addition, clogging between filter layers can be reduced by including afilter fabric between them.

The efficiency of the leachate collection systemis partly controlled by the characteristics of the
drainage layer. In particular, the hydraulic conductivity of the drainage system reduces the
efficiency of the collection system. Drainage layers also are prone to clogging. Clogging of the
drainage layer (i.e., a reduction in the hydraulic conductivity) results in a reduction in the
quantity of leachate removed from the site.

L4. DESIGN of the leachate collection system

There are a number of proposed designs for leachate collection systems. Two of the more
common systems are the sloped terrace and the piped bottom. They are described below.

The sloped terrace design involves the sloping of the bottom of the fill into a series of terraces.
Generally, the recommended slopesfor the terraces arein the range of 1% to 5%. This degree of
inclination promotes migration of the leachate in the direction of collection pipes or channels.
The collection channels typically include perforated collection pipesin abed of packed gravel.
Thegravel should haveasize of intherangeof 3.5t05cm. Thegravel itself can become clogged
with fine particul ates; consequently, the gravel typically isenclosed within alayer of geotextile
filter fabric. Usually, the inclination of the drainage channelsisin the range of 0.5% to 1.0%.

The piped bottom collection system design includesthe placement of clay barriersand perforated
leachate collection pipes at the bottom of the site. Typically, the barriers have adefined form and
a width similar to that of the solid waste cell. A geomembrane is placed on top of the clay
surface. After the barriers have been installed, slotted pipes are placed on top of the
geomembrane. The leachate collection pipes usually have a diameter of about 10 cm, and the
perforationsusually cover about 50% of the pipe’ s circumference. The collection pipesare placed
about 10 to 20 m apart and are covered with adrainage layer of sand and gravel. Asaprecaution
against clogging of the pipe perforations, afabricfilter can be placed ontop of thedrainagelayer.
The separation between the pipeswill control the amount of leachate that will accumulate at the
bottom of thefill. In atypical operation, the layer of sand and gravel isabout 60 cm thick and is
placed on top of the collection pipes afew weeks before thefirst load of waste is discharged on
the cell. It is advisable not to compact the first layer of waste in order to protect the integrity of
the piping network. The slope of the unit should be on the order of 1% to 2% in order to promote
the migration of leachate toward the collection points. The designs of these facilities should
promote drainage by gravity [11,22-24].

L5. REMOVAL and storage of the leachate

Removal of leachate from alandfill can be carried out in either of two manners: by installing a
pipe through the side of the fill or by placing a sloped collection pipe inside thefill. If apipeis
placed through the side of the landfill, the construction should be conducted with due cautionin
order to avoid damaging the liner system.

Most leachate collection systems will clog at some point in time. Consequently, manholes and
vertical and/or horizontal cleanouts should be provided in strategic locationsin order to conduct
periodic maintenance and inspection.

Oncetheleachate is captured in aparticular section of the landfill, it usually isrouted to storage
in tanks, vaults, or ponds. The type and size of the storage device will depend upon the quantity
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and characteristics of the leachate, proximity to inhabited areas, and the type of treatment
required.

L6. LEACHATE management alternatives

Thetype and degree of treatment afforded to leachate from asanitary landfill will have animpact
onthelevel of pollution of any nearby groundwater and of the surrounding environment. The best
approach to leachate management is to avoid generating it in the first place. However, this
condition usually can be achieved or closely approached only under dry climatic conditions. If
conditions are such that leachate is generated, there are several options for managing it:

e evaporation (natural or forced),

e recirculation and recycling,

e dischargeto an offsite wastewater treatment facility, and
e oOngsite treatment.

A discussion of each of the approaches follows.

L7. EVAPORATION

Evaporation of the leachate, by natural means, is one of the more appropriate solutions for
managing the leachate generated in developing countries whose climatic conditions would be
compatible with the technique (i.e., high temperatures and low relative humidity). In this
technique, once the leachate is collected, it is transported to an evaporation pond. The pond
should be constructed using an impermeable material and should have sufficient capacity to hold
the leachate plus any incident precipitation. If the pond isrelatively small, it may be feasible to
place a cover over the pond permanently or during the rainy season. The rate of evaporation
depends upon climatic conditions; however, the evaporation rate can be enhanced by spraying the
leachate either on the pond or on the surface of parts of the completed fill. Spraying on the
surface may lead to generation of unpleasant odours and of aerosolsthat may contain pathogens
and micron-size particulates, which may be of consequence if sensitive receptors are located
nearby.

The rate of evaporation can be increased by heating the leachate. Heating the |eachate can be a
costly undertaking, although landfill gas could be used for this purpose.

L8. RECIRCULATION and recycling

Recirculation of the leachate through the landfilled wastes has been applied in several facilities
throughout the world as a method of leachate management. Relatively high concentrations of
BOD, COD, and, in some cases, heavy metals generally are found in the |leachate soon after the
wasteis placed in the landfill. Under certain conditions, the potentially polluting characteristics
of organic compounds in the recirculated leachate can be attenuated by the chemical and
biological processes occurring in the landfill and, thus, substantial savings can be achieved in
terms of the capital and operational expenses of treatment [76].

Published results indicate that a substantial reduction of the organic compounds in the |eachate
can occur over ashort timeif recirculation isemployed, although many landfillsthat have ahigh
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rate of refuse placement have not experienced any appreciable long-term effect due to
recirculation.

There are some disadvantages associated with the application of recirculation, including: 1) the
potential of polluting the surrounding environment due to migration of the leachate through the
sides or through the bottom of the fill, and 2) a buildup of heavy metas, salts, and other
undesirable compounds in the leachate that eventually will have to be disposed.

If the landfill has two or more lifts and the lifts are capped with relatively impermeable covers,
the application of recirculation should be considered very carefully. Thisisbecauseintermediate
covers can act as more or less impenetrable barriers, thereby leading to the accumulation of
leachate on the top of the cover. Accumulation can be sufficient either to establish zones of
saturated wastes, or to form water tables within the fill [33,78]. Saturation of portions of the
waste can result in the material prematurely reaching anaerobic conditionsand, thereby, yielding
large variations in the quality of the leachate that is produced. Furthermore, the generation of
areas of saturated waste above the intermediate cover can also lead to the leachate migrating to
and emerging from the sides of the landfill [33,78].

L9. TREATMENT

In the event that minimisation, evaporation, or recirculation are not viable alternatives, the next
viable alternative is to implement some type of treatment system. The type and capacity of the
treatment system are functions of the quantity and characteristics of the leachate. As opposed to
municipal wastewater, the quantity and characteristics of |eachate undergo substantial variations
over time. Furthermore, climatic conditions a so have an impact on the quantity and quality of the
waste liquid.

There are various alternatives avail able for the treatment of leachate. Most of these alternatives
have been adapted from conventional methods of wastewater treatment. Some of the processes
include physical, chemical, and/or biological steps. There are very few full-scale leachate
treatment systemsin operation in developing countries. A conventional designinindustrialised
countries would be as follows: 1) pre-treatment, 2) physical and/or chemical treatment, and
3) biological treatment. The pre-treatment step, asitsnameimplies, generally involves a series of
processes designed to prepare the leachate for further processing. Pre-treatment may include:
screening, sedimentation, and pH adjustment. The second stage of the treatment includes several
steps designed to remove heavy metals, suspended solids, and colour. These processes may
involve flocculation, sedimentation, sand filtration, and others. The third and final general step
may include a series of basically biological processes. These processes are designed to remove
the organic loading (BOD and COD), aswell asammonia, from the leachate. Typical processes
include: oxidation ponds, aerated lagoons, activated sludge, and others. Following are brief
descriptions of some of these processes. Compl ete descriptions of these processes can befoundin
standard texts on wastewater treatment.

L9.1. Biological treatment

There are severa characteristics of the leachate that will dictate the advisability of using some
type of biological treatment. Some of the more important characteristics involve the relatively
high organic and inorganic loads, fluctuations in the quantity, changes in the concentration of
organic matter, and others. One relatively simple approach to eval uating the biodegradability of
leachate is by checking theratio of BOD to COD. If theratioisabout 0.5, then it may be possible
to treat the leachate biologically. On the other hand, if the BOD:COD is less than 0.5:1, a
biological system may not be appropriate as atreatment process. Ratios of BOD to COD over the
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course of decomposition of MSW can range from an average of about 0.6 during the acid phase
to about 0.1 during the methanogenic phase [80].

L eachate contains several compoundsthat, in some concentrations, are known to have anegative
impact on the performance of biological treatment processes. Some of these compounds are:
chlorides, sulphides, ammonia, metals, and others.

Even though biological treatment processes can withstand most of the characteristics of leachate,
if inhibition is observed during tests, it may be necessary to include a pre-treatment stage in the
overall treatment process.

L9.1.1. Aerated lagoons

Aerated lagoons are applicableto landfillsthat generate relatively small quantities of leachate. In
thiscase, theleachateistransported to alagoon, whereit is aerated by mechanica means (surface
aerators or air pumps). Both aeration and the mixing brought about by the aeration enhance the
degradation of organic substances by introducing atmospheric oxygen into the leachate. Retention
times on the order of 10 days have produced relatively large reductionsin the concentrations of
BOD and COD.

L9.1.2. Activated Sludge

This particular process is similar to the aerated lagoons excepting that, in this case, a certain
percentage of the sludge produced in the processisrecycled. Assuch, asettling tank isneededin
the system.

L9.1.3. Facultative ponds

Facultative ponds are used to treat varioustypes of wastewaters. The pondsgenerally are between
1 and 1.5 m deep and are not aerated by artificial means. In the process, the top layer of the pond
behaves as an aerobic lagoon due to wind aeration and the oxygen generated by algae. On the
other hand, the bottom layer is not impacted by the conditions at the surface and thus becomes
anaerobic. Facultative pondstypically remove ammonia-nitrogen through nitrification processes.

Properly designed aerobic lagoons and facultative ponds may be suitablefor leachatetreatment in
anumber of developing countries.

L9.1.4. Other biological processes

In addition to the processes described in the preceding paragraphs, there are several other
alternatives for the biological treatment of leachate. Some of the processes include: anaerobic
digestion, anaerobic lagooning, and anaerobic filters.

In general, aerobic processes require relatively long detention times in order to be effective.
Aerobic processes remove ammonia-nitrogen by nitrification or by conversion to biomass.
Anaerobic treatment processes, on the other hand, probably are most applicable as a pre-
treatment process since these types of processes do not remove ammonia and the effluents
generally have arelatively high turbidity.

L9.2. Reverse osmosis

The application of reverse osmosis (RO) isrelatively new in the solid waste management field. In
the process, the liquid to be treated is forced, at high pressures, through membranes. The
membranesretain impuritiesand atreated effluent isdischarged. Dueto the characteristics of the
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leachate, membrane fouling has been a common problem. Development of new types of
membranes is addressing some of these problems. If RO is going to be used in the treatment of
leachate, it is recommended that the leachate undergo some form of pre-treatment in order to
reduce membrane fouling and to prolong the useful life of the system.

M. Management of landfill gas
M1. ORIGIN, composition, and volume of gases

Landfill gas(commonly termed “biogas’ in somelocations) isone of the products generated asa
consequence of the biological degradation of the organic fraction of the wastes placed in the
landfill. Immediately after disposal and for a brief period afterwards, there is enough oxygen
contained inthe air entrapped in thewastes so that theinitial phase of biodegradationisprimarily
aerobic. The main constituents of the landfill gas during this stage are carbon dioxide (CO,) and
water vapour.

Waste compaction, combined with the application of the landfill cover, prevents air from
reaching the wastes. Consequently, within a short period of time from initial deposition, the
oxygen originally trapped in the wastes is consumed and the biodegradation process becomes
anaerobic. The shift to anaerobiosisis marked by the production of methane (CH,) and carbon
dioxide (CO,), aswell asavariety of trace amounts of reduced carbon and sulphur compounds.
The biological principles involved in the formation of biogas in a landfill are those that are
characteristic of conventional anaerobic digestion. The principal differences are in rate of
conversion of organic matter to methane and the ratio of methane to carbon dioxide. The
microbiology of the decomposition of municipal solid waste has been reported in detail in
Reference 67.

Typicaly, the composition of landfill gasison the order of 40% to 60% CHa, 40% to 50% CO,,
3% to 20% N2, 1% O, and traces of sulphides and volatilised organic acids. Traces of other
compounds may include benzene, toluene, sulphur dioxide, methylene chloride, and othersin
concentrations of up to 50 ppm [15,16].

The change from aerobic to anaerobic degradation and the production of methane and carbon
dioxide under anaerobic conditions proceeds as a series of phases. Thefirst phaseisthe aerobic
phase, lasting from a few days to several weeks -- the duration being a function of degree of
compaction and other factors. The second phase begins as conditions within thefill changefrom
aerobic to anaerobic. At this point, obligate aerobic bacteriadie off and facultative aerobes shift
from their aerobic to their anaerobic mode. During the second phase, CO, and, to alesser extent,
hydrogen are the main gases produced. The third phase can be identified by the gradual
appearance of methane. In the fourth and final phase, methane production becomes constant and
falls within the range of the ratio named in the preceding paragraph (40% to 60% CH,: 40% to
50% COy). Research has been conducted on theidentification and quantification of representative
species of the microflorainvolved in biogasification of sewage sludge, organic municipal solid
waste, and some agricultural residues [67-72]. The acidogenic population, consisting of about
90% of thetotal digester population, isthelargest of al thegroups[73]. However, relatively little
Is known about the number and physiological activities of the acidogenic microorganisms|[74].

M2. GAS generation

Methods for estimating gas production in aconventional digester must be appropriately adjusted
to reflect the differences between anaerobic digestion in a fill and anaerobic digestion in a
digester (reactor). In general, the amount actually obtained from alandfill will be much lessthan
the theoretical volumes predicted on the basis of organic waste content. Moreover, unlessthefil
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has been specifically designed for gas containment and eventual collection, theactua yield of gas
will be disappointingly small.

Municipal solid waste contains a large variety of components that have the potential to break
down under anaerobic conditions. Limited data are available on the chemical composition of the
various components buried in landfills. Analyses conducted between 1984 and 1987 on municipal
solid waste generated in Madison, Wisconsin (United States) indicated that the material contained
about 40% to 51% cellulose, 12% hemicellulose, 15% lignin, and not more than 4.2% protein
[60-62]. The main components of municipal solid waste that have substantial concentrations of
biodegradable fractions are: paper, yard waste, and food waste.

Along with the concentration of biodegradable organic matter, two factorsthat have animpact on
the production of methanein aland disposal site are moisture content and pH. Studies conducted
on samplesfrom landfillsindicate that the production rate of CH4 exhibitsan upward trend asthe
moisture content of the refuse increases regardless of age, density, or composition of the waste
[63]. On the other hand, the optimum pH level for activity by methanogenic bacteriais between
6.8 and 7.4. Collecting, neutralising, and recycling the leachate through the refuse has been
demonstrated to have a positive effect on the formation and rate of methane production in
laboratory-scale studies [64], and in some field-scale studies [81,82]. Landfillsthat are operated
with injection (recycling) of leachate to enhanceyield and quality of landfill gas are sometimes
termed landfill bioreactors.

Methane is not formed immediately after the wasteis deposited in afinal disposal site. In some
cases, it may take months or even years before the necessary microbia populations are
established and the proper environmental conditions within the fill are reached.

Changeinrate of gas production parallel sthe temperature curve for mesophilic bacterial activity
-- hamely, minimal at about 5° to 10°C, and optimum at about 35° to 40°C. Between the two
ranges, rateincreaseswith risein temperature. Assuch, gas production slowsdown considerably
at temperature levels of 3° to 5°C, because microbia activity almost ceases at these levels.
Consequently, in all but the semi-tropical and tropical zones, temperature may bealimiting factor
during winter, early spring, and late autumn in shallow or relatively small disposal sites.
Temperature would not be alimiting factor throughout the year in tropical regionsor in the case
of large, deep landfills, if other conditions are not limiting.

As previously indicated, rate and volume of gas production generally improve with increasein
moisture level up to and including saturation. Conversely, at moisture contents less than
approximately 60% to 70%, volume and rate areincreasingly adversely affected by further drops.
Despite areported satisfactory gas production in afill in which the moisture content isless than
40%, the generality holdstruethat in the absence of other limiting factors, gas productionisbest
at the higher moisture contents.

Since the characteristics of the wastes and conditions vary substantially from one region to
another, it follows that reported rates and quantities of landfill gas encompass a wide range of
values [15,17,18,83,84]. Thus, reported gas production in landfills in industrialised countries
ranges from 0.06 to 0.4 m*/kg of solid waste disposed. Reported rates range from 1 to 10 m*
gas/Mg of waste disposed/yr. Most of the production takes place during the 20 yearsfollowing
landfill closure. Landfill gas production is most active during the first 5 years or so after the
majority of oxygen is depleted from the wastes (typically, 1 to 2 years). Gas production, at
gradually dwindling rates, may continue for aslong as 50 years.
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M3. VOLUME (yield)
M3.1. Potential

Thedifficulty of accurately predicting acontinuous production of gasat agiven flowrate[75] has
interfered with the attainment of an adequate knowledge of the kinetics of gas generation in a
landfill. Approximations made of expected yields have ahigh degree of uncertainty because they
are necessarily based on assumptions that may or may not prove to be valid. On the basis of
volatile solids content, the maximum yield of gas would be about 0.4 standard m*/kg volatile
solids in the wastes; other reported yields are in the range of 0.006 to 0.05 standard m® of
methane/kg of “as-received” (wet) waste [75,76]. These yields were based on data collected
during the first few years of landfill operation. Decomposition generally is most rapid and
extensive during this period.

Several model s have been devel oped to predict the production rates of gasfrom landfills. Most of
the models, however, require actual measurements of gas production in order to determine the
values of constants for the models. Interest in the prediction of gas generation from wastes has
recently increased dueto the concern for controlling contributionsto global warming. One of the
predictive modelsis based on the following assumptions [55]:

e Themain componentsof the degradation process, i.e., the substrate, the microorganisms, and
the primary gaseous products (methane and carbon dioxide), can be quantified based on the
concentration of carbon in them.

e Continuous conversion (at standard conditions) of 1 kg of organically bound carbon will
yield atotal volume of 1.87 m® of landfill gas composed primarily of methane and carbon
dioxide.

In order to account for conditions typical of a disposal site, a first-order rate expression is
assumed. The first-order rate coefficient is a function of temperature. The genesis of the
mathematical model is the design of reactors to digest tropical vegetable material in batch
reactions. The mathematical expression is asfollows:

Ci= Cy(1-€")
where:
e C;=thequantity of gas produced intimet,
e Cy=thequantity of gas produced ast approaches infinity, and
o k= afirst-order rate coefficient, in time™.

In order to solve this equation, it is assumed that the relationship between gaseous carbon and
assimilated carbonislinear astemperature changeswithin the mesophilic range. Therelationship
is expressed as follows:

Cy= C7(0.014T + 0.28)
where:
e Cy=thetotal carbon that can be converted to gas as time approaches infinity,

e Cr=thetotal amount of carbon compoundsin the substrate, and
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e T =thetemperaturein °C.

The derivation of the equation for Cy is based on the assumption that the organically bound
carbon content of the waste is 200 kg/Mg.

The model using the first-order rate equation is a good initia approximation within the
constraints of the assumed parameters and their values. However, the use of 1.87 m® of landfill
gas/kg of waste and 200 kg of carbon/Mg of waste limitsits application to certain land disposal
sitesand regions. These limiting assumptions would be particularly important in tropic and sub-
tropic devel oping countries where the waste contains high concentrations of organic matter and
typically is not covered.

A stoichiometric approach for estimating landfill gas production is described in Recovery,
Processing, and Utilization of Gas from Sanitary Landfills [14]. This approach takes into
consideration the two major classes of material that decompose to produce landfill gas. Thefirst
class consists of the easily biodegradable fraction (e.g., food waste or garbage, garden debris).
The second class includes the less easily biodegradabl e fraction (e.g., paper, textiles, etc.).

The variables mentioned in the preceding paragraphs, as well as others, have an effect on the
accuracy of models developed for predicting rates of landfill gas generation, especially rates of
methane production. Among the variablesfor rates of methane production are volume of gasthat
escapes the fill, percentage of carbon that passes through the methane fermentation route, and
percentage of carbon that becomes a part of microbial protoplasm. Consequently, such models
should be regarded only as being approximate indicators of expected gas production trends.
Actua measurements of gasflow and composition should be included as one phase of the design
and implementation of alandfill gas recovery system.

Although most municipal wastesin developing countries have a high concentration of organic
matter, the wastes usually are not adequately covered and thus the gases readily escape. In
addition, there are several factors that affect the amount and rate of gas production in a solid
waste disposal site. Some of these factors include:

e waste composition (i.e., concentration of carbon, nutrients, and inhibitors) and moisture
content;

e degree of pre-treatment (size reduction, recycling, composting, baling);

e typeand degreeof compaction, method of operation of thelandfill site, type and thickness of
cover material;

e quantity of refuse, geometry, and hydrogeol ogic properties of the landfill; and
e climatic conditions (temperature, precipitation, evaporation, insulation).
Based on areview of available empirical information, the following can be concluded:

e Theconcentration of carbon in municipal solid waste can vary from 325 to 350 kg/Mg (dry
basis). The amount of degradable carbon isin the range of 56% to 70%.

e Based on the results of a series of experiments conducted by the authors and other data, it

can be estimated that the theoretical maximum production of landfill gasis on the order of
300 m* Mg of MSW (wet basis) [65].
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In order to estimate the quantity of landfill gasthat can be produced from municipal solid wastes
generated in different countries, amulti-component model can also be used. The model usesthe
composition of the solid waste and the ultimate analysis (i.e., concentrations of carbon, hydrogen,
oxygen, and nitrogen) of each component (i.e., paper, food waste, etc.). By assuming an
anaerobic reaction, calculations of gas production and of methane are subsequently made as a
function of contribution of carbon in the total MSW landfilled by component. This method has
the advantages of allowing the determination of the relative contribution of each component to
the overall production and composition of the gas. The method allows: 1) the development and
analysis of strategies for the management of each of the components prior to landfilling, and
2) assessments of the impacts of waste composition (including moisture content) on gas
production.

M3.2. Actual recoverable

The economic and, hence, practical feasibility of recovering landfill gasfrom afill dependsupon
generation rate, conversion efficiency, and the volume of the generated gasthat isretained within
thefill. The volume of gasretained within afill depends upon the extent of gaslost from thefill
prior to the initiation of the recovery operation, gas loss due to migration through the cover
material and sides of thefill during gasrecovery, and the amount of gasremaining in thefill after
the cessation of gasrecovery.

Convective flow through the cover and molecular diffusion through the sides are the principal
mechanisms of gaslossfrom alandfill. Magnitude of theloss depends upon the permeabilities of
the cover, the sides, and the soil surrounding the sides. If the compacted wastes and the
surrounding soil are very permeable, convective flow responding to the pressure gradient also
would be a mechanism of gas movement.

The amount of recoverable gasincreases in proportion to the depth of thefill, since depthisan
indicator of mass of waste in place.

After alandfill has been completed, it usually isimpractical to do anything further to influence
the rate and volume of gas generation (However, it is possible to affect landfill gas generation
(rates, yields, etc.) by injecting leachateinto thefill (as mentioned earlier in thischapter) or other
materials, but the system is usually installed as the fill is constructed). After completion of the
fill, gas generation depends upon the nature of the buried wastes, the age of thefill, the method of
operation, and climatic conditions. If thelandfill uses an impermeable cover and surrounding and
underlying soil layers are impermeable, the volume of the stored gas will remain intact and
available for collection [45].

M4. DISPOSITION of the landfill gas

Gases generated in thefill can either be allowed to disperse and migrate beyond the confines of
thefill without any effort being made to control them, or they can be collected. Collected gases
may be put to some use, may be flared, or may simply be vented into the environment. Venting
into the environment provides undesirable contributions to global warming. However, the
collection and use of landfill gas entails significant capital and operating costs that must be
compared to alternative sources of energy.

Accumulated gases and uncontrolled dispersal and migration can lead to the development of
undesirable or hazardous conditions due to flammability, asphyxiating properties, and trace
organic composition of the gases. The dlightly positive pressure usually existing within alandfill
permits gases to flow uncontrolled from thefill to areas of lower gas pressure by convective gas
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transport. Also, if cover is applied in an unmanaged fashion, the gas accumulated in thefill is
likely to be inhibitory to the growth of roots of any vegetation that is placed on the cover.

In the absence of adequate gas control, landfill gases either migrate to the atmosphere through the
landfill cover or migrate laterally through the soil around the fill until they reach areas from
which they cannot escape and, as a result, accumulate. As long as the concentrations are
relatively low, the gases pose only anuisance; but when the concentration reachesacritical point,
explosive levels of methane may be reached. (The explosive concentration level of methaneis
between 5% and 15% by volume. At higher concentrations, methane simply burns.) Because of
the possibility of gas accumulation, buildings on or near landfills should not have underground
structures. If such structures are present, they should be thoroughly and continuously ventilated
and monitored for presence of methane.

Accumulation of gases in the fill can be avoided through the use of a porous final cover.
Migration from the fill and the attendant hazards can be averted by providing an area of high
permeability vented to the atmosphere. Gasesflow to the surface of the vented areas where they
are diluted in the atmosphere to harmless levels. The areas take the form of boreholes, of gas
wells, or of interceptor trenchesinstalled around the borders of thefill. A more useful measureis
to recover (collect) the gas and use it as a source of energy.

M5. COLLECTION, upgrade, and utilisation of landfill gas
M5.1. Collection

If methanerecovery isplanned for anew facility, certain features should beincorporated into the
design of thefill. Some of the features are characteristic of modern landfill design regardless of
whether or not methane is to be recovered. For methane recovery, the fill must be effectively
sealed off from the land and water environments. The steps involved in providing such sealing
are the same as those described earlier. Old or existing fills should be sealed to the extent
economically and practically feasible.

Gas recovery involves designing the fill such that the migrating gas can be controlled and
collected. Collected gas either can be used directly as a low-heat fuel, or can be processed
(purified) to form a high-heat fuel. Collection is made possible by providing a combination of
strategically spaced wells and areas of high permeability through which gases are channelled to
collection points. Thisisdone by installing underground venting pipesand agravel layer between
the cover and thewaste, or gravel filled trenches. The gasisremoved from the landfill by way of
apiping or header system to transport the gas, and blowersto pull the gas from the fill through
the headers [13-15]. A schematic diagram of a landfill gas extraction well is shown in Figure
X1V-21.

Proper functioning of the gas collection system is ensured through the use of blowers. The
blowers are operated such that a partial vacuum is created in the headers and collection system
and the gasis pulled from the landfill. Although some gaswill flow unassisted into the collection
wells because of the dightly elevated internal pressure of the landfill, the flowrate istoo low to
ensure proper collection performance. Blowersboth increasethe flow of gasfrom thelandfill and
broaden the effective landfill areaserviced by each gaswell. The blowers can be adjusted either:
1) to pull gas from the fill and discharge it at atmospheric pressure for dispersion, flaring, or
combustion; or 2) to compress the gas to higher pressures for distribution or for further
processing.
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If the landfill has been properly operated during itslifetime, gas can be recovered from alandfill
not originally designed for that purpose by way of drilling anumber of boreholesinto the landfill
at selected gas collection points. The boreholes should be 0.66 to 1 min diameter. Their depth
should be from 50% to 90% of the refuse depth. The boreholes are fitted in the same manner as
collection wells used in fills designed for gas recovery. These collection wells are described in
the following paragraph.
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Figure X1V-21. Schematic diagram of gaswell

Collection wells are gravel-packed wells equipped with casings that extend the full depth of the
fill. The casings are perforated in the section exposed to the contents of thefill. The casings must
have tel escopi c connections between pi pe segments such that connections between segmentsare
maintained despite the significant and non-uniform subsidence characteristic of landfills.

The wells are built by progressively backfilling gravel around the gas collection pipe. The
backfilled gravel (or a coarse substitute) serves as a highly permeable collection zone through
which the gasflowsinto the collection pipefor removal fromthewell. Thegravel areaiscovered
with a gas-tight seal topped by backfilled soil to form abarrier against intrusion of external air
into thewell. Air intruding into awell (or into any part of thefill) would dilute the collected gas
and thereby lower its heating value and complicate purification. With respect to dilution, the
concentration of nitrogen in the collected gaswould beincreased and the quality of the gaswould
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belowered correspondingly. A second, and perhaps more serious, problem would comefrom the
presence of oxygen in the air thus introduced. The oxygen would inhibit the activity of the
methane-forming microorganisms. Moreimportantly, it may raise the concentration of O, to the
explosive level with respect to methane.

The arrangement of the collection wellsisdetermined by their respective capacities, aswell asby
the characteristics of the soil cover and provisions for directing gas movement in thefill. The
dimensions of thefill areaaffected by awell are afunction of the rate of pumping. For example,
in a12 m Cdliforniafill having a gas well that was 6 m deep and was being pumped at 2.83
m>/min, the negative pressure ranged from -5.1 cm of water at the well to lessthan -0.8 cm at a
distance of 30.5 m from the well. Advancing the pumping rate to 8.5 m*min brought the
respective negative pressuresto -17.8 and -2.54 cm [19].

In order to avoid the problems associated with the accumulation of landfill gas, some
municipalities have adapted the designs described in the preceding paragraphsto local conditions.
In the example shown in Figure X1V-22, gas venting units are built by using awooden frame, a
wiremesh, and crushed stone. A landfill gasflareisfashioned by sealing thetop of the collection
unit and inserting a50 mm metal pipeinto the stone. A 3- to 4-L metallic can (usually afood can
or aused ail filter) iswelded to thetop of the pipethat protrudesthrough thefill. Perforationsare
made on the side of the can, as shown in Figure X1V-23.

M5.2. Upgrading and utilisation

Unless the gas is to be used for ssimple space heating and household cooking, it should be
upgraded before being put to use. Upgrading is essential if the gasisto be used asafuel for an
internal combustion engine, or isto be injected into existing transmission lines.

Quality and content of landfill gas do not compare favourably with those of natural gas.
Moreover, its composition and other characteristics are more variable. With regard to the | atter,
the heat and moisture contents and oxygen concentration of landfill gas may vary as much as
50% from day to day and season to season. The heat content of landfill gases ranges from about
7,500 to 22,000 kJ/m?*; whereas the lowest heat content of natural gas is approximately 37,300
kJm®. Moisture content may be as low as 5% and as high as saturation. Oxygen content varies
from trace levelsto levelsthat are potentially explosive. However, the latter levels are reached
very infrequently. Finally, the usually sizeable CO, and N, contents of landfill gas materially
lower its heat content and, hence, the quality of the gas.

Theuutility of landfill gascan beincreased significantly by upgrading the gas. Among the usesfor
upgraded gas are onsite generation of electricity and/or injectioninto apublic utility transmission
line. Methods and procedures are available for removing H,O (dehydration), CO,, and N, from
landfill gas, and thereby considerably raising its heating value.
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Courtesy: CalRecovery, Inc.

Figure X1V-22. Gasremoval unit made with
locally available materials
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Courtesy: CalRecovery, Inc.
Figure XIV-23. Low-cost gas burner

With respect to onsite generation of electricity, the gas can be used to fuel an internal combustion
engine or to drive a gas turbine. The degree of cleanup of the raw gas that is required prior to
combustion depends on the specifications of the engine or turbine manufacturer. Also, the gas
must be delivered to the combustion equipment at the correct flow rate and pressure.

Space heating and household cooking require only that H,S be removed. Hydrogen sulphide can
be removed by passing the gas through adry-gas scrubber that contains amixture of ferric oxide
and wood shavings (“iron sponge”’). The removal capacity of the mixtureison the order of 105
kg of sulphur/m® of mixture. The mixture can be regenerated by exposing it to air. Doing so
converts the ferric sulphide formed in the scrubbing operation to ferric oxide and elemental
sulphur.

M6. USE of landfill gasin some devel oping countries

A few experiences have been gained in the collection, processing, and utilisation of landfill gas
(LFG) in economically developing countries. In addition, some research has been conducted on
the matter. Unfortunately, the results of the large majority of these efforts have not been widely
disseminated nor published ininternational journals. Following isabrief description of some of
early work on LFG that was carried out in Brazil and Chile.

M6.1. Sdo Paulo, Brazil

The gas company in Sdo0 Paulo (COMGAS) was one of thefirst entitiesto explore the potential of
collecting and using landfill gas in Brazil. The company initiated a series of studies on LFG
recovery in 1975. These studieswerefollowed by actua field investigationsin adisposal site (km
14.5 of Rodovia Raposo Tavares) in 1976. The field work was supported by the Petroleum
National Council. After a period of evaluation, which included the collection and analysis of
samples, a gas collection system was installed. The system included 13 wells; 2 compressors
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(capable of processing about 1,560 m*/hr); and a network of piping connected to gas meters,
filters, and condensers. The gas collected from the system was distributed to 31 residences
located near the disposal site. The gas was used as a substitute to LPG [56].

M6.2. Rio de Janeiro, Brazil

Another important gas recovery project was carried out in Rio de Janeiro in 1975 by the
municipal company for urban sanitation (COMLURB). The work was begun by building an
experimental landfill that allowed for the measurement of important parameters of the
fermentation process. The experimental landfill was operated for three years. The rate of gas
production was calculated to fluctuate between 0.06 and 0.19 m¥kg of waste. During the
research, the gas was filtered, cleaned, and compressed in cylinders. The compressed gas was
used asvehiclefuel [57]. In 1984, COMLURB began alandfill gasrecovery systemin alandfill
located in Caju. Since then, severa LFG recovery projects have been implemented.

M6.3. Santiago, Chile

Landfill gas has been used in the sanitary landfill of La Feriain Santiago, Chile. The gas was
extracted from about 70 vertical wells. The extracted gaswas mixed, without treatment, with the
city gaspipelineat concentrations of up to 20% by volume. L ater, the gaswastreated and used as
fuel in achemical plant [58]. Other work associated with gas recovery was performed in other
citiesin Chile [46,59].

M7. ECONOMIC feasibility factors associated with landfill gas recovery

In terms of economic feasibility, several factors have a decisive part in determining the
advisability of recovering gas from alandfill and putting it to use. Among the more important
factorsaresize of thefill, permeability of cover material and surrounding soil layer, and proposed
use of the gas. If modern sanitary landfill design criteria are followed, the permeability of the
cover and surrounding soil layer should not limit the production and availability of landfill gas.
Regarding utilisation, if it involvesatop-quality gas, the cost of upgrading may be prohibitively
high and technological infrastructure may be inadequate.

Thesize of thefill (i.e., mass of waste) should be sufficiently great to ensure an eventual total gas
output that would have a monetary and energy value in excess of that expended on necessary
departures from conventional fill practice. It would not be advisable to utilise afill that isless
than 13 m deep. The completed fill should contain at least about 2 million Mg of municipal solid
waste [14]. At the peak rate of generation, raw gas production from afill containing about 2
million Mg of MSW would be on the order of 32 m*min, or 760 GJ/day [14].

Itisreadily apparent that the proposed use of the gas exercises adecisive influence on economics
and energetics. In adevel oping country, a safe use might be as afuel in steam generation or for
an internal combustion engine after a minimum of cleaning. Because of the relatively high
moisture content and presence of corrosive elementsin raw landfill gas, onsite usage of thegasis
to be recommended [1].

N. Equipment
N1. BASIC concepts

The construction of asanitary landfill requires proper equipment, suited to the work to be done,
and typically involves a large capital investment. Equipment acquisition accounts for a large
fraction of thisinvestment. Furthermore, equipment operation and maintenance usually account
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for alarge portion of the operating costs. Equipment selection must be in accordance with the
landfilling method, and with the amount and efficiency of the machinery to be used in order to
ensure successful operational and least-cost procedures. The requirements must take into account
the handling, compaction, and covering of the solid waste, aswell asthe construction of cellsand
the completion of general earthwork. These activities must be conducted in accordance with the
sequential scheme of thework scheduled. Thefollowing basicitemswill be considered: 1) spare
equipment, 2) multi-purpose equipment, and 3) maintenance and repair [2,3].

1. SpareEquipment. Therecommended rate of backup equipment capacity isabout 30%. This
percentage is applicable to the total amount of work hours resulting from the design of the
landfill operation, considering a maximum of 20 hr/day for the operation of heavy
machinery. For instance, if the design specifiestwo machines operating atotal of 36 hr/day,
a 30% backup capacity factor dictates that three machines be available. Although the
purchase of spare equipment will strain the initial capital investment, it will assure the
continuity of service and extend the useful life of the machines.

2. Multi-Purpose Equipment. One way of balancing the cost of spare equipment is through
the use of multi-purpose equipment able to perform more than one task. An exampleis a
landfill compactor that can be utilised for either compaction or covering of solid waste, and
for building haul roads. This strategy demands that the time requirement for each particular
task and equipment be carefully determined and scheduled. The use of multi-purpose
equipment does not supplant the need for spare equipment.

3. Maintenance and Repair. Maintenance and repair require detailed planning in order to
satisfy the need for continuous service. These tasks should be performed in thefield in order
to avoid theinconvenience and loss of time attending the hauling of broken down equipment
to a remote workshop. Cleaning of al the rolling stock assigned to the handling of solid
wasteisrequired on adaily basis. Cleaning must include removal of soil and wastesfromthe
critical rotating and heat transfer systems of the equipment so friction and overheating do not
contribute to premature equipment failure. Inspection, cleaning, and washing of the
machines radiators should be performed regularly for all rolling equipment that comeinto
contact with solid waste. This operation should be performed daily, unless circumstances
dictate a higher frequency. Other maintenance operations, described in the corresponding
equipment manuals and/or catalogues, must be scheduled in advance and performed
according to the manufacturer’ s specifications. The necessary tools and a complete set of
manufacturer-recommended spare parts should bereadily available at the sitefor the conduct
of light and medium mechanical repairs.

N2. FACTORS

In addition to the obvious factors of suitability of particular equipment to landfill construction
and operation and the probable multiple use of that equi pment, three important factors enter into
equipment selection:

1. amount of waste to be landfilled and the type of materials to be handled;
2. economic feasibility; and
3. availability of maintenance and repair facilities, and skilled personnel to perform the tasks.

However, failure to take into account any one of the three factors makes successful long-term
operation of alandfill virtually impossible.
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Maintenance and repair are especially important in developing countries. With the exception of
the smallest of operations, alandfill involvesalarge amount of materialshandling (soil and solid
waste). Because practicality sharply limits the amount of wastes and soils that can be handled
manually, most landfill operations must rely on mechanisation. Regardless of the ruggedness of
the equipment, it will break down under the rigors of landfill operation unless it is
conscientiously maintained.

The need for conscientious maintenance takes on added significance in developing countries
because replacement parts often are difficult to obtain. This situation is made worse by the
scarcity of personnel skilled in the maintenance of heavy equipment.

N3. FUNCTIONS served by equipment

Basic functions served by landfill equipment fall into the following three categories:
1. functionsrelated to soil (excavation, handling, compaction);

2. functionsrelated to wastes (handling, compaction); and

3. support functions.

Depending on the size of the operation, the same piece of equipment potentially can be used for
more than one of the three functions.

N3.1. Relative to soil

The excavation, handling, and compaction of soils used as liner and cover material are
considerations when determining the function of the landfill equipment. Procedures and
equipment for accomplishing those tasks differ only slightly from those used in other earth-
moving operations. Consequently, the degree of mechanisation and sophistication of equipment
suitablefor sanitary landfilling in agiven situation would not differ markedly from that whichis
characteristic of other earth-moving operations in that area. This limitation extends to the
procedural and equipment variationsto meet specific requirements dueto local topographic and
soil conditions. For example, wheeled equipment usually is satisfactory for excavating soilsin
which sand, gravel, clay loams, and silt loams are the predominant constituents. On the other
hand, tracked equipment would be indicated for the less workable soils.

N3.2. Relative to wastes

Functions served by equipment relative to wastes are distribution, spreading, and compaction.
With small-scale operations, and those sharply constrained by inadequate economic resources,
the equipment used for earth moving is adequate for the waste handling functions. Distribution
can be accomplished by confining the unloading of collection vehiclesto theimmediate vicinity
of theworking face and, thereby, combining distribution and spreading. Thisdual function can be
done by means of the bulldozer used to move and spread soil, and for compaction.

The compaction activity demandsfull attention because of its many short- and long-term effects
on the operation of the landfill and rate and extent of settling, but mostly because it is an
important determinant of landfill capacity. Heavy equipment specificaly designed for
compaction would be more effective and efficient for this function than would be a piece of
lightweight equipment designed primarily for earth moving. However, lack of substantial
machineweight (or, more correctly, applied pressure) can be offset significantly by increasing the
number of passes over the waste mass.
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Landfill equipment must be rugged because operational conditionsfor equipment used at thefill
arefar from ideal. Radiators tend to become clogged and damaged, and the body and operating
parts of the equipment can be damaged by protruding or dislodged wastes. Tires, even heavy-duty
types, can be punctured or cut, which results in a short lifespan. This combination of
unfavourabl e factors emphasi ses the necessity of maintaining apartsinventory and an adequate
repair and maintenance facility convenient to the fill.

N3.3. Support functions

With respect to the initial and subsequent construction phases of a landfill, support equipment
would be needed for the instalation of environmental control measures such as flexible
membrane liners and covers, aleachate collection facility, and gas vents.

Support functions during the operational phaseinclude extension and maintenance of roadsto the
working face of thefill, dust control, and fire protection. Unless collection and transport vehicles
are equipped with self-unloading features, support equipment might be needed to assist
unloading. If labour is abundant, unloading can be done manually.

N4. EQUIPMENT types: descriptions and specifications
N4.1. Considerations

Factors that will be considered in this section are closely related to types and characteristics of
the machines themselves. One characteristic that should receive careful consideration in
equipment selection is the ability of the machines to perform multiple functions. More
importantly, the selection should be based upon the primary function of each piece of equipment
and its ability to handle those functions under the conditions peculiar to the site.

N4.2. Types of rolling equipment

The following paragraphs will deal with the main functions and characteristics of the different
types of equipment used at sanitary landfills.

N4.2.1. Track-type tractors with push-blades (bulldozers)
N4.2.1.1. Function

The function of bulldozers is to distribute and compact solid waste, as well as to perform site
preparation, provide daily and final cover, and general earthwork. An example of abulldozer is
shown in Figure X1V-24.

403



Coute@/: CalRecovery, Inc.
Figure X1V-24. Bulldozer
N4.2.1.2. Characteristics

Bulldozers are equipped with metal tracks having variable standard widths. The cleats of the
tracks must be high enough to facilitate size reduction of the solid waste and to provide good
traction on the slopes planned for thefill. The bearing pressures exerted on the solid waste or soil
typically are in the range of 0.5 to 0.8 kg/cm? for track-type tractors with power ratings in the
range of 100 to 230 kW.

The degree of compaction of the solid waste depends on the pressure exerted. Tracked machines
are not very efficient at compacting solid wastes due to their low ground pressure.

In order to obtain maximum efficiency from atrack-type machine, it is very important that it be
equipped with an adequate blade to push the material. The density of solid wasteisabout 3 times
lessthan that of soil; therefore, it ispossibleto increase the capacity of the blade. The capacity of
a blade can be increased by increasing its height, e.g., by using a steel screen. A screen avoids
interfering with the operator’ svisibility. The dimensions of the blades vary with each model. For
example, atypical 100 kW machine would have a blade with the following dimensions: 3.2 m
wide and 1.8 m high (with screen).

The push-blade is controlled through a hydraulic mechanism. The estimated productivity for a
typical 100 kW model, on flat surfaces, is on the order of 50 Mg of solid waste/productive
workhour. On sloped surfaces, the production will obviously decrease; thus, for arecommended
maximum slope of 30°, production will be reduced to 30 Mg/hr for the same 100 kW model.
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N4.2.2. Landfill compactors
N4.2.2.1. Function

Landfill compactors spread and compact theincoming solid waste. A photograph ispresentedin
Figure X1V-25.

Courtesy: CalRecovery, Inc.

Figure X1V-25. Landfill compactor
N4.2.2.2. Characteristics

Landfill compactors typically are equipped with either a standard or turbo diesel engine. The
metal wheels, which perform the compaction process, usually have alternated, specially designed
teeth that allow them to concentrate the weight on a smaller contact surface (as compared to a
track-type machine) and to exert a greater pressure on the solid waste. For example, landfill
compactors weighing 16,000 to 26,000 kg typically exert a pressure of 75 to 120 kg/cm?,
respectively.

Thistype of equipment ismore versatile and faster than bulldozers. A typical 110 kW model will
have a productivity of approximately 75 Mg/hr on flat surfaces. The productivity decreases to
about 50 Mg/hr for a 30° slope.

Landfill compactors are equipped with a hydraulically controlled blade. The blade may have a
metal screen attachment above it to increase it’s the processing capacity of the compactor, to
allow the operator to seethewastein front of the blade, or both. The blades are characteristically
about 3 m wide and 1.9 m high, including the screen.
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N4.2.3. Wheel loaders
N4.2.3.1. Function

Wheel loaders are designed to excavate soft ground (i.e., ground offering little resistance), load
the excavated material onto trucks, and pick up or transport that material to distances not greater
than 50 m to 60 m (for optimum efficiency).

N4.2.3.2. Characteristics

Wheel loaders generally are equipped with adiesel engineand four-wheel drive. Thefront axisis
fixed and the rear axis can oscillate. Models vary in power, ranging from 75 to 280 kW. The
capacity of the bucket variesfrom 0.8 to 6 m®. The most commonly used models arethosefalling
in the range of 75 to 110 kW, with bucket capacities characteristically in therange of 1.3t0 2.7
m®, respectively.

On soft ground, a 100 kW machine with a bucket capacity of 1.9 m* would be able to excavate
and load a dump truck at arate of about 160 m*/workhour. On tougher ground, the production
would be less.

Wheel loaders also are able to perform efficient earthwork with clay-like soil, such as cell
covering operations and preparation of sitesto be landfilled.

N4.2.4. Track-type loaders
N4.2.4.1. Function

Track-type loaders can perform similar functions to wheel loaders. Track-type loaders also are
ableto excavate tough ground. The optimum distance for atrack-typeloader to transport material
does not exceed 30 m.

In emergency cases, track-type loaders can be used to handle (i.e., to spread and compact) solid
waste. They can also be utilised to contour and level the cover material.

N4.2.4.2. Characteristics

Tracked loaders are equipped with a diesel engine having power ranging from 70 to 200 kW.
Machines having bucket capacities in the range of 1.3 to 2.5 m® and bearing pressures in the
range of 0.8 to 0.9 kg/cm? typically are powered by engines in the range of 70 to 140 kW,
respectively.

The bucket in track-type loadersis easily and quickly operated through a hydraulic mechanism.
Better efficiency and flexibility can be achieved with this equipment when it is equipped with a
multi-purpose bucket. This type of bucket performs four different operations, according to the
position in which the bucket is operated. With a multi-purpose bucket, the track-type loader can
function as aloader (opening the grapple will alow the material within the bucket to be totally
discharged), dozer, or scraper. Additionally, the clamping capability of a multi-purpose bucket
can be used to lift materials like trunks and branches of trees.

The approximate earth-moving capacitiesfor |loaders and scrapersare presented in Table X1V-7.
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Table XIV-7. Approximate earth-moving capacities for average soils (m*hr)

Type Capacity of One-Way Haul Distance (m)

Unit (M’) —5~ 30 60 90 120 150 180 240 300
Tracked loader 2 80 60 45 40 35 30
Pulled scrapers 12 165 145 125 100 75
Self-propelled scrapers 14 250 240 210 180

N4.2.5. Track-type (tracked) excavators
N4.2.5.1. Function

The function of this equipment istypically to excavate soil, excavate trenchesfor the placement
of solid waste, load trucks, and to apply the daily or primary cover of solid waste. Track-type
excavators can also be used for certain tasksin earthwork operations. An example of thistype of
machineis given in Figure XIV-26.

Courtesy: Caterpillar, Inc.
Figure X1V-26. Track-type excavator

N4.2.5.2. Characteristics

The excavator is equipped with adiesel engine and a hydraulic system to control the movement
of the boom and that of the bucket.

The length of time of the excavation cycle depends on the size of the equipment and on the site
conditions. Thus, when the excavation is more difficult or the trench is deep, the excavation
procedurewill be slower. The cycletimeisprimarily afunction of thetype of soil and excavation
depth. For excavators with engines rated in the range of 100 to 240 kW, bucket capacities and
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maximum depth of excavation are in the range of 0.8 to 1.9 m® and 6.4 to 8.5 m, respectively
(measured from the ground level), depending on the reach of the boom and the type of soil.

N4.2.6. Motor graders
N4.2.6.1. Function

Thisequipment isused in the construction and mai ntenance of hauling roads, embankments, and
drainage ditches, and in the profiling and levelling of cover material.

N4.2.6.2. Characteristics

Graders are equipped with a diesel engine, rubber wheels, and power steering. The equipment
typically is powered by engineswith power ratings of 90 to 160 kW and grossweights of 12,000
to 18,000 kg. The standard blade for these machinesis about 4 min length and 0.7 min height.
The blade can reach a maximum slope of 90°, and is able to adopt different positions.

These machines can carry ascraper as an additional piece of equipment. The scraper isusedtorip
the ground to adepth of 0.1 to 0.3 m.

N4.2.7. Soil compactors

N4.2.7.1. Function

The function of soil compactorsisto compact soils and embankments.
N4.2.7.2. Characteristics

Soil compactors can either be self-propelled or pulled by tractors.

Basically, this equipment performs compaction by conveying high pressure to the soil using
cylindrical drums with “feet”. The drums can be ballasted with water. The average pressure
depends on the design of the drum and foot, and on operating conditions. For the case of two
cylindrical drums having the following dimensions: diameter of 1.53 m, width of 3.4 m, 120
feet/drum, and 12,600 kg of drum and water ballast -- the pressures exerted on the ground (over
several types of foot designs) would be in the range of about 27 to 82 kg/cm?.

Some machines have a mechanism that allows oscillation of the drums, which can facilitate
uniform compaction, even on irregular layers of soil.

N4.2.8. Pneumatic tire compactors
N4.2.8.1. Function

These machines are designed to compact topsoilsand sub-layers, especialy when loamy material
is present. High and uniform densities can be obtained throughout the thickness of the layers.

N4.2.8.2. Characteristics

Pneumatic tire compactors can be either self-propelled or hauled by tractors. The load is
transmitted to the ground through the contact surface of the tires, which form the rolling unit.
Typicaly, these compactors have seven tires.
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The ballasting of the equipment is done with wet sand (density = 2,000 kg/m®), which can reach
weights ranging from 13,000 to 35,000 kg. The operation is as follows:

e Initially, low tire pressures are used in order to have greater contact areas and less
compaction resistance.

e During the compaction process, the tire pressures are increased, reducing the contact area
and, therefore, the compaction pressure.

These machines have a device that allows proper control of the pressure of the tires.
N4.2.9. Self-propelled vibratory drum compactors
N4.2.9.1. Function

Vibratory drum compactors are designed to effectively compact soilsand cover material formed
by normal soils, whether granulated or clay-like.

N4.2.9.2. Characteristics

Vibratory drum compactors have ametal drum on the front. The approximate dimensions of the
drum are: width, 2.15 m; diameter, 1.5 m. The compactors have pneumatic tires on the back.

The vibration system is operated by a hydrostatic engine directly connected to the vibrator,
allowing variations in amplitude and frequency, independent from the speed of the propelling
engine. The vibration frequency can be regulated to reach a maximum of up to 2,000
vibrationg/min.

The weight of the equipment varies according to the model (9,000 to 12,000 kg).
N5. INSPECTION and maintenance

As previoudly indicated, the costs associated with operation and maintenance of the equipment
used in landfills account for a major portion of total costs of operation. A program of frequent
inspection and systematic maintenance should be implemented in order to prevent costly
breakdowns of equipment. The maintenance program should be based on guidelines provided by
the manufacturers of the equipment.

Facilities must be provided for carrying out the various maintenance procedures. Facilities
include garages, tools, testing equipment, and a stock of replacement parts. Equipment
manufacturers should be requested to provide alist of basic replacement parts and the name and
location of asourcefor additional parts. Ideally, the source should be located within the country.

A summary of typical equipment required to operate asanitary landfill isgivenin Table XIV-8.
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Table XIV-8. Suggested equipment requirements as a function of waste gener ated

Waste Generated Equipment
(Mg/day) Quantity Typé® kw Wt (1,000 kg)
0to 20 1 TD, TL, RTL 50to 75 6t09
21to 50 1 TD, TL, RTL, LFC 60 to 160 7t020
51t0130 1 TD, TL, RTL, LFC 7510160 9to 20
131 to 250 1 TD, TL, RTL, LFC 110to 240 12to 30
251 to 500 lor2 TD,TL,RTL,LFC, 190to 340 25t040
S, DL, WT
& TD = tracked dozer S = scraper
TL = tracked loader DL =dragline
RTL = rubber-tired loader WT = water truck

LFC = landfill compactor
O. Provision for material recovery
O1. INTRODUCTION

This section discusses only material recovery performed at the final disposal site (scavenging),
not that performed at the point of waste generation, during collection, during transport, or in a
materialsrecovery facility. Presently, the sequence most commonly followed for scavenging at a
typical disposal site in a developing country is as follows: incoming refuse is discharged at or
near the working face, scavengers sort through the load, equipment spreads and compacts the
residues from the scavenging activity, and the scavengers sort their recovered materials into
organised portions.

Typical materialsrecycled in this manner include unbroken bottles, metals, plastics, cardboard,
paper products, bones, textiles, and glass.

02. PROBLEMS due to scavenging

The case for allowing scavenging at the final disposal site must be strong enough to
counterbalance the objections that can be raised against scavenging. These objections stem
primarily from the safety hazards to the personnel of both the scavenging group and landfill
employees and secondarily from the interference caused by the scavenging activity with respect
to thefill operation. The hazards posed by the intermingling of the manual scavenging activities
and the equi pment-oriented sanitary landfilling activity increase with the number and size of the
landfill equipment.

03. ESTABLISHMENT of scavenging site

The difficulties that arise between the landfill operations and scavenging can be substantially
reduced or even eliminated by treating the scavenging activity asafirst phasein aseriesof steps
that make up thelandfill activity. Thisapproach allowsaphysical separation of thetwo activities.
Unfortunately, such a separation adds a step to the overall operation. The step consists of two
parts: 1) dischargetheincoming wastes at the areadesignated for scavenging at the disposal site,
and 2) transfer the residue remaining after scavenging to the working face.

If the scavenging areais established relatively close to the working face, transport of the residue
from the scavenging operation may be done quickly by means of abulldozer. This arrangement
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would require that the scavenging area be movable. The design of a system of this type should
provide adequate separation between the two activities so that those of the scavengers do not
interfere with those of the land disposal operation.

A permanent scavenging facility can a so be established, although afixed scavenging sitein most
cases would be neither feasible nor advisable for a small disposal site. Dedication of a fixed
portion of the disposal site to scavenging takes on many of the characteristicsand advantages of a
transfer station. For instance, scavenging donein afixed area can be sheltered from the elements
(wind, rain, etc.), the operation itself can be kept more orderly and closely controlled, and
efficiency can beimproved by including acertain amount of mechanisation (e.g., conveyor belts
and screens). Best of all, encounters between scavengers and landfill equipment could belimited
or avoided altogether. These advantages combine to enhance efficiency. Thisalternative allows
for the provision of much needed sanitary facilities and a better working environment for the
scavengers.

The scavenging area can belocated about 1 to 2 km away from theworking face. Inthiscase, the
waste to be disposed would be transported by means of atruck. The size of thedisposal siteisthe
decisivefactor regarding advisability and necessity for dedicating aportion solely to scavenging.
In general, aminimum lifespan of 10 yearswould justify theincorporation of afixed scavenging
area. This option was been adopted for the management of a portion of the residential wastes
generated in Mexico City, Mexico.

O4. MANAGEMENT of scavenging activity

Landfilling should have precedence over scavenging sincethereason for thefill isthe disposal of
wastes. Therefore, scavenging must be managed in away that does not unduly interfere with the
main activity of the landfill site. On the other hand, consideration must be given to the loss of
income to the scavengers, as well as the loss of secondary materials to the local industry, if
scavenging were to be discontinued. In some cases, secondary materials have been shown to play
an important role in the local economy [10].

Unless traffic to and from the disposal site can be carefully managed, it can be one of the more
disruptive of the interfaces between scavenging and final disposal. Among the more obvious
causes of disruption are the increase in number of vehicles using the sameroad and the different
vehicular speeds that result from the different types of vehicles employed for waste hauling and
by scavengers. In some instances, long delays are brought about by the discharge of recyclable
materialsfrom the waste collection vehicles. Waste hauling traffic will generally move at amuch
faster speed than will scavenger traffic, and will be substantially slowed both by intermingling
with scavenger traffic and by the increase in traffic density. One of the better approaches to
separatethetrafficisto provide different accessroads. Unfortunately, thisis probably one of the
more expensive solutions. Hence, the decision involving separation of access would rest upon
economic feasibility.

05. SUPERVISION and procedures

The scavenging activity should be under the direction of a supervisor whose principal functionis
to make sure that the activity proceeds efficiently and fairly, and does so with a minimum of
interference with the disposal operation. Accomplishing the latter objective implies working
closely with the manager of the disposal operation. The manager of the disposal operation should
have the authority to make decisionswith regard to scavenging activities that affect the disposal
operation. Efficiency and safety demand that good housekeeping be rigorously enforced.
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A relatively fixed set of procedures should be established for the scavenging activity. Procedures
should be established concerning: 1) assignment of spaces and refuse loads to individual
scavengers or groups of them; 2) removal of scavenged material from the site (i.e., frequency,
method of loading, type of vehicle used for the removal); and 3) sale of the recovered materials

The labourers should be provided with uniforms and safety equipment, bathrooms, showers,
eating facilities, and first aid equipment.

P. Environmental monitoring

Ultimately, therationalefor monitoring isto detect adverseimpacts of thelandfill on the adjacent
air, water, and soil environments so as to be able to take the remedial measures needed to
counteract theimpacts. The process consists of: 1) establishing baseline environmental dataand
characterising the nature, extent, and magnitude of the impact; and 2) developing a remedial
course of action. Impactsareindicated and identified by differences between the pre-landfill and
post-landfill qualitative and quantitative characteristics of the air, water, and soil environments,
or by the existence of gradations in quality and quantity with respect to proximity to the fill.
Programs and methods for monitoring can range from minimal to quite extensive in terms of
extent, complexity, type, and costs. The minimal category would be sufficient for situationsin
which the need for monitoring does not warrant an extensive program.

P1. GROUNDWATER

According to the general principles mentioned in the preceding paragraph, impact on
groundwater quality can be evaluated on the basis of difference between groundwater quality
(e.g., pH; dissolved solids concentration; chemical composition; and presence, identity, and
concentration of microorganisms before and after construction and completion of thefill). Impact
of an existing fill on groundwater flowing under and around the fill can also be evaluated on the
basis of difference between the quality of the groundwater beforeit reachesthe vicinity of thefill
and after it hasmoved beyond thefill. Estimates depending upon groundwater flow pre-supposea
knowledge of the direction and velocity of the groundwater flow.

Potential impact on groundwater quality can be estimated on the basis of the composition and
quantity of leachate generated in the fill. Knowledge of leachate composition and rate of
production would also be of use in the identification of contaminants attributable to the landfill
and in predicting the intensity of the contamination. To obtain such knowledge, it is necessary
that the fill be provided with aleachate collection and sampling system. The problem isthat in
developing nations, such installations are rare and the fund of accumulated data under controlled
conditions is sparse. The applicability of leachate data collected for landfills in industrialised
countries must be analysed prior to considering them representative of a given location in a
developing country. If aleachate collection system isavailable, then monitoring would consist of
measuring rate of leachate production and analysing the leachate for items of interest. Examples
of such items are physical characteristics, theidentity and concentration of toxic chemicals and
chemical constituents adverse to water quality, and pathogenic organisms.

P1.1. Monitoring wells

Because sampling (collection and analysis) is a key element in a groundwater monitoring
program, the method of sampling must be carefully considered. In this connection, networks of
monitoring wells play an important role. The extent and sophistication of this network are
determined in part by the purpose of the program and by the economic and technological
resources of theregion that isto be served by the network. With regard to purpose, amonitoring
well network for gross groundwater quality indicatorsdiffersdrastically from wellsintended for
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detecting toxic organic compounds or heavy metals. The wells must be installed at proper
horizontal and vertical positions near the landfill.

Appropriate methodsfor installing the wells are determined on the basis of anticipated nature of
subsurface aquifer materias, site accessibility, availability of drilling water, desired diameter and
depth of thewell, nature of subsurface contaminants, and economic and time constraints. (A list
and evaluation of the many methods may be found in“ Guidelinesfor the Land Disposal of Solid
Wastes’ [8].)

Of the various applicable criteria, al wells should, at least, meet the following two criteria:
1) water must flow freely into the well; and 2) downward migration of surface water or upward
migration of undesired groundwater to the well-intake zone must be prevented. Basic elementsin
the design of monitoring wellsarethe casing, filter pack, seal, annulus backfill, and grouting. The
elements are indicated in Figure X1V-27. Installation is completed by well development. Well
devel opment accomplishestwo tasks: 1) thewell iscleared of foreign materialsintroduced during
drilling, and 2) the natural formation adjacent to thewell screenisrestored. Development may be
accomplished by way of bailing, pump surging, air lifting, and combined air lifting and bailing.

Among the severa methods for drilling a monitoring well are hand-augured boring, auger
drilling, mud-rotary drilling, air-rotary drilling, and cable-tool percussion drilling [29]. Of these
methods, hand-augured boring is the least expensive. However, it is best suited for shallow
borings (less than 4 m deep) that are only 5 to 15 cm in diameter. Auger drilling is suitable for
depths of about 45 to 50 m.

P1.2. Collection and analytical methods

With the use of the installed and developed wells, it is possible to obtain samples that are
chemically representative of the water taken in by the well. Consequently, attention must be
directed to: 1) the physical extraction of the water from the well, 2) the preservation of the
chemical integrity of the sample in transit to the place where it will be analysed, and 3) the
attainment of analytical results that are accurate and have a high degree of precision.

Among the several means of collecting samplesfrom thewellsare: down-hole collection devices,
suction-lift, positive displacement, gas-lift, and gas-drive methods, gas squeeze or bladder
pumps; and jet or venturi pumps [31].
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Figure X1V-27. Groundwater monitoring well

The following water quality parameters are recommended for analytical determination and
monitoring due to the fact that the presence of them is a potential indicator of contamination by
landfill leachate:

* PpH,

e specific conductance,

o dkdinity,

e biological oxygen demand,

e chemical oxygen demand,

e nitrate/nitrite nitrogen,

e total (Kjeldahl) nitrogen,

e chloride,
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e iron,

e sodium,

e  manganesedium, and
e sulphate.

The pH level and specific conductance should be determined in thefield, while the other sample
analyses can be carried out by laboratories at universities or those that typically analyse the
characteristics of potablewater. The recommended frequency of sample collection and analysisis
at least twice per year.

In addition to thewater quality parameterslisted above, analyses and monitoring for other metals
and some organic chemical s should be considered for the groundwater testing program depending
on the availability of financial resources and analytical testing capability. The additional list of
parameters are listed below:

e arsenic,
e barium,
e cadmium,

e chromium,

e mercury,
e Jlead,
e selenium,

e total phenols, and
e volatile organic compounds.

These parameters can be monitored less frequently than twice per year and depending on site-
specific conditions.

P2. SURFACE water

The necessity or advisability of monitoring surface water quality depends upon: 1) the proximity
of thelandfill to surfacewater, and 2) the drainage patterns between thefill and the surface water.
The approach followed in the selection of sampling stations, equipment, and procedures should
be similar to the approach used in the sel ection processfor groundwater monitoring. The stations
should belocated in areasthat have the greatest potential for contamination. These areasinclude
the pathways through which leachate can enter a surface body of water. Flow patterns and
seasonal variations should al so be taken into consideration. Equipment used for sampling surface
water and the methods used to analyse the sampl es should be consi stent with procedures sel ected
for testing groundwater samples.
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P3. LANDFILL gas and migration

Asstated in another section, landfill gas can escape by vertical and lateral migration. Obviously,
if thelandfill cover issufficiently permeable, gas can exit vertically, i.e., through the cover. If the
cover isimpermeable (e.g., rain-saturated cover soil, pavement, or aclay or synthetic membrane
cap) this escape route is blocked. Because of this blockage, lateral migration becomes the only
avenue of escape. Thedistancesinvolvedinlateral migration can be significant, especialy if the
fill is adjacent to permeable soil strata.

Sampling devices should belocated near the property boundary and offsite on thelandfill side of
structures in pathways most susceptible to gas migration. Simple gas probes can serve as gas
sampling devices. The technique used in the collection of the samplesis determined by the type
of sampling probe. Methane usually is monitored by means of a portable meter. Methane gas
concentrationinfacility structures, and in structures not on thefacility, should not exceed 25% of
the lower explosive limit. (The lower explosive limit is 5% methane.) In light of the mobility of
landfill gas, precautions must be taken before human entry into any underground or confined
space in the vicinity of a landfill. The space should be monitored for the presence and
concentration of methane. Entry should be forbidden if the concentration is greater than 10% of
the lower explosive limit.

Q. Uses of completed landfills

A completed sanitary landfill represents an opportunity to recover resources (landfill gas) or to
construct facilities. Recovery of landfill gasis described in another section. The construction of
severa types of facilities on a landfill after its active life is described in the next severa
subsections. Because of the explosion hazard that results from the accumulation of landfill gasin
enclosed spaces, housing and commercial construction on landfills should be limited to
completely stabilised landfills unless special methods are used and precautions are taken.

Because of the many and often substantial constraints and limitations associated with the
construction and utilisation of structures erected on a completed fill, the use of completed
landfillsas sitesfor construction and particularly for urban development generally isdiscouraged
in industrialised countries [35]. However, in some locations a shortage of land prompts
consideration of the potential of such sites. The situation is different in developing countries,
especially in those in which the migration of populationsfrom rural areasto the urban centresis
substantial. Because of the migration, all unoccupied land has become attractive. Such being the
case, theonly recourseisto apply, to thefullest possible extent, precautionary measures designed
to lessen associated hazards. Examples of proposed uses of completed fills are described in two
World Bank reports: Svamp Reclamation in Tropical Monsoon Regions by Appropriate Refuse
Landfilling: Case Study Evaluations in Thailand [36] and Sudy of Landfill and Resource
Recovery in Metropolitan Colombo [37].

Constraints mainly take the form of problems associated with use of the site. Consequently, a
sizeable share of these problems is geotechnical in origin and nature. Of equal importanceis a
group categorised as “ potential hazards’.

Q1. GEOTECHNICAL problems

Settlement, a major geotechnical problem characteristic of all waste landfills, is addressed in
another section. Not discussed in the previous section, however, is the problem posed by the
relatively low bearing capacity of a completed fill. Despite variations in types of soil, in the
characteristics of the landfilled wastes, and in the degree of settlement, the fact remains that
reported values of bearing capacity indicate the prevalence of very low bearing capacities.
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Reported values range from 2,440 to 2,910 kg/m?. These rather low values apparently would
restrict the construction of buildings on the completed fillsto lightweight, single-story structures.

Q1.1. Solutions

The best course of action is to suspend the floor slab on sulphate-resistant cement piles. (The
cementisof Class4 or 5 (BRE 1981).) If the pilesare made of materials other than concrete, they
should be protected by corrosion-resistant material so as to cope with corrosive decomposition
products in thefill.

A light, one-story building designed to accommodate settling may not require piling. However,
its foundations should be reinforced to bridge gaps formed by differential settling. Continuous
floor dlabs reinforced as mats can aso be used.

Roads, parking areas, and walkways should be constructed of flexible and easily repaired
material.

Q2. POTENTIAL hazards

An important feature of the potential hazard of landfills is the fact that the potential persists as
long as decomposition processes continue. Unfortunately, decomposition processes continuelong
after the site has been closed.

The three broad categories of potential hazards are landfill gas production, chemical
contamination, and corrosion. In addition to the attention given here, gas production receives
considerabl e attention in another section. Chemical contamination also isaddressed el sewherein
this chapter.

Q2.1. Landfill gas production

Asstated earlier, the rapid depletion of O, entrapped within the mass of buried wastesresultsina
rapid shift in the composition of the landfill gasfrom apreponderance of CO,to oneof CH4. The
significance of this shift stems from the combustible and, under some conditions, explosive
nature of CH,. Because the rate of methane generation is extremely slow, methane production,
per se, does not constitute ahazard. Consequently, methane becomes acombustible or explosive
hazard only when the gas accumulates in a confined space within the fill itself or within a
structure erected either on thefill or closetoit. In some cases, pressure exerted by the buildup of
landfill gases has been high enough to force the gas through permeable stratain soil adjacent to
an unlined fill.

Although not necessarily hazardous, the mal odorous nature of some trace constituents of landfill
gas can be sufficiently intense as to constitute a problem. Examples of mal odorous constituents
are esters and organosulfurs. However, high dilution factors and low generation rates can
sometimes, but not always, combine to keep malodorous gases from posing aproblem in the use
of the completed fill.

Q2.2. Corrosion

The hazard posed by corrosionisto building materials, utilities (pipes), and other itemsrelated to
construction. The corrosion potentia isinthe many highly chemically active breakdown products
found in decomposing municipal wastes. For instance, the mechanisms of attack on concrete
include leaching of soluble materials, degradation of the binding capacities of cement by
chemical change, disruption caused by expansion of reaction products, and crystallisation of salts
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within the concrete pores. With respect to utilities, metals are subject to attack by the acids
generated within thefill as products of anaerobic decomposition. (Of course, steel reinforcement
rods are subject to the same acid corrosion.)

Q2.3. Solutions

Proceduresfor preventing gas production from becoming ahazard at thefill and itsenvironsare
described in another section. Measures described in this section are specific to the use of thefill
for construction and urban redevelopment. With regard to construction on afill, the following
measures should be taken:

Install the floor slab carefully so as to prevent cracking and to keep the concrete from
becoming porous.

Do not allow cavities to develop under the slab.
Install an impermeable plastic membrane within or beneath the floor slab.

Lay the slab on alayer of gravel or crushed stone. The layer may be actively or passively
ventilated.

Build the structure above the surface of thelandfill and incorporate awell ventilated subfloor
area. Active ventilation involves the use of a pump capable of ensuring severa air
changes/hour. Passive ventilation (i.e., “naturally occurring”) is sufficient in situations in
which the rate of gas evolution islow.

Do not install utilities by penetrating the floor slab. Therefore, piping, conduits, etc. should
enter the structure above floor-level.

Install strategically located methane alarms in the structure.

Q3. RECOMMENDATIONS for construction on completed fills

The following recommendations are based on criteriareported in the literature [38]:

Construction and urban redevel opment should not be allowed on anewly completed deep fill
that has a large concentration either of industrial wastes or of freshly deposited highly
organic wastes.

Thefill should have been completed ten years prior to redevel opment.

The completed fill should not be deeper than 10 m.

Thefill site should have a stable, low water table.

Thefill itself should contain no toxic or hazardous wastes, particularly liquid wastes.

The development should be in keeping with the site conditions.

Expenditures on the development should be in keeping with the intended use of the
devel opment.
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Redevelopment should not be approached solely on a cost-effective basis. The approach also
must be equally satisfactory on an environmental basis. Thus, adequate saf ety measures must be
taken into consideration in the design of structures.

Q4. POTENTIAL uses

As stated in the other sections, all uses of completed landfills are subject to certain constraints
and limitationsthat remain in force until the biodegradabl e fraction of the buried wastes has been
almost completely decomposed, and chemical and physical processes going on in the fill have
reached arelatively high degree of stability, i.e., are approaching equilibrium. Among the more
important of the constraints are those that arise from:

e thelow bearing capacity of thefill cover,
e extensive settling (especially uneven settling),
e presence of combustible and explosive gases, and

e thecorrosive character of decomposition products and the internal landfill environment in
general.

These processes and their associated constraints continue long after the fill has been compl eted.
The duration of this period is afunction of climate (rainfall, temperature), nature of the buried
wastes, and design and operational features of the landfill. For example, the duration may be as
brief astwo or threeyearsin adevel oping country located in ahumid, tropical setting and longer
than ten yearsin an arid environment.

The uses may be divided into the three general categories. open space, agricultural, and urban
developmental.

Q4.1. Open space and recreation

Although “recreation” and “open space” can be treated as separate land uses, they can also be
regarded as mutually inclusive. Many reasons can be given for regarding recreation as being the
most beneficial of the potential uses of a completed fill. In some cases, the completed fill
probably providesthe only sitethat will be availablefor recreation within the foreseeable future.
Thelist of potential recreational usesisextensive. Thetypes of useslargely reflect culture (e.g.,
cricket vs. baseball), although open space would appeal to the widest spectrum. It isimportant to
note that all constraints attending the construction and use of structures apply to structures
erected for recreational purposes.

Q4.2. Agriculture

The completed fill can be for agriculture when reservations concerning this use are taken into
consideration. Among the agricultural uses are grazing, crop production, tree farms, orchards,
nurseries, etc. In all cases, thefinal cover on thefill should be deep enough to ensure that roots
do not comeinto contact with the buried wastes. Not only would such penetration beinhibitory to
the crop plant(s), whether it be grass or trees, it may also serve as an avenue for introducing
harmful substancesinto the food chain and the environment. The precaution becomes especially
important when food crops are concerned. (Examples of root depthsare: grasses- 0.7 m.; shrubs,
corn, afalfa- 1.3 m; treeswith laterally branching root systems - 1.3 to 2 m; trees with tap root
systems -- greater than 4 m.)
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Q4.3. Construction and urban development

Even though construction and urban development arelow priority uses, itishighly likely to occur
in developing countries, especialy in regions undergoing rapid or accelerated urbanisation. In
theseregions, vacant spacefor residential and commercial constructionisbecoming increasingly
scarce. For example, in Cairo, apartment buildingsfor the poor are built on landfills. Every effort
should be made to observe necessary constraints and precautions associated with this use.

Q5. REHABILITATION of existing facilities

In economically developing countries, the great magjority of the land disposal sites are not
equipped with bottom liners. Consequently, most of the land disposal sites do not have leachate
collection and treatment systems. This situation may be acceptable in some arid- and semi-arid
regions or in situations where the land disposal siteislocated remotely from sources of surface
and groundwater. However, there are many communities|ocated in areas that receive relatively
large quantities of precipitation and, consequently, probably are polluting or will eventually
pollute the soil and water resources.

A typical open dump in an economically developing country isoperated without any fixed plans
or procedures. Access to the site is not controlled, which inevitably leads to the presence of
different types of animals feeding on the waste. Dumping on adown slope (e.g., at the top of a
ravine or drop-off) is a typical practice. In such a case, no containment of the working face
occurs, and the slope of waste is so steep that the waste is not compacted, nor isit likely in astate
of structural stability.

The rehabilitation of an unmanaged land disposal site has several benefits associated with public
health and the environment. In addition, the rehabilitation can be carried out in such away that
valuable space can be reclaimed. In some cases, additional landfill capacity can be achieved
either through excavation and processing of the waste or through vertical expansion from the
rehabilitated site.

There are a number of activities that should be carried out in any process of rehabilitation or
closure of an existing dumpsite. The more important steps can be combined into the following:
1) preliminary study and evaluation, 2) performance of field work, 3) implementation of
measures, 4) closure, and 5) beginning of sanitary landfilling operations (if applicable).

The preliminary study typically involves athorough assessment of the current situation, location
of wastes, verification of property lines, location of environmentally sensitive areas, distanceto
nearest dwelling, quality and type of access roads, general operating procedures, demand for
additional capacity, and other factors. The proceduresfor either rehabilitating the site for future
expansion or for closure are basically the same. The main difference between the two is the
preparation of the surface to receive additional refuse.

Oncethe preliminary study has been completed and the main problemsidentified, the next step
entailsthe performance of required field work. Thefield work may include perforation of wells,
identification of groundwater and itsquality, evaluation of migration of leachate and landfill gas,
and other activities. Theresults of thetests should be analysed by professional sknowledgeablein
the specific area (i.e., hydrology, geology, etc.). Based on the anayses, a series of
recommendations can be formulated as a plan of rehabilitation.

In the event that |eachate migration isidentified as a problem, two routes of management can be
followed. One is control of additional leachate generation and dispersal, and the second is
preventing the migration of the leachate.
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Control of leachate generation can be achieved through the control of run-on and run-off of
precipitation and through the installation of an impermeabl e cover. Run-on to the landfill can be
controlled by the construction of dikes, berms, or similar structures. Infiltration of the
precipitation into thefill itself can be controlled by installing an impermeable layer at the proper
inclination to promote runoff. The cover or cap will only prevent additional leachate from being
generated. The thickness of the cap will depend upon the location aswell as the intended use of
the rehabilitated site. Settling and other processes should also be considered if the plan is to
vertically expand the rehabilitated site.

In addition to the measuresindicated in the preceding paragraphs, attention should be given tothe
management of theleachate already in thefill, aswell asto the control of the landfill gas. Control
of theleachate that will seep through the sides of thefill can be exercised through theinstallation
of cut-off subsoil drains. The drains can be shallow or full depth. Shallow drainswill, of course,
be cheaper to install but may not solve the entire problem and only capture leachate seepage in
the rainy season. Full depth cut-off drains designed to reach to the impermeable natural layer
would prevent any seepage away from the site. Selection of the most appropriate alternativeisa
function of location, potential negative public health and environmental impacts, cost, and other
factors. Finally, provisions must be made for the management of landfill gas, as well as the
monitoring of the site [77].

If the contamination problemsare very serious (e.g., contamination of an existing system of water
supply), then more substantive actions may be indicated. These actions may involve excavation
and removal of all the waste, and either repair of the facility for new landfilling or closure of the
site and transport of the wastes to a sanitary landfill. Another alternative is the excavation and
processing of the waste, reclaiming some of the recyclable materials, placing aliner or repairing
the existing one, and discharging the residues in the repaired site. This process is known as
landfill mining and reclamation (LFMR).

R. Economics
R1. BACKGROUND

The economic costs of individual disposal operationsvary substantially from country to country
and within each country. The variations areimpacted by local conditionsand regulations, aswell
as other factors not directly related to landfilling (e.g., assessments for funding recycling
programs, etc.). The coverage discussed in this section islimited to the definition of the general
components of landfill operation and their costs.

The cost of landfilling depends in part upon the type of waste disposed, size of the operation,
availability of fill and cover material, and whether or not construction is phased. Phased landfill
construction usually is cheaper than construction of the entire landfill site at onetime. Varying
site conditions and regulatory requirementsfor landfill construction areimportant factorsin the
variability among landfill construction costs.

As for accurately determining the landfill costs in a particular area, the best approach, when
available, isto examine past and current landfill operationsin that area. In each area, the cost of
landfill disposal depends upon the cost of the land upon which the facility is developed, the
design of the landfill, cost of labour, and governmental regulations that must be met.

Not only do landfill costs directly affect the total cost of waste management, they also have a
bearing on the extent and nature of the processing to which the wastes might be subjected prior to
ultimate disposal. In other words, the manner that wastes are managed by communities generating
the wastes is determined to a considerable extent by the cost of disposing of those wastes. For
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example, if the cost of land disposal islow, waste reduction and recycling usually are given less
emphasisthanif the cost of disposal ishigh. Regardless of thelevel of economic devel opment of
anation, landfill construction and operation costs usually are only arelatively small fraction of
the total cost of waste management when and where the cost of property suitable for landfilling
and the other development costs are low. Obviously, under such a circumstance, landfilling the
wastes without pre-treatment usually would be the least expensive waste management alternative,
although not necessarily the best option of managing the wastes. On the other hand, some form of
waste processing to reduce amounts and volumes of wastes destined to be landfilled most likely
would be economically justified in areas where land is expensive, scarce, or unsuitable for
landfilling. Small, populated islands represent one example of meeting one or al of these land
constraints

In most communities in developed countries, the cost of operating the landfill is recovered by
means of auser fee. Thefeetypically isknown as*“tipping fee”. Tipping feesgenerally vary asa
function of weight, type of waste, and availability of landfill space.

R2. LANDFILL costsvs. total cost of solid waste disposal

Thetotal cost of waste disposal isthe sum of the costs for each component of the waste disposal
operation. The disposal operation begins with the collection of waste from residential and
industrial generators and endswith final management of the landfill site after closing (i.e., closure
and post-closure). Thetotal cost of each component of the waste disposal operation isthe sum of
its capital and operating costs.

The three leading operations are collection, hauling, and processing. Processing is optional.
Collection involves the pickup of discarded materials from residential and industrial aress.
Hauling is the transportation of the collected wastes either to the landfill or to central collection
or processing locations. The actual burial of the wastes at alandfill constitutes landfill disposal.
In devel oping nations, collection represents the major fraction of the costsfor waste management.

R3. EFFECT of processing on cost of waste disposal

Baling is one method of processing wastes for the purpose of increasing the density of the
collected waste, thereby reducing the volume of the waste to be disposed. This procedure
increasesthetotal capacity of thefill. Additionally, lesscover soil isrequired. Expanding landfill
capacity and easing cover soil requirements obviously lower landfill costs.

Removal of recyclable materials(e.g., scavenging, composting) isaform of waste processing that
reduces the volume of waste destined to be landfilled. The recovery of recyclable materials may
take place before, during, or after collection. Waste processing on a large scale, in order to
recycle and reduce the quantity of waste landfilled, may be justifiable in areas where landfill
capacity islow and aternate sites are remotely located (i.e., more than 50 km away).

One manner in which processing can reduce costs other than by volume reduction is by
upgrading the quality of the waste to alevel whereby exceptional landfilling measures are not
required. Examples of exceptional measures have been described previously. Methods of
upgrading the quality of wastes are: 1) detoxification of toxic wastes, 2) encapsulation or
solidification of hazardous or toxic materials, and 3) removal of particularly objectionabletypes
of putrescible wastes (i.e., market wastes).
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R4. CAPITAL and operating costs

Among the principal capital costs are those of land, buildings and construction, and vehicles.
These capital costs usually are fixed costsin that, asarule, they are set during the course of the
landfill operation. Labour required for operation and maintenance, fuel costs, and cost of cover
material used during the operation of the landfill are all classified as operational costs.
Operational costs are variable in that they generally are afunction of the rate and magnitude of
waste requiring disposal.

R5. LANDFILL cost models

A major difficulty in developing a landfill cost model that reflects conditions and costs in a
devel oping country isthe small amount and questionablereliability of availabledata. Such being
the case, thelogical approach isto estimate costs based on site specific dataand other datathat is
relevant. Thistask can be considerably facilitated by following a suitable model for calculating
the costsinvolved in sanitary landfilling. Such aguide or model has been proposed by L.E. Joyce
[39] and issummarised in Table X1V-9. Variations of thismodel, including more complex ones
with more variables, are commonly employed by waste managersin industrialised countries to
estimate landfill costs.

Although the model is based on conditions and practicesin the United States, it can be adapted
for usein developing countries, becauseit isbased on generic rather than specific principles. The
costsgiven in thetable can be considered as“indicators’ of relative costs, and the distribution of
costs among the cost elementsisfairly typical of those of modern sanitary landfillsin the United
States. The elements of cost within each of the major cost categories listed in Table XIV-9 are
described in detail in Table XI1V-10. The cost elements listed in Table XIV-10 can serve as a
checklist during the definition and preparation of costs for alandfill in any part of the world.
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Table XIV-9. Model for estimating landfill costs and service fees (180 M g/day facility)

(US$)
COST BY MAJOR COST CATEGORY
a Tota pre-development $887,000
b. Total initial construction $2,812,000
c. Tota annual operational $1,323,000
d. Annual closure/post-closure $70,000
CALCULATION OF TOTAL ANNUAL COST
e. Capital costs(a+ b) $3,699,000
f.  Amortisation of capital costs $401,000
(straight line depreciation over 20 years at 9%)
g. Annual operating cost (c) $1,323,000
h.  Annualised closure and post-closure costs (d) $70,000
i. Tota annual cost (f + g + h) $1,794,000
CALCULATION OF UNIT COSTSAND SERVICE FEES
j. Annua Mglyear (180 Mg/day x 6 day/wk x 52 wk/yr) 56,200 Mg/yr
Unit cost (US$/M Q)
k. Cost/Mg (i +j) $32/Mg
|.  Host community fee for capital improvements --
m. State or local fee --
n. Total tipping fee (k + 1 + m) $32/Mg
Cost/household/month
0. Annual cost (i) $1,794,000
p. Population 100,000 people
g. Cost/person (0 + p) $18/yr/person
$1.50/month/person
r. Persong/household 4
s. Cost/household (g x r) $6/month/household

Adapted from Reference 39.

The estimated costs listed in Table X1V-9 are those for a hypothetical 180 Mg/day modern
sanitary landfill designed to serve apopulation of about 100,000 peoplein the United States. The
facility issituated on a 100-ha site, of which 40 hawill be used for actual disposal of waste and
60 ha will serve as a buffer. The average excavation depth is about 3 m. The costs include a
double lining system and aleachate collection and detection system. The facility is designed to
operate 6 day/wk, 52 wk/yr [40,41]
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Table XI1V-10. Definitions of elements of cost within the major
cost categorieslisted in Table X1V-9

Pre-Development Costs

Siting the facility (engineering, legal fees, and preliminary geotechnical
investigations)

Site mapping (topographic/boundary surveys) and final geotechnical
investigation

Engineering design and regulatory permit application
Legal and public hearings

Land purchase

Regulatory permitting fees

Administrative support services

Contingency

Initial Construction Costs

Entrance and access roads

General site excavation and land clearing

Erosion and sediment control facilities

Liners and liner cushion system

L eachate collection and landfill gas venting system

L eachate treatment system

Site landscaping

Scale system

Scalehouse and office building

Equipment maintenance facility

Public convenience area

Miscellaneous site paving

Miscellaneous (lighting, gates, signs, etc.)

Construction engineering and quality control testing
Annual Operational Costs

Site personnel and management

Facility overhead (e.g., building and site maintenance)
Equipment operations and maintenance

Fuel and electricity

Equipment rental

Road maintenance

Routine environmental monitoring (e.g., groundwater quality and landfill gas)
Engineering services

Site and equipment insurance/closure bonding

Ongoing development and construction costs

L eachate treatment at a municipa sewer system
Pre-treatment of leachate prior to disposal into municipal sewer system
Unanticipated costs

Closure and Post-Closure Costs

Engineering fees for preparation of a closure plan
Regulatory approvals of the closure plan

Final site grading and revegetation

Maintenance of erosion and sediment control facilities
Maintenance of landfill gas system

Operation and maintenance of leachate collection system
L eachate treatment

425



Additional estimated costsfor landfilling are providedin Table X1V-11. Thedatain thetableare
presented for landfill sites having 100, 200, 300, and 400 hain total area[40-43].

The estimated costs described in Tables XIV-9 and XIV-11 provide the reader with both a
method to format cost estimates and a genera understanding of the magnitude of costs for
modern sanitary landfilling.

The Panamerican Center for Sanitary Engineering and Environmental Sciences (CEPIS), of the
Panamerican Health Organization (PAHO), has devel oped acomputer program to assist usersin
determining the costs of the various phases of waste management [34].

Table XI1V-11. Examples of costs of sanitary landfilling, based on current conditions and
practicesin the United States (US$)

[tem Active Landfill Area
100 ha 200 ha 300 ha 400 ha

Pre-development?® 430,000 520,000 610,000 700,000
Site preparation
Clay (onsite) 8,700,000 18,300,000 29,500,000 42,200,000
Clay (16 km-haul) 10,600,000 21,800,000 34,600,000 49,300,000
Membrane/clay (onsite) 11,900,000 24,400,000 38,500,000 54,400,000
Membrane/clay (16-km 12,900,000 26,400,000 41,700,000 58,600,000
haul)
Operations (per year) 220,000 380,000 530,000 580,000
Closuré® 1,400,000 to 2,800,000 to 4,200,000 to 5,700,000 to

2,300,000 4,600,000 7,000,000 9,300,000
Post-closur €° 170,000 to 240,000 to 350,000 to 460,000 to
(per year) 340,000 480,000 700,000 920,000

Items included in pre-development costs: environmental impact analysis/report, feasibility
report, design and plan of operation, administration. Land costs are omitted.

Items included in closure costs: earthwork, seeding, gas collection.

Items included in post-closure costs: monitoring (groundwater, gas, leachate), leachate
treatment, site maintenance, liability insurance, seeding, gas collection.

R6. LANDFILL equipment costs

Capital costs of heavy equipment used for landfilling refuse constitute a major cost component
for the devel opment of landfills. Anindication of the magnitude of thiscomponent may be gained
from the data presented in Table XIV-12. Because of the costs associated with sanitary
landfilling, the acquisition of a sufficient number of the appropriate equipment for the efficient
operation of afill oftentimesis not carried out in developing countries.

Under U.S. conditions, the lifespan of mobile landfill equipment is generally estimated to be
about 5 to 10 years.

Inanindustrialised nation, annual cost of maintaining heavy landfill equipment (lubrication, tire
repair, parts, etc.) isestimated as being 15% to 20% of the original capital cost of the equipment.
The actual cost in adeveloping country would depend very strongly upon the age of equipment,
type of equipment, and maintenance procedures, aswell as on the various factors peculiar to the
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country. However, the maintenance cost to capital cost ratiosin the two settings probably would
be similar.

Aswith maintenance costs, fuel costs vary with type and condition of the equi pment. Obviously,
they also depend upon the priceslocally charged for the fuel. Anindication of fuel consumption
may be had from the data reported in References 44 and 89. According to those data, fuel
consumption averages about 25 to 45 L fuel/hour.

Table XIV-12. Capital costs of some landfill equipment

Machine Type Flywheel Approx. Approx. Cost” Comments
(kW) Wt?(Mg) (US$)
Tracked dozer <60 8to 10 62,000 to 140,000  Standard/landfill
blade
67 to 97 12to 16 88,000 to 205,000  Standard/landfill
blade
104 t0 130 14t0 20 160, to 215,000 Standard blade
186 to 209 26t0 34 385,000 t0 485,000 Landfill blade
Tracked loader <68 9to 11 75,000 to 100,000 GPB-°0.8m®
75t097 12to 16 118,000 to 200,000 GPB: 15m°
75t0 97 12t0 16 118,000 to 200,000 MPB:?1.3m?
119to0 142 16to 22 260,000 t0 415,000 GPB: 2.3m®
119to0 142 20to 24 260,000 t0 415,000 MPB: 1.9m°
Rubber-tired <75 7t0 10 110,000 GPB: 1.3m°
|oader
<75 8to11 125,000 MPB: 1.1m?
8910 119 9t012 150,000 to 235,000 GPB: 3.0m°
89 to 257 10to 13 150,000 to 23312,000 MPB: 1.7 m®
Landfill 141 to 161 <21 230,000 to 300,000 Landfill blade
compactor
224 10 235 29t0 32 325,000 t0 490,000 Landfill blade
250 to 392 31to 46 400,000 to 600,000 Landfill blade

Source: Reference 7 and CalRecovery, Inc.

& Basic machine plus engine sidescreens; radiator guards; reversible fan; roll bar; and either
alandfill blade, general-purpose bucket, or multiple-purpose bucket as noted.

2002. The range of costs reflects differences regarding the equipment supplied by the
manufacturer and regarding specifications of options supplied, and costs of taxes and
import fees.

General -purpose bucket.

Multiple-purpose bucket.

S. Public participation
S1. INTRODUCTION

Because the environment has such an important bearing on the public’'s well being, and
indiscriminate waste disposal isdetrimental to environmental quality, the public usually demands
an activerolein waste management. Consequently, attention isbeing given to the adaptation and
adoption of public involvement mechanisms and activities. Ideally, therefore, a public
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participation program should be established to actively involve citizens in all phases of
devel oping waste management facilities, including site sel ection, design, operation, completion,
and (in the case of landfills) use after closure.

Institutionally, many developing countries are not organised for active public involvement.
Nevertheless, it is recommended that the public take part in the development of solid waste
management facilities or, at the very least, be kept well informed of the plans. Uninformed
groups can disrupt the development of waste management facilities, which can have serious
adverse impacts on the overall waste management system.

S2. PRINCIPLES of public participation

An effective way of securing public participation in alandfill project isto secure public favour.
Any existing opposition should be dissipated. On the other hand, the removal of opposition by
itself isinsufficient, sinceit would merely be replaced by the intermediate stage of indifferenceor
disinterest. Although with regard to alandfill project, indifference or disinterest would mean no
opposition, it would also mean no positive input for bringing the project to fruition. Itisat this
point that motivation and incentive comeinto play. They constitute the moving force needed for
advancing public attitude to afavourable level.

Activities associated with public participation should be conducted under the leadership of a
professional who has been trained in public relations and is well versed in conflict resolution.

S3. DISSIPATION of opposition

In this section, the public is divided into three groups, based on their position in the economic
hierarchy and the relative influence they have on decision-making regarding public undertakings
dealing with solid waste disposal. Thethreegroupsare: 1) financially distressed (poor), 2) middle
income (intermediate), and 3) financially secure (wealthy).

For convenience of presentation in the discussion that follows, we refer to the first class as
“poor”, the second class as “middle”, and the third class as “wealthy”.

S3.1. Poor class

The poor classisprimarily concerned with basic survival. Consequently, any perceived threat to
survival arouses opposition to the source of that threat.

For individuals whose principal source of income is scavenging, the development of a new
landfill isathreat, and hence cause of opposition, if thelandfill eliminatesor curtails scavenging
in any way other than to manage it. The obvious way to remove the threat is twofold:

1. Do not completely prohibit scavenging at the site. Manageit, confineit to adesignated area,
and impose regul ations needed to ensure accident prevention and prevent interference with
the efficient operation of thefill.

2. Assure the scavengers that, aside from the regulation needed to protect the safety of the
workers and the public at large and to efficiently operate the fill, no steps will be taken to
eliminate scavenging.

It may be difficult to dispel the suspicion almost universally held by the public regarding
governmental regulations. Suspicion can be dispelled by showing the scavengers the plans and
designs, and/or requesting input from their leaders. Word of that assurance can be spread by
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word-of-mouth; by way of scavenger associations, contractors, and othersin theindustry; by way
of radio broadcasts, and public (official) announcements; and to some extent, by way of the
printed media and “public education” programs.

Since anew site usually islocated nearby to the waste generators, marginal lands for habitation
by the poor can compete with the landfill. Regardless of the unsuitability of suchlow-gradeland
areas, they are the last recourse for living areas for some of the poor. Nevertheless, it may well
happen that these popul ations have to compete for those siteswith alandfill undertaking. It isnot
surprising that a strong opposition against any proposed landfill isaroused in those individuals.

Dispelling such a source of opposition can be adifficult task. An obviousway isto relocate the
dispossessed individual s. Another approach to cope with the problemisto design and operate the
landfill such that when completed, the site can provide living or recreational space, even though
its promised remedy is postponed to a somewhat distant future. “Selling” that remedy to the
affected individuals would be a difficult task, despite reliance upon the conventional means of
making such an attempt. The best solution isto keep the number of those potentially affectedtoa
minimum. Motivationsin the form of sacrificesfor the common good, preservation of the public
health, patriotism, and similar approaches have little impact among a group for which mere
survival is apressing problem.

S3.2. Middle class

Middle class, as defined in an industrialised country, may either be non-existent or may be a
relatively small group in adevel oping country. Inthissection, theterm“middleclass’ isused for
convenience and isintended to encompass awide segment that neither fitswithin the poor class,
nor is financially endowed to be categorised as wealthy. Therefore, this category includes
individuals and professionals who are at the management and/or decision-making levels of the
organisationsfor which they work. Examples of the organisations are small businesses and most
branches of government. Also included in this category are some of the members of the
educational system (principally primary and secondary schools), of the health care professions,
informed concerned citizens groups, and others.

Reasons for landfill opposition are not as basic as those of the poor or as widespread. The
concerns are not considered as basic because they do not concern survival. However, the
important concernsrelate to loss of living space and its quality-- space that already is extremely
scarce. Most of the causesareintheform of perceived threatsto: 1) health through contamination
of resources and fostering the generation of insect and animal vectors, 2) quality of life, and
3) property values.

The opposition arising from concerns about health and quality of life could be considerableif not
entirely eliminated by demonstrating that a properly designed and operated sanitary landfill
would not be a threat. However, the fears regarding reduction of living space and lowering of
property values would not be as easily allayed. The matter of the reduction of living space could
be handled to some extent by way of the same measures prescribed for the poor. Addressing the
adverse effects on value of surrounding property would be much more difficult. Of course, the
difficulty would be considerably lessened if the proposed fill were to replace an open dump
operation or by defining some type of compensation [54]. Compensation does not necessarily
have to be financial. Compensation may also be in the form of the building of schools, parks, or
community centres.

The best course of actionisto publicisethe advantages of asanitary landfill. Because the greater
percentage of the middle classis literate, “ spreading the word” would be much easier than it
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would be among the poor class. The printed media, aswell asradio and television, could aso be
put to use.

S3.3. Wealthy class

Opposition on the part of the wealthy probably would be neither as deep-seated nor as strong as
among the other two classes. Moreover, chances of members of this class having any immediate
contact with afill usually would be remote. Any opposition would arise from a concern about
deterioration of the quality of water resources in the area, endangerment of the health of the
public at large (i.e., beyond the vicinity of the fill), or of lowering of the value of any nearby
property that may be owned. Members of this class would dwell in the developed areas of the
community in which the quality of the environment would approach that in an industrialised
country. Becausethe cultural (social and attitudinal) characteristics would be comparableto those
generally encountered in developed nations, measures taken to attract and engage their
participation in a present or proposed sanitary landfill undertaking would also be comparable.

SA. OBJECTIVES of public participation

Although some of these objectives may be difficult to attain in many devel oping countries, they
are included here to guide the more advanced developing countries and to serve as amodel for
those less devel oped. Among the objectives of apublic participation program for thisgroup and,
to some extent, for the middle or intermediate group would be the following:

e The public should have the opportunity to understand official programs and proposed
actions, and that the government gives due consideration to the public’s concerns.

e Officia decisions on important activities should be made in concert with interested and
affected segments of the public.

e The public must have every opportunity to participate in the decision-making process. In
addition, the public’s participation must be stimulated and supported.

All of the objectives presented in the previous list can be accomplished by maintaining open
communication between the landfill planners, designers and operators, and the public.

S5. ADVANTAGES associated with public participation

In addition to the advantages mentioned earlier, a well designed public participation program
includes the following benefits: 1) provison of useful information to decision-makers,
2) assurancethat all issues are fully and carefully considered; and 3) consideration by decision-
makers of issues beyond the project, but which nevertheless have an influence onit.

Aswould be expected, public participation has some disadvantages. Among them are: 1) added
cost to the project due to poorly executed public involvement, and 2) potential delays in the
project due to public opposition and involvement of additional parties.

None of the disadvantages listed above is sufficient to outweigh the many benefits associated
with an effective public participation program. The benefits are such that they facilitate the
establishment of an effective decision-making process essential to a publicly-accepted landfill.
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S6. PARTICIPANTS

Among the potentially more useful participants would be groups and individuals likely to be
directly affected by the landfill. They would be strongly motivated because they would have a
personal stake in the success of the project. Other useful participants would be those who have
demonstrated a serious interest in environmental affairs. In fact, their participation should be
encouraged in the process.

Among the organisations and individual sthat should participatein alandfill siting processarethe
following: 1) membersof the public; 2) representatives of consumer, environmental, and minority
associations, and 3) representatives of trade, industrial, agricultural, labour, and civic
organisations.

| dentifying and gaining the support of the public early inthe landfill siting processisimportant to
atimely and orderly siting process and can also benefit subsequent solid waste management
activities. Participation of all or most of the relevant individuals and organisations can be
instituted through acitizens' advisory board. A citizens advisory board isacritical component of
many siting strategies [51].

S7. EXTENT of public input in relation to stage of project development

Although useful at all stagesin the development of a sanitary landfill undertaking, public input
can be critical at certain stages. For example, the first stage, the planning process, is a critical
stage. It is critical because it is the stage in which public input has the greatest potential for
shaping thefinal plan. For that reason it also isthe time when involvement should be greatest. As
aresult of thisearly input, the public playsaproactive (or constructive) rather than areactiverole
in decision-making. Appropriate mechanisms for shaping and applying this input are public
hearings, public meetings, and workshops.

The site selection and design stage is the succeeding critical stage [47]. Potential additional
approaches of information conveyance in this stage are audio-visual presentations and
establishment of task forces for recommending design procedures in areas of particular public
concern. Formal public hearings are essential at thistime.

A third critical stage is the construction and operation stage. Although usable public input is
perforcelimited in this stage, theinput neverthelessiscritical, inthat it isameans of monitoring
the quality of construction and operation.

S8. CONCLUSIONS

Problems associated with the siting of alandfill (or any other waste processing facility) come
about because real costsfaced by individualsliving near the proposed site have beenignored in
the site selection process. If the devel opers of the landfill ignore perception costs, the devel opers
areinviting dissatisfaction with policies by elements of the affected population. Thus, the siting
of the landfill more than likely will be opposed by the population bearing these costs [48].

Experience in the United States and other countries (both industrialised and developing) has
shown that individual risk perceptions are altered any time a solid waste facility is sited. This
situation may take place even though the siting may decrease the level of potential adverse
consequencesfor the population at large. One possible solution to this situation isthe use of host-
community benefits (HCBs). Host-community benefits are a well proven technique in siting
various types of facilities considered undesirable by the public at large (i.e., large-scale electric
generation plants, prisons, and others). The HCBsrange from actual financial remuneration (host
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fees, tipping fees) to construction of parks, roads, schools, and other facilities that benefit the
entire community. The application of HCBS, in essence, internalises the costs on those impacted
by the decision [48,52,53].

In addition, if the economic benefit to the community is sufficiently large and the perceived
degree of risk associated with the project is low, not-in-my-backyard (NIMBY') opposition is
likely to be weak [49]. Compensation, however, should be complemented with non-monetary
incentives such as monitoring and shared control [50,54].

T
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